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ABSTRACT: The reuse of aquaculture waste to produce valuable sea cucumber biomass promises
to reduce environmental impacts of aquaculture and increase incomes. This study aimed to assess
the suitability of potential waste from abalone farming as feed for the warty sea cucumber Neo-
stichopus grammatus and infer bioremediation effects from sea cucumber feeding. Four diets:
abalone waste, fermented algae (sea lettuce Ulva lacinulata) mixed with sand (U+S), abalone pel-
leted feed, and sand, were fed to N. grammatus under controlled conditions for 6 wk. Sea cucum-
bers fed sand exhibited a significantly higher (p < 0.001) ingestion rate (1.35 + 0.04 g ind.* d?)
than other diets. Those fed U+S (1.03 + 0.02 g ind. ! d™!) had a significantly higher ingestion rate
(p < 0.001) than those fed abalone waste and pellet. However, the ingestion rate was similar for
pellets (0.67 = 0.07 g ind. "' d~!) and abalone waste (0.54 + 0.02 g ind. ! d™!) (p = 0.138). Ingestion
and faecal production rates were inversely influenced by the diet's total organic matter content
(TOM). The faecal TOM of sea cucumber fed abalone waste, pellet, and U+S decreased from the
TOM of the diet by 37.53 + 1.63% (p < 0.001), 31.39 + 0.53% (p < 0.001), and 48.83 = 9.81% (p =
0.03), respectively. There was a decrease (37.74 = 0.12%, p < 0.001) in the carbon content of sea
cucumber faeces fed pellet compared to the feed, while there was no difference in nitrogen (p =
0.08) content. The carbon content of sea cucumber faeces fed U+S was not significantly different
(p = 0.11) from that of the feed. However, the nitrogen content decreased by 63.00 + 8.27% (p =
0.03). This study shows that wastes from abalone farming are acceptable food for N. grammatus,
affirms the bioremediation potential of N. grammatus through integrated multitrophic aquacul-
ture, and recommends its coculture trial with abalone.
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1. INTRODUCTION

Fed aquaculture is generally characterised by the
release of particulate organic matter (faeces, uncon-
sumed feed) and inorganic nutrients that cause en-
vironmental deterioration (MacDonald et al. 2013).
One method proposed to reduce its negative im-
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pact is integrated multitrophic aquaculture (IMTA)
(Chopin et al. 2012). IMTA involves culturing species
of different trophic levels in the same system such
that the waste from one serves as food for the other
(Chopin et al. 2012). This reduces the nutrient load
discharged to the environment while maximising
production output.
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Sea cucumbers are valued as food and traditional
medicine in China and Southeast Asia (Cai et al.
2020). The demand for sea cucumbers is high, which
supply cannot meet (Juinio-Menez et al. 2017,
Gonzélez-Wangiiemert et al. 2018, Lépez-Rocha &
Veldzquez-Abunader 2019). Consequently, all pos-
sible sea cucumber sources are being scrutinised,
including those of less commercial importance to
supplement wild catches (Han et al. 2016). Sea
cucumbers have been widely proposed as an IMTA
candidate to reduce the nutrient discharge from
aquaculture activity (Zamora et al. 2018, Chary et al.
2020). Sea cucumbers utilise biodeposits from aqua-
culture as food and reduce nutrient loading by their
feeding activity, thereby reducing the environmental
impact of its effluent (Slater & Carton 2007, Slater et
al. 2009, Mahmoud 2011, Ren et al. 2012, Hannah et
al. 2013, Qi et al. 2013, Yu et al. 2016, Israel et al.
2019, Grosso et al. 2021). An increasing number of
studies on sea cucumber aquaculture are being con-
ducted; however, most of these studies are directed
at Apostichopus japonicus and Holothuria scabra,
which are both commercially valuable sea cucumber
species for aquaculture (Watanabe et al. 2012, Yoko-
yama 2013, Sun et al. 2015, Juinio-Menhez et al. 2017,
Wang et al. 2017, Robinson et al. 2019).

The warty sea cucumber Neostichopus grammatus
(Clark, 1923) is a stichopid deposit-feeding sea
cucumber endemic to South Africa. It is found on
sand substrate on the intertidal area of rocky shores
from Cape Agulhas in Cape Town (34°50'0"S,
20°00'5"E) to Cape Vidal in Kwazulu Natal
(28°7'26" S, 32°33'26"E) (Thandar 1987). N. gram-
matus is neither consumed nor fished in South Africa.
Its gut contents consist of a large proportion of sand
grains, algae, coralline algae, bacteria, crustacean
appendages, sea urchin spines, other calcareous
fragments, gastropods, and bivalve shells (Foster &
Hodgson 1996). It has not been previously cultured
nor explored in IMTA for waste bioremediation; as
such, there is no information on its husbandry. Also,
it is not known if this species undergoes seasonal
aestivation or hibernation as reported for other spe-
cies (Ji et al. 2008, Gao et al. 2011).

South Africa is the third-largest producer of aba-
lone Haliotis midae worldwide, producing about
749 metric tons of abalone worth in 2019, estimated
at R 491 million (DFFE 2022). In South Africa, land-
based abalone farming is practised where abalone
are fed intensively with commercial pelleted feed
and seaweed. Hence, abalone farming is no excep-
tion in terms of high nutrient waste outputs. The
waste (uneaten food and faeces) from intensive

abalone culture is channelled into the sea, most times
without treatment, causing potential environmental
deterioration (Probyn et al. 2017).

This study aims to identify suitable diets for N.
grammatus while simultaneously assessing the IMTA
feasibility of N. grammatus and H. midae. The study
assesses the survival, palatability, faecal production
rate, and absorption efficiency of N. grammatus when
fed on waste from abalone cultured under controlled
conditions. It also analyses the relationships between
the ingestion rate, faecal production rate, absorption
efficiency, and the total organic matter (TOM) con-
tent of the feed. Thus, the study also assesses the
ability of sea cucumbers to reduce the nutrient load
of these wastes. This study aimed to provide the first
data on the aforementioned parameters, which will
serve as a baseline for further studies.

2. MATERIALS AND METHODS
2.1. Experimental animals

The experiment was conducted at Wild Coast
Abalone (Pty) Ltd, located in the Eastern Cape
province of South Africa (32°45'06" S, 28°16' 28" E).
Juvenile sea cucumbers (10-24 g) were collected
from the wild by divers within the vicinity of the farm
(2 km), placed in buckets containing seawater, and
transported to the abalone farm, where they were
acclimatised in holding tanks at a density of 7 sea
cucumbers per tank for approximately 2 wk. During
acclimatisation, sea cucumbers were fed with
abalone waste (biodeposit). Before the commence-
ment of the experiment, sea cucumbers were starved
for 48 h to evacuate gut content fully and were
weighed (Zamora & Jeffs 2012), after which they
were allocated to experimental tanks. The water
temperature and dissolved oxygen were measured
weekly at 09:00 h using an Oxy-Guard Handy Polaris
probe (OxyGuard International).

2.2. Experimental design

Sixteen flow-through tanks (L x W x H: 405 x 255 x
275 mm) without sand substrate were used for the ex-
periment. Treatments were randomly distributed across
the tanks. The tanks were fitted with an airline, and air
was pumped in; tanks had a water volume of 24 1 and
a flow rate of approximately 1.6 1 min~!. The replace-
ment rate was 6 % new water min~!, i.e. the total tank
volume was replaced approximately every 17 min.
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The experiment was made of 4 treatments and 4
replicates. Sea cucumbers were stocked at a density
of 5 animals per tank with an average weight of
16.70 + 0.55 g ind.™}, resulting in a stocking density of
48 animals m~2 of tank floor and 801.6 g m2 of tank
floor This density was chosen as information about
appropriate stocking density is only available for
juvenile sea cucumbers of commercial value, which
differs for each species. This is the first study on
Neostichopus grammatus; as such, there is no infor-
mation on the appropriate stocking density for this
species.

2.3. Experimental feeds

Four experimental feeds were used for the trial.
The experimental feeds were abalone biodeposit
(hereafter referred to as abalone waste), sand, com-
mercially produced abalone feed (Abfeed™ from
Marifeed, hereafter referred to as pellet), and fer-
mented algae (sea lettuce Ulva lacinulata) mixed
with sand (U+S) (Table 1). Abalone waste and U+S
mixed with sand were used in this study, as these
diets can be used as effective feeds for juvenile sea
cucumbers (Yuan et al. 2006, An et al. 2007). Sand
was used in this study as a control treatment to mimic
the diet of N. grammatus in the natural environment
since sand makes up a high percentage of its gut
content and other deposit-feeding sea cucumbers
(Foster & Hodgson 1995, Mercier et al. 1999). Aba-
lone pellet was also used as a diet in this study as cul-
tured abalone are fed this, and uneaten abalone
pellet forms part of the waste (faeces and pseudo-
faeces) derived from abalone farming.

The experiment was conducted for 6 wk. Abalone
waste was sourced from Wild Coast Abalone Farm
and collected twice throughout the experiment. The
variability of abalone waste was extremely low due to
the timeframe of the collection and the strictly ad-
hered feeding regime of the farm where it was
sourced. The abalone waste was hand-picked to re-

move large chunks of pellets, and the slurry was then
passed through a 53 pm mesh sieve to reduce the
water content, after which, it was stored at -18°Cin a
deep freeze. Sand used for U+S and sand treatments
was collected from the top surface (about 2 mm) of
the natural environment of the sea cucumbers. Sand
was collected by scooping, after which the sand was
sieved across a 2 mm mesh and frozen at —18°C.
Fresh U. lacinulata (cultured in abalone effluent at
Wild Coast Abalone) was added to water and then
mashed with a hand blender. The slurry was mixed
with sand from the natural environment of the sea cu-
cumbers at an Ulva:sand ratio of ~960:700 (by g wet
weight [wt]). The ratio of U. lacinulata and sand was
used to achieve the desired consistency and palata-
bility of the diet (Al-Harrasy 2016). The mixture was
left to ferment at ambient temperature for 2 wk.
Afterward, the mixture was sieved over a 53 pm mesh
to reduce the water content and stored at —-18°C.

Animals were fed ad libitum with 10 g dry wt of
ground pellets (~1 mm crumbs) and 10 g wet wt of
each wet feed (abalone waste, U+S, and sand) daily.
These feeds were given to the sea cucumbers daily to
mimic the daily deposition of waste from an abalone
tank. Wet feeds were allowed to defrost for 2 h before
provision to the animals. The airflow and seawater
supply were interrupted before the introduction of
the feeds. The wet feed was added as a slurry and
left for 30 min to settle; thereafter, the airflow and
seawater supply were restored. Tanks were cleaned
once weekly using a sponge; the animals were gently
moved to a clean tank before cleaning. Any dead
animals were recorded, discarded, and not replaced
during the experiment.

2.4. Sample collection

For the estimation of N. grammatus feeding rate,
left-over feed and faeces were collected from each
tank daily for the first 8 d of the study. It was easy to
identify and cleanly collect the fresh faeces (string-

Table 1. The assay content of experimental feeds (abalone waste, Ulva lacinulata mixed with sand, pellet, and sand). TOM:
total organic matter. Data are mean + SE

Feed Nitrogen Carbon Crude Crude Crude  Carbohydrate TOM
(%) (%) protein (%) lipid (%)  fibre (%) (%) (%)
Abalone waste 2.69 + 0.09 21.8+2.00 16.25+0.09 1.3 2.8 13.65 34.80 £ 0.24
Ulva lacinulata + sand 1.23 £ 0.15 11.1 £ 0.02 1 3.6 2.01 22.18 +0.95
Pellet 444 +0.14 41.2+0.30 27.75 4.1 0.7 53.05 95.50 £ 0.16
Sand 0.03 £ 0.01 5.65+0.35 0.3 0.5 0.21 543 +£0.23
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like shaped); this was siphoned each morning by
09:00 h, oven-dried at 60°C for 48 h to constant
weight, weighed, and recorded daily. Uneaten feed
was dried, weighed, and recorded daily as well.

Ingestion rate (IR), faecal production rate (FPR),
and apparent assimilation efficiency (AAE) were cal-
culated as per Yuan et al. (2006).

IR (gind. ' d!) = c/n/t (1)
FPR (g ind.”' d°') = Wi,/n/t (2)
AAE (%) = 100 x (IR - FPR) /IR (3)

Percentage food uptake (body weight™! d™!) =

(IR /initial body weight) x 100 (4)

e where c=dry wt of food consumed in a tank (dry wt
of food given — dry wt of uneaten food)

* n = number of sea cucumbers in the tank

e t=time in d

e Wi, = dry wt (g) of the faeces of the sea cucumbers
in each tank.

2.5. Diet and faecal assays

The faeces collected from each tank during the 8 d
of faecal collection were pooled together for faecal
assay (4 replicates per treatment were used for
assay). Samples of diet (4 replicates of freeze-dried
samples of abalone waste, U+S, sand alone, and
commercial abalone feed) were sent to an accredited
laboratory (LUFA Nord-West), where they were ana-
lysed for lipid, ash, and fiber according to European
standard (VO (EG) 152/2009 Annex III). The total
nitrogen and carbon of diets and faeces were de-
termined by the dry combustion method (DIN
EN16168:2012-11). Carbohydrate was calculated by
difference [100 — (moisture + ash + protein + fat +
dietary fiber)]. The TOM was determined for diets
and faeces, according to Byers et al. (1978). Samples
were oven-dried at 60°C for 48 h and weighed.
Oven-dried samples were then placed in a furnace at
500°C for 6 h for complete combustion, after which
samples were weighed. Protein was calculated by
multiplying the nitrogen content by 6.25.

2.6. Sea cucumber weight measurement
Sea cucumber was left on a sponge for 2 min to dry

off surface water and expel water from the cloaca,
and coelomic cavity, after which they were measured

with a balance (g = 0.01). The wet wt of sea cucum-
ber was measured at the beginning, Week 4, and end
of the experiment. Growth was calculated as a mean
tank change in weight.

2.7. Statistical analyses

At the beginning of the experiment, a tank mean
was calculated from the 5 sea cucumbers stocked
in each tank. The mean weight was compared using
a 1-way analysis of variance (ANOVA) to ensure
there was no bias in the animal sizes in the various
treatments. All data were tested for homogeneity
(Levene) and normality of variances (Shapiro-Wilk).
A Kruskal-Wallis 1-way ANOVA was used when the
homogeneity of variance or the normality of distri-
bution test failed. Where a significant result was
found (p < 0.05), Tukey's and Dunn's post hoc tests
were used for pairwise comparisons for ANOVA
and Kruskal-Wallis 1-way ANOVA, respectively. A
1-way ANOVA (using IBM's SPSS Statistics v25) was
used to test growth, IR, FPR, and AAE across treat-
ments. Student's t-test was used to test the differ-
ence between feed and faeces' TOM, carbon and
nitrogen content. The relationships between IR, FPR,
AAE, and TOM was analysed using simple linear
regression. All data are given as mean + SE.

3. RESULTS
3.1. Temperature and dissolved oxygen

The water temperature during the study period
was 20.3 = 0.33°C (n = 6), and dissolved oxygen was
7.27 £ 0.07 mg 1! (n = 96). These values were within
abalone's normal and acceptable water quality para-
meter ranges.

3.2. Survival

Sea cucumber survival was high across all treat-
ment groups; 100 % in the abalone waste, U+S, and
sand treatment groups and 95 % in the pellet group.
The single animal lost in the pellet treatment group
was lost close to the end of the experiment, and the
animal showed no signs of skin ulceration. Skin
ulceration is a sign of poor health in sea cucumbers.
Two animals were lost as escapes in the U+S treat-
ment group through the tank's drainage system and
were not recovered/replaced.
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3.3. Ingestion rate (IR)

There was a significant difference in the IR (Hj3 =
76.96, p < 0.001) among diets. The sea cucumbers fed
on sand (1.35 + 0.04 g ind.”* d™!) exhibited a signif-
icantly higher (p < 0.001) IR than those fed other
feeds (Fig. 1). The IR of those fed U+S (1.03 £ 0.02 g
ind.”! d7') was significantly higher (Dunn, p < 0.001)
than those fed abalone waste and pellet. Those fed
pellets (0.67 + 0.07 g ind.”! d°') and abalone waste
(0.54 + 0.02 g ind.™! d°!) had similar IRs (Dunn, p =
0.138) and had the lowest IRs. The sea cucumber fed
abalone waste, pellet, U+S, and sand consumed an
average of 3.4, 3.9, 6.1, and 8 % of their body weight
d™!, respectively. There was a significant inverse
relationship (p < 0.001) between the IR and the TOM
of the diets, such that the IR decreased with an
increase in the TOM content of the diet (Table 2).

3.4. Faecal production rate (FPR)

The FPR of sea cucumbers differed significantly
across different treatments (H; = 33, p < 0.001). Sea
cucumbers fed sand produced significantly more
(Dunn, p < 0.001) faecal waste (0.33 + 0.04 g ind.™!
d™') than those fed abalone waste (0.15 + 0.02 g ind.™!
d™!) and pellet (0.12 + 0.03 g ind.”! d7!) but was not
different from those fed U+S (0.22 + 0.02 g ind."' d™1)
(Fig. 2). Those fed U+S produced more (Dunn, p <
0.05) faecal waste than those fed pellets. The FPR of
those fed abalone waste was not different (Dunn, p =
0.83) from those fed pellets. A significant inverse
relationship (p < 0.001) was also observed between
the FPR of the sea cucumbers and the TOM of the
diet. The FPR decreased with increasing TOM con-
tent of the diet (Table 2).

3.5. Assimilation/nutrient uptake

The TOM of the diets was 96.30 + 0.33 % for pellet,
34.80 + 0.24 % for abalone waste, 22.18 + 0.33% for
U+S, and 5.43 + 0.23 for sand (Fig. 3). Tukey post hoc
test showed that the TOM of pellets was significantly
higher (p < 0.001) than those of all other treatments
(abalone waste, U+S, and sand). Also, the TOM of
abalone waste was significantly higher (p < 0.001)
compared to that of U+S and sand. Similarly, the
TOM of U+ S was significantly higher (p < 0.001) than
sands. The TOM of the sea cucumber faeces was
65.46 + 0.61, 21.74 + 1.44, 11.35 + 3.3, and 6.51 =+
1.51% for pellet, abalone waste, U+S, and sand,

1.4 1 .
1.2 b

0.8 1
0.6 A
0.4 1
0.2 1

Mean IR (g ind.”" d)
QO

Abalone U+S
waste

Sand Pellet

Diets

Fig. 1. Mean (+SE) ingestion rate (IR) of Neostichopus gram-

matus fed 4 experimental diets n = 32). Different letters above

each bar indicate a significant difference between treatments
(Dunn, p < 0.05). U+S: Ulva lacinulata mixed with sand

Table 2. Regression results for the relationships between in-

gestion rate (IR), faecal production rate (FPR), apparent as-

similation efficiency (AAE) and the total organic matter
content of the diets (n = 128)

Parameter Unstandardized Standardized
coefficients coefficients
B SE B t p
IR (g ind.”' d™) 1.119 0.045 -0.008 -6.498 <0.010
FPR (gind. "' d!) 0.276 0.023 -0.003 -4.193 <0.001
AAE (%) 71.374 2.972 0.179 2.118 0.036
] c
0.35 1
g 0.3 -
7. 0.257 ?C
2o2 b .
D 0.151 L i
oC ]
a 0.1
L 0.05-
Abalone waste U+S Sand Pellet

Diets

Fig. 2. Mean (+SE) faecal production rate (FPR) of Neosti-

chopus grammatus fed 4 experimental diets (n = 32). Differ-

ent letters above each bar indicates a significant difference

between treatments (Dunn, p < 0.05). U+S: Ulva lacinulata
mixed with sand

respectively (Fig. 3). The faecal TOM of sea cucum-
bers fed pellet was significantly higher than the fae-
cal TOM of those fed abalone waste, U+S and sand
(p < 0.001). Similarly, the faecal TOM of sea cucum-
ber fed abalone waste was significantly higher com-
pared to the faecal TOM of sea cucumber fed U+S
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Fig. 3. Mean (+SE) total organic matter of feed and resultant

faeces of Neostichopus grammatus fed 4 experimental diets

(n = 4). Different letters above each bar within a diet indi-

cate a significant difference between feed and faeces (t-test,
p <0.05). U+S: Ulva lacinulata mixed with sand

(p = 0.019) and sand (p = 0.002). The faecal TOM of
sea cucumber fed pellet, abalone waste, and U+S
differed significantly from the TOM of the diet by
31.39% (t=47.63, p < 0.001); 37.53% (t=17.13, p <
0.001) and 48.83% (t = 3.15, p = 0.03), respectively;
whereas the faeces TOM of sea cucumbers fed sand
was not different from the TOM of the feed (t=-0.71,
p = 0.52) (Fig. 3).

The carbon content of the diets was 41.20 = 0.30,
21.80+2.00,11.30 £ 0.20, and 5.65 + 0.35 % for pellet,
abalone waste, U+S, and sand, respectively (Fig. 4).
Tukey's post hoc test showed that the carbon content
of pellet was significantly higher (p < 0.001) than
those of other treatments (abalone waste, U+S, and
sand). Similarly, the carbon content of abalone waste
was significantly higher (p = 0.007) than that of U+S
and sand. However, no significant difference (p =
0.059) was observed between the carbon of U+S and

fed sand (p = 0.004). There was a 37.74 % decrease
(t=151.13, p < 0.001) in the percentage carbon con-
tent of faeces of sea cucumber fed pellets. However,
the faecal carbon (%) of sea cucumber fed abalone
waste (t = -2.31, p = 0.15) was similar to the feed.
The carbon content (%) of sea cucumber faeces fed
U+S decreased by 9.46 % but was not significantly
different from the feed (t = 2.79, p = 0.11).
However, the carbon content of sea cucumber fae-
ces fed sand was similar (t = -1.85, p = 0.21) to that
of its feed.

The nitrogen content (%) of the diets was 4.40 +
0.14, 2.69 + 0.09, 1.37 = 0.14, and 0.03 + 0.01 for pel-
let, abalone waste, U+S, and sand, respectively. The
pellet's nitrogen content (%) was significantly
higher (p = 0.001) than those of all other diets. Simi-
larly, the nitrogen content (%) of abalone waste was
significantly higher than those of U+S (p < 0.001)
and sand (p = 0.003), and that of U+S was also sig-
nificantly higher than those of sand (p = 0.003). The
percentage nitrogen content of sea cucumber faeces
was 2.86 = 0.45, 3.29 + 0.09, 0.51 + 0.11, and 0.31 +
0.04 for sea cucumbers fed pellet, abalone waste,
U+S, and sand, respectively (Fig. 5). The faecal
nitrogen content (%) of sea cucumber fed pellet was
similar to that of abalone waste (p = 0.611) but was
significantly higher (p = 0.01) than U+S (p = 0.004)
and sand (p = 0.002). Also, the faecal nitrogen con-
tent (%) of sea cucumber fed abalone waste was sig-
nificantly higher than those fed U+S (p = 0.004) and
sand (p = 0.002). Sea cucumbers fed pellet had a
35.59% decrease (t = 3.33, p = 0.08) in faecal nitro-
gen when compared to the feed (Fig. 5). The faecal
nitrogen content of sea cucumber fed U+S signifi-
cantly decreased by 58.54% (t=6.11, p = 0.03) from
that of the feed (Fig. 4). The faecal nitrogen content

sand (Fig. 4) (%) of sea cucumber fed abalone waste and sand
The percentage carbon content of
sea cucumber faeces was 25.65 =+ 45 - OFeed a
0.05, 26.25 = 0.65, 10.05 = 0.83, and 40 mFaeces
6.48 = 0.19 for sea cucumbers fed 35
pellet, abalone waste, U+S, and sand, <o 30 - a
. < a
respectively. The faecal carbon of sea = 25 |
cucumber fed pellet was similar to 8 20 -
those of sea cucumber fed abalone 8 15 a a
waste (p = 0.331) but was signifi- 10 A a @
cantly higher than those fed sand and 5 1 ’_-
U+S (p < 0.001). Moreso, the faecal 0 T T T
Abalone waste U+S Sand Pellet
carbon of sea cucumber fed abalone Diets

waste was significantly higher than
those fed U+S and sand (p < 0.001).
The faecal carbon of sea cucumber
fed U+S was also higher than those

Fig. 4. Carbon content (%) of feed and faeces of Neostichopus grammatus fed

4 experimental diets. Data are mean + SE (n = 4). Different letters above each

bar within a column indicate a significant difference between feed and faeces
(t-test, p < 0.05). U+S: Ulva lacinulata mixed with sand
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were similar to those of the feed (t=3, p =0.33; t=
-1.992, p = 0.19, respectively) (Fig. 5).

3.6. Apparent assimilation efficiency (AAE)

The mean AAE was significantly different among
treatments (Hs; = 12.47, p = 0.006). Sea cucumbers
fed abalone waste had the lowest AAE (68.5 + 4.86).
In comparison, those fed pellets had the highest
AAE (84.35 + 2.88) (Dunn, p < 0.05) (Fig. 6). How-
ever, the AAE of sea cucumbers fed pellets was not
significantly different (Dunn, p > 0.05) from those
fed either U+S (78.53 = 1.96) or sand (72.61 = 5.0)
(Fig. 6). Similarly, the AAE of sea cucumbers fed aba-
lone waste was not significantly different (p > 0.05)
from those fed U+S or sand. Also, a significant
positive relationship (p = 0.036) was observed be-
tween the AAE and the TOM of the diet. AAE
increased with an increase in the TOM of the diet
(Table 2).

3.7. Growth

At the beginning of the experiment, the animals’
mean weight was compared to ensure there was no
bias in the animal sizes in the various treatments
(F576 = 0.136, p = 0.94). At Week 4, a significant dif-
ference (F;74 = 3.19, p = 0.028) in growth was ob-
served. The weight of sea cucumbers in the U+S,
pellet and sand treatment groups showed a slight
decrease in weight, while sea cucumbers fed the
abalone waste treatment showed a slight increase in
weight (10.02 %) and was only significantly greater
than those fed pellets (Tukey, p = 0.05) (Fig. 7). How-
ever, by Week 6, there was an overall reduction in
the weight of sea cucumbers across all treatments.
Sea cucumber weight was not different across treat-
ments by Week 6 (F; 7, = 1.34, p = 0.27). The average
specific growth rates of animals in the different diet
treatments were -0.31, —-0.37, —0.58, and -0.63 for
abalone waste, U+S mixed with sand, pellet, and
sand, respectively.

4. DISCUSSION

This study aimed to assess the survival, ingestion
rate, FPR, absorption efficiency, and bioremediation
ability of Neostichopus grammatus when fed on
waste from abalone Haliotis midae culture. The sur-
vival of sea cucumbers in this study is high (ca. 98 %)
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and illustrates N. grammatus as a potential aquacul-
ture and IMTA species.

4.1. Ingestion rate (IR)

IR is used for assessing feed quality as it shows how
palatable and acceptable a feed is. The IR of N.
grammatus fed the experimental diets was in the
order of sand > U+S > pellets = abalone waste. The
IRs recorded in the present study were low compared
to Zamora & Jeffs (2012), who reported an IR ranging
from 3-9 g ind.™" d~! when Australostichopus mollis
was fed mussel Perna canaliculus biodeposits con-
taining 1, 4, 12 and 20 % TOM. The IR reported in the
present study is also low compared to that achieved
by Zhou et al. (2006) (1.82 + 0.13 g ind.™! d"!) when
Stichopus japonicus was fed sediments from Zhikong
scallop culture. The lower IR recorded in this study
compared to these studies could be due to the con-
sumption ability of the sea cucumber species used in
this study (N. grammatus), unlike Zamora & Jeffs
(2012) and Zhou et al. (2006), who reported on A.
mollis and S. japonicus, respectively. The present
study results indicate that circa 14-15 sea cucumbers
(about 17 g each) will process all solid waste of abalone
produced per square meter in a commercial abalone
farm per day if the appropriate deposition and tem-
perature rates are maintained (Magill et al. 2006).

The TOM of the diets influenced the IR in this
study, the lower the TOM, the higher the IR, while
the higher the TOM, the lower the IR. A high IR char-
acterised by low TOM of feed and vice versa is con-
sidered due to sea cucumbers’' compensatory feeding
and has been observed in recent studies on sea
cucumber IMTA (Hudson et al. 2004, Zamora & Jeffs
2011). In the natural environment, sea cucumbers
that ingest sediment of low nutritional quality tend to
consume more sediment to meet dietary and energy
demands (Hudson et al. 2004, Azad et al. 2011).
However, when the sediment's nutrient content is
high, sea cucumber reduces its appetite and tends to
consume less.

The result obtained from this study supports other
studies on the IR of sea cucumbers which report that
sea cucumbers show a negative relationship with the
nutrient content of food (Hudson et al. 2004, Yuan et
al. 2006, Liu et al. 2009, 2010, Zamora & Jeffs 2011,
Orozco et al. 2014, Chen et al. 2015b). For example,
in an experiment conducted by Zamora & Jeffs
(2012), mussel P. canaliculus waste with varying
amounts of TOM (1, 4, 12, and 20 %) was used as feed
for the sea cucumber A. mollis. Sea cucumbers fed a

diet containing 4% TOM had the highest IR, fol-
lowed by those fed 12% TOM, while those fed the
20% TOM diet had the lowest. The exception was
those fed with 1% TOM, whose IR was lower than
the 4% TOM group and similar to the 12% TOM.
The low IR observed for sea cucumber fed 1% TOM
compared to that of 4 % TOM was reportedly due to
reduced nutrients in the feed leading to low palat-
ability (Zamora & Jeffs 2012). Similarly, Xia et al.
(2012) found that sea cucumbers A. japonicus fed
Laminaria japonica and Ulva lactuca had higher
IRs than those fed Sargassum thunbergii or S. poly-
cystum even though Sargassum used in their study
had higher protein and lipid content than L. japonica
and U. lactuca. Similarly, when Yuan et al. (2006) fed
the sea cucumber A. japonicus with dried mussel fae-
ces (Diet A) and diets containing varying amount of
dried mussel faeces and powdered algae (L. japon-
ica, S. thunbergii, and Sargassum sp.) (Diet B—75 %
dried faeces and 25% powdered algae; Diet C—
50% dried faeces and 50% powdered algae; Diet
D—75% dried faeces and 25% powdered algae;
Diet E—powdered algae), the feed quality affected
the IR, with lower quality of feed (Diet A) ingested
more than those with higher quality.

However, Maxwell et al. (2009) showed that IR had
a positive relationship between organic matter con-
tent when Stichopus mollis was fed with L. japonica
(TOM = 76.40%), dried abalone faeces (TOM =
54.50%), and dried abalone faeces (TOM = 37 %)
contrary to the results obtained in this study, i.e. the
higher the TOM, the higher the IR, and vice versa.
Maxwell et al. (2009) proposed that the positive rela-
tionship between ingestion rate and organic matter
content, which was contrary to studies available, was
because faecal diet and macroalgal diet were used in
the study, whereas other studies available as of when
theirs was conducted used natural sediment (Hauks-
son 1979, Yingst 1982, Hudson et al. 2004). However,
studies on IR years after the study of Maxwell et al.
(2009) show an inverse relationship even when sea
cucumbers are fed with faecal waste (Yuan et al.
2006, Liu et al. 2010, Zamora & Jeffs 2011, Orozco
et al. 2014, Chen et al. 2015b).

4.2. Faecal production rate (FPR)

The FPR of sea cucumbers in this study followed
the same trend as the IR. FPR decreased with an
increase in the TOM of the feed and vice versa. This
depicts that as TOM increases, sea cucumber con-
sumes less food and, as a result, produces less faeces.
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This result corresponds with Zamora & Jeffs (2012)
and Yuan et al. (2006), who reported that FPR de-
creased with increased food quality in A. mollis
and A. japonicus, respectively. Also, when Chen et
al. (2015a) fed the sea cucumber Stichopus monotu-
berculatus with fresh shrimp Litopenaeus vannamei
waste (Diet A = 46.53% TOM) and various mixtures
of sea mud mash and shrimp waste (Diet B = 36.7 %
TOM,; Diet C =26.94 % TOM,; Diet D = 16.61 % TOM,;
Diet E = 7.38 % TOM), it was reported that those fed
Diet D had a higher FPR than those fed Diets A and
B. Those fed Diet A had the lowest FPR.

However, this study's result contradicts those of
Zamora & Jeffs (2011), who showed that FPR de-
creases with an increase in organic matter content in
A. mollis though without a significant difference, and
with Yu et al. (2020), who showed no difference
in the FPR of Cucumaria frondosa fed with micro-
algal diets (Ascophyllum nodosum, TOM = 78.91 %;
Saccharina latissimi, TOM = 62.55%), shellfish diet
(TOM = 78.72%) and natural seston (TOM =
39.46 %). The result of Zamora & Jeffs (2011) could
be due to the method used for estimating FPR, as FPR
was done for day and night without both being
pooled together —unlike this study, which did not
differentiate the FPR of the day from night. Also, the
result of Yu et al. (2020), which showed no difference
in the FPR of A. mollis fed microalgal diets and natu-
ral seston of varying organic matter, could be
because of the very little difference in the organic
matter content of the microalgal diets. The natural
seston may be of better quality as it may be richer in
fatty acids and amino acids, which may compensate
for the lower organic matter content and, as such,
have the same FPR with microalgae of higher
organic matter content.

4.3. Apparent assimilation efficiency (AAE)

The AAE of sea cucumbers in this study increased
with an increase in the TOM of the feed except for
those fed abalone waste which showed a reduction in
AAE. A high AAE is associated with sea cucumbers
which feed on sediment containing a low organic
matter content (Paltzat et al. 2008). The results of the
present study are in accordance with Zamora & Jeffs
(2012) and Yuan et al. (2006), who concluded that the
AAE of A. mollis and A. japonicus increased as the
TOM content of the feed increased. Maxwell et al.
(2009) also reported that the AAE of S. mollis was
higher when fed Diet A (TOM 76.40%) and Diet B
(TOM 54.50%), unlike Diet C (TOM 37.00%). The

AAE of N. grammatus fed the various diets compared
well with other studies (Maxwell et al. 2009) and out-
performed others (Yuan et al. 2006, Zamora & Jeffs
2012).

4.4. Evidence of assimilation/nutrient uptake by
sea cucumber

The main aim of IMTA, apart from diversification,
is bioremediation, which involves the uptake and
utilisation of waste into biomass by the extractive
species (Troell et al. 2009, Chopin et al. 2012). Sea
cucumbers (deposit feeders) have been identified as
potential organisms to absorb and reduce excessive
organic nutrients from aquaculture waste (Cubillo et
al. 2016, Zamora et al. 2018). In the current study, N.
grammatus was also able to reduce the TOM, carbon,
and nitrogen content of pellet and U+ S, though there
was no significant reduction in nitrogen for sea
cucumbers fed pellet and carbon for those fed U+S.
This result is consistent with studies that showed the
ability of sea cucumber species to reduce TOM, car-
bon, and nitrogen content of aquaculture biodeposit
by their feeding activity (Michio et al. 2003, Zhou et
al. 2006, Slater et al. 2009, Mahmoud 2011, Ren et al.
2012, Hannah et al. 2013).

However, for abalone waste, the sea cucumber
could only reduce the TOM,; faecal carbon and nitro-
gen content remained similar to that of the feed. The
reduction of TOM reported in this study for abalone
waste is similar to that of Neofitou et al. (2019). They
reported that the sea cucumber Holothuria tubulosa
reduced the TOM of sediment impacted by sea bream
Sparus aurata and sea bass Dicentrarchus labrax by
30.48 and 30.97 % in the laboratory and field, respec-
tively. Contrarily, Dobson et al. (2020) stated that
sandfish H. scabra could not reduce the TOM content
of Babylonia pond substrate. They did, however, note
that this could be due to the input of TOM from the
exchange water. Similarly, Plotieau et al. (2013)
reported that the organic matter content of sediments
within and outside H. scabra pens was the same (i.e.
no difference). Also, de la Torre-de la Cruz et al.
(2018) reported an increase in the sediment organic
matter of H. scabra cultured in sea pens.

The carbon and nitrogen content of N. gramma-
tus faeces fed abalone waste was similar to that of
the feed and corresponds with Mathieu-Resuge et
al. (2020), who reported that sandfish cultured on
shrimp farm sediments were unable to alter the iso-
topic carbon and nitrogen composition of the culture
substrate. Likewise, MacDonald et al. (2013) re-



54 Aquacult Environ Interact 15: 45-57, 2023

ported no difference in the total organic carbon of the
European sea bass biodeposit D. labrax due to the
feeding activity of the sea cucumber H. forskali after
5 d of deposition and non-deposition period of D.
labrax waste. This study is, however, in disagree-
ment with studies on sea cucumbers depressing car-
bon and nitrogen accumulation through their graz-
ing activity (Michio et al. 2003, Zhou et al. 2006,
Slater et al. 2009, Mahmoud 2011, Ren et al. 2012,
Hannah et al. 2013, Neofitou et al. 2019). It is not well
understood why N. grammatus could not suppress
the carbon and nitrogen content when fed abalone
faeces, but it could be due to selective feeding. Selec-
tive feeding is a phenomenon where sea cucumber
selectively picks particles richer in nutrients to meet
its nutrient requirement (Slater et al. 2011). This is
evident in situations where the nutrient content of
the sea cucumber gut is higher than that of its feed/
sediment and, as a result, excretes faeces higher in
nutrients than the initial feed or sediment ingested.
For example, The TOM of faeces of sea cucumber A.
mollis fed feeds containing 1 and 4 % TOM were 110
and 26 % higher than their respective feed (Zamora &
Jeffs 2011). Also, the TOM of the foregut of Parasti-
chopus californicus was about 4 times richer than the
TOM of the sediment ingested (sediment beneath
oyster farm) (Paltzat et al. 2008).

4.5. Growth

Several factors influence growth in sea cucumbers,
including food quality and quantity, spawning, tem-
perature, and stocking density (Yang et al. 2006,
Slater et al. 2009, Zamora & Jeffs 2012, Xia et al.
2017, Bauer et al. 2019). Contrary to our expecta-
tions, the weight of sea cucumber in this study was
reduced after the 6 wk ftrial, resulting in negative
growth. We are of the opinion that the weight reduc-
tion may be due to the stocking density used in this
study (801.6 g m™). The reduction in weight ob-
served in this study is in line with other studies,
which reported a reduction in the weight of various
species of sea cucumbers when stocking density
exceeds a particular threshold (Ramofafia et al. 1997,
Battaglene et al. 1999, Slater et al. 2009). For exam-
ple, A. mauritiana reared in tanks at a stocking den-
sity of 26 g m~2 had a specific growth rate of 0.6 g d™};
however, when the biomass grew to 260 g m~2, A.
mauritiana experienced a reduction in growth (Ramo-
fafia et al. 1997). Similarly, a decrease in A. mollis
growth was observed when wet wt increased from
557 to 801.6 g m™2 (Slater et al. 2009). However, it

should be noted that the sea cucumber in the present
study was reared at an initial stocking density of
801.6 g m™2, which far exceeds the initial stocking
density used by both Ramofafia et al. (1997) and Slater
et al. (2009). Moreso, this study's initial stocking den-
sity (801.6 g m™2) was the density at which weight
reduction was experienced by A. mollis as reported
by Slater et al. (2009), which could be the reason no
substantial growth was experienced in this study.

5. CONCLUSION

This study shows the acceptance, high survival
rate, and nutrient suppression of Neostichopus gram-
matus when fed on aquaculture waste from commer-
cial abalone, Haliotis midae, aquaculture. The study
depicts N. grammatus as a potential candidate for
coculture with abalone. It has also shown that at a
stocking density of 801.6 g m™2, N. grammatus ex-
hibits negative growth regardless of the food quality.

Temperature affects the growth of sea cucumbers,
and at extreme thresholds sea cucumbers undergo
aestivation. However, for N. grammatus, there is no
information on suitable temperature and husbandry
techniques for optimal growth. Also, it is unknown
whether N. grammatus species undergo seasonal
aestivation as recorded for other commercial species,
nor whether it requires a rearing tank which better
simulates its natural environment, e.g. by the addi-
tion of a substrate layer rather than a bare floor. The
experimental period of this study was quite short; it
will therefore be worthwhile for further studies to
assess the growth of N. grammatus over a more ex-
tended period. It is recommended that further studies
be carried out on various stocking densities to ascer-
tain the density favourable for N. grammatus growth.
Also, the optimal temperature requirement of substrate
for growth should be investigated. The feasibility of
integrated multitrophic aquaculture of N. grammatus
and abalone should be investigated to assess whether
both animals can survive and grow well.

Data availabilty. The data that support the findings of this
study are openly available in Zenodo (do0i:10.5281/Zenodo.
7602785).
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