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Abstract – Deposit-feeding sea cucumbers are efficient nutrient recyclers and have the potential to
contribute to the limitation of organic matter load in polyculture or integrated aquaculture systems.
Assessing how they assimilate organic matter originating from other farmed species is therefore important
for the development of such multi-species farming systems. Here, a coupled stable isotope � fatty acid
approach was used to characterize the assimilation of organic matter from shrimp (Penaeus stylirostris)
farming by Holothuria scabra in an experimental culture system. H. scabra were reared in mesocosms on
shrimp farming-originating sediment with and without additional food sources (maize and fish meals).
Although fatty acid results did indicate that shrimp-farming sediment was assimilated by holothurids, we
found no evidence of maize waste and fish meal contribution toH. scabra organic carbon (no effect on d13C,
no accumulation of meal-specific fatty acids). However, a strong effect of fish meal on H. scabra d15N was
observed, suggesting that this additional food source could represent an alternative source of nitrogen for
holothurids. Finally, this study supports the culture of H. scabra as a perspective to reduce sedimentary
organic matter excess associated with shrimp farms, and suggest that the addition of selected food
sources might contribute to increasing the content in some nitrogen organic compounds in holothurid tissues.
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1 Introduction

The combined farming of different species, where each one
feeds on wastes from the other one (commonly referred to as
polyculture, co-culture, or integrated culture Lutz, 2003;
Zamora et al., 2016) aims at increasing economic yields of
aquaculture surfaces, reducing ultimate effluents from
production units and generating a mass-balanced system
mitigating impacts on the adjacent environment (Soto, 2009).
Sea cucumbers are considered as ideal models for co-culture
systems in association with various taxa (molluscs, crusta-
ceans, fish, seaweed) in both temperate and tropical environ-
ments (Zamora et al., 2016). Their high economic value makes
them an attractive aquaculture product, with an annual
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n Open Access article distributed under the terms of the Creative Co
which permits unrestricted use, distribution, and reproduction in
production evaluated at 166 712t in 2012-2014 (Zhang
et al., 2015; Zamora et al., 2016).

Most holothurids in the order Aspidochirotida (e.g.
Holothuria scabra, Apostichopus japonicus) are surface or
sub-surface deposit-feeders, and can efficiently extract organic
matter from coastal sediments (Roberts et al., 2003), which can
contribute to mitigate aquaculture environmental impacts
through the recycling of organic matter (Zamora et al., 2016).
In Réunion Island (SW Indian Ocean), a mixed population of
Holothuria atra and Holothuria leucospilota has been
observed to ingest up to 82 kgm�2 y�1 of sediment, with an
organic matter assimilation efficiency of 10% (Mangion et al.,
2004). Individuals of H. scabra averaging 1 kg were reported
to displace more than 250 cm3 of sediments per diurnal cycle
(Purcell, 2004). Besides, their burrowing activity limits
sediment hypoxia, thereby enhancing organic matter bacterial
remineralization (MacTavish et al., 2012). Both H. scabra and
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A. japonicas have been considered as good candidate to be
used in association with other species (i.e. crustaceans,
molluscs, fish, seaweeds), in order to limit detrimental effects
of organic matter accumulation on the sediment (e.g. Slater and
Carton 2007; Watanabe et al., 2012; Neofitou et al., 2019;
Zamora et al., 2016). In particular, their ability to selectively
extract specific components of sedimentary organic matter,
such as bacteria, nitrogen and transparent exopolymer particles
(Moriarty 1982; Roberts et al., 2003; Robinson et al., 2016;
Sadeghi-Nassaj et al., 2018), may suggest that their use in
co-culture systems is relevant. Indeed, their use can contribute
to remediate or manage the risks associated with pond
sediment degradation in aquaculture ponds, where high
densities and/or dystrophy conditions typically result in
animal health issues (Lemonnier et al., 2006; Lemonnier,
2007). However, the selective assimilation of specific
components of sediment is still poorly documented (but see
Moriarty, 1982), especially in the context of high sedimentary
organic enrichment (Gao et al., 2011; Slater et al., 2011; Yu
et al., 2015; Zamora and Jeffs, 2015), such as for animals
reared on aquaculture sediment. In particular, although
addition of extra food is generally not required, it has recently
been suggested that growth performances of holothurids could
be improved through the addition of additional material to the
system (Gao et al., 2011; Robinson et al., 2018, 2019).

In this context, trophic biomarkers, such as stable isotopes
(SI) d13C and d15N, and fatty acids (FA) are powerful
approaches to characterize the diet of marine organisms and
assess the pathways of organic matter within food webs.
Different food sources usually display different SI composi-
tions, and the SI composition of a consumer reflects its food
source, plus a small heavy isotope enrichment, usually ≈1‰
for carbon and ≈3.4‰ for nitrogen (Vander Zanden and
Rasmussen, 2001). SI have been successfully used to
investigate the trophic ecology of sea cucumbers (Slater and
Carton, 2010) and their trophic relationships in a polyculture
system (Feng et al., 2014). In spite of their usefulness in
discriminating food sources contributing to the diet of
consumers in low food source diversity systems, SI provide
a limited resolution for heterogeneous organic matter pools,
such as sediment or suspended particulate organic matter. Due
to the higher taxa specificity of FA, their analysis is
complementary to SI to investigate the composition of such
heterogeneous organic matter pools (Kharlamenko et al.,
2001). The existence of bacteria, diatom, flagellate and higher
plant specific FA makes this approach extremely powerful to
disentangle trophic relationships for sediment-associated
organisms that might be overlooked otherwise when using
bulk SI alone (Kelly and Scheibling, 2012).

The Pacific blue shrimp (Penaeus stylirostris Stimpson,
1974) is the second export product of New Caledonia. The
island hosts 19 shrimp farms, for an annual production of ca.
2000 tons.year�1 (Lemonnier, 2007). Shrimp farming occurs
on ponds varying between 4 and 11 ha, where shrimp densities
range from 18 to 35 individuals m�2 (Della Patrona and Brun,
2008). The accumulation of uneaten food pellets on sediments
results in shrimp ponds eutrophication, ultimately favoring
the development of pathogens (Lemonnier et al., 2010). The
co-culture of shrimps and sea-cucumbers (Purcell et al., 2006;
Xu and Zhu, 2002), or their polyculture with jellyfish (Li et al.,
2014b, 2014a) has therefore been considered as an alternative
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to limited the organic matter excess from shrimp mono-
cultures. Moreover, studies revealed that shrimp wastes could
be used to feed sea cucumbers (Chen et al., 2015a, 2015b).
These co-culture systems could (1) limit sediment organic
enrichment (Slater and Carton, 2007) and (2) develop a new
high value exportation pathway. Because simultaneous culture
of these two species has been proven deleterious to juvenile sea
cucumbers (Bell et al., 2007; Pitt et al., 2004), a rotational
culture system, where sea cucumbers are reared in ponds after
extraction of shrimps, seems to be the most relevant system.

In this context, the first objective of the present study was
to evaluate the assimilation of shrimp farm sediments by
H. scabra, simulating a context of a P. stylirostris � H. scabra
rotational co-culture system. In a second time, the study tried
to assess the relevance of using additional food sources, by
characterizing the assimilation of two potential sources (i.e.
maize meal and fish meals) in the tissues of the holoturids.
Maize meal is a potential low-cost and easily available food
supplement which can stimulate the benthic food web through
heterotrophic assimilation. Fish meal is more expensive, but
also of higher nutritional value. The assimilation of these
different food sources by juvenile sea cucumbers was assessed
through a combined SI (d13C, d15N) and FA approach.

2 Material and methods

2.1 Experimental setup

Experiments were conducted at the experimental station of
Saint-Vincent Bay (21°580S, 165°570E; New Caledonia) for 7
months, between April and December 2014. Ten mesocosms
of 1600 L (1.72m2) were each filled with 25 cm of sediment
from upper 5 cm of a semi-intensive shrimp farm, collected at
the end of a shrimp growing period after 3 weeks of dry out,
and presenting a content in organic matter of 2.3%,
and ammonium concentrations higher than 1000mmol·L�1.
Mesocosms were filled with seawater on open circuit, with an
average daily water renewal of 30%. Juveniles H. scabra
(initial weight = 15.2 ± 0.2 g) were then placed in 9 tanks at a
density of 7 indivuduals·m�2 (12 individuals per tank). One
tank was left without animals as a control for the natural
evolution of shrimp farm sediment. The 9H. scabra tanks were
then randomly assigned to a treatment (3 replicates /
treatment): (1) animals reared on shrimp farm sediment only
(unenriched treatment), (2) animals reared on shrimp farm
sedimentþmaize meal (added twice a week, eq. 1.5% of
initial biomass·d�1) and (3) animals reared on shrimp farm
sedimentþ fish meal (added twice a week, eq. 1.5% of initial
biomass·d�1). Fish meal was gently spread in the mesocosms
to ensure a uniform repartition. Maize meal was hydrated with
mesocosm water to make sure it will not float, and then gently
spread as for fish meal. Fecal pellets and uneaten food were not
removed during the experiment.

2.2 Sampling

Because of the limited number of animals available for
each treatment, and in order to limit density modifications
inside each tank, which could lead to unpredictable density-
dependent processes, a limited number of individuals were
sampled at each sampling time. Five individuals were
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randomly sampled at the beginning of the experiment (T0),
before the distribution of animals in the different mesocosms.
During experiment, one individuals per tank (3 for each
treatment) was sampled after 1 and 3 months (T2 and T3), and 3
individuals per tank (9 for each treatment) were sampled after 7
months (Tf), at the end of the experiment. At each sampling
time, sampled individuals were weighed and then dissected in
order to collect muscle strips for SI and FA analyses. The
sampling of the muscle allowed analysing the same tissues
during the all experiment, while gonads were not developed at
the beginning of the experiment. Two sub-samples were taken
for FA and SI analyses, respectively, and then stored at�80 °C
before further analyses. Every month, the medium weight of
animals was assessed for each tank, and mortality was
assessed at the end of the experiment through total fishing of
the tank.

Surface sediment (upper5 cm)wasalso sampled (three2.6 cm
diameter cores pooled for each tank) at T0 and after 1, 3 and 7
months (end of experiment). Biofilm covering mesocosm walls
was also sampled at the end of the experiment by scraping. Fish
meal and maize meals distributed to the additional food source
treatments throughout the experiment did originate from the
same initial stocks, and were therefore sampled at the beginning
of the experiment for SI and FA analyses. All these samples
were stored at �80 °C before further analyses.

2.3 Laboratory analyses
2.3.1 Stable isotope analyses

Muscle samples, biofilm, maize and fish meals were
freeze-dried and ground with a mortar and a pestle into a fine
and homogeneous powder. About 0.5 g of muscle, 1mg of
sediment, biofilm, and additional food sources were placed in
tin capsules. Sediment samples were split into 2 sub-samples
for carbon and nitrogen analyses. As carbonates present higher
d13C than organic carbon, one was treated for d13C analysis,
after acidification by 1% HCl solution to remove carbonates,
rinsed with distilled water and oven-dried at 60 °C for 24 h
(DeNiro and Epstein, 1978). The other subsample for nitrogen
isotope analysis was not acidified because acidification results
in enrichment in d15N (Pinnegar and Polunin, 1999). The
13C:12C and 15N:14N ratios were measured by continuous-flow
isotope-ratio mass spectrometry. The spectrometer (Delta V
Advantage stable isotope analyzer, Thermo Scientific, Bre-
men, Germany, with Flash EA-1112elemental analyzer,
Thermo Scientific, Milan, Italy) was operated in dual isotope
mode. The analytical precision, estimated from standards
analyzed along with the samples, was <0.1% for d13C and
<0.15% for d15N. Reference gas and the internal standard used
(acetanilide, Thermo Scientific) were calibrated against
reference materials (USGS-24, IAEA-CH6, IAEA-600 for
carbon; IAEA-N1,-N2, �N3, �600 for nitrogen). Data are
expressed in the d unit, in permil: dX= [(Rsample/Rstandard) � 1].
103. Where X= 13C or 15N and R= 13C/12C or 15N/14N,
respectively.

2.3.2 Fatty acid analyses

A known mass of muscle strips (between 20 and 100mg
of wet weight, according to individual mass) was ground with
a Dounce tissue grinder in 6mL of chloroform:methanol
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(2:1, v:v ; HPLC grade, Sigma-Aldrich). Samples were then
sonicated 10min at 4 °C in order to ensure complete lipid
extraction. Lipids from sediment, biofilm and additional food
sources were also extracted following this method. Lipid
extracts were then stored at �20°C under nitrogen atmosphere
after addition 0.01% by weight of butylated hydroxytoluene
(Sigma-Aldrich) as antioxidant, before analysis. After
evaporation to dryness under nitrogen and recovering with
three washings of 0.5mL chloroform:methanol (98:2, v:v), an
aliquot (1/5) of muscle lipid extract was deposited at the top of
a silica gel (silica gel 60, 70–230mm mesh, Sigma-Aldrich
previously heated at 450 °C and deactivated with 6% water by
weight) micro-column (40mm� 5mm i.d.). Neutral lipids
(NL) were eluted with 10mL of chloroform:methanol (98:2,
v:v) (Marty et al., 1992). NL are FA generally stored in
consumer tissues in the same proportions than in their food
sources, therefor they mirror the composition of the diet (here
sediment, meals, and/or biofilm). In contrast, dietary lipids are
assimilated without lipid classes distinction (Arts et al., 2001;
Dalsgaard et al., 2003). For this reason, NL were separated
from the total lipid pool only for sea cucumber samples, while
total FA were analyzed for food sources (sediment, biofilm,
meals). Lipids were then transesterified by adding of 800mL of
H2SO4 (3.4% v:v in methanol, Sigma Aldrich)as a catalyzer,
0.01% and tricosanoic acid (Sigma Aldrich) as an internal
standard and heating 10min at 100 °C. After cooling at room
temperature and adding 800mL of hexane (HPLC grade,
Sigma Aldrich), the organic phase-containing FAmethyl esters
(FAME) was washed three times with 1.5mL of water-
saturated hexane. FA methyl esters were then recovered and
analyzed in a Varian CP 8400 gas chromatograph (GC)
equipped with a splitless injector and a flame-ionization
detector and using hydrogen as mobile phase. FAmethyl esters
were separated using a polar (ZB-WAX� 30m x 0.25mm i.d.;
0.25mm thickness, Phenomenex) and a non-polar (ZB-5HT �
30m x 0.25mm i.d.; 0.25mm thickness, Phenomenex)
capillary columnsin parallel. Chromatograms were analyzed
using the Galaxie software. The internal standard allowed FA
quantification. FA were identified by comparing retention
times with those of a commercial standard mixture containing
37 FAME (Sigma Aldrich) and other known standard mixtures
(Le Grand et al., 2013). FA were designated following the
general nomenclature (X:Yn-Z) where X is the number of
carbones, Y, the number of double bounds and Z the position of
the first double bound counting from the terminal methyl
carbon toward the carbonyl carbon. Results were expressed as
the proportion (mass percentage) of each FA on total FA of the
total lipids (sediment, biofilm and meals) or of the neutral
lipids (H. scabra).

2.4 Data analyses

Due to limited number of replicates for each time /
treatment, the effects of treatment at each time on the SI
composition, and for each individual NL FA of sea cucumbers
were assessed through non parametric Kruskal-Wallis (KW)
tests, followed by Conover-Iman multiple comparison tests
with Bonferroni’s adjustment method.

Only FA representing more than 1% of total FA were
taken into account for data analysis. The global FA
composition of sea cucumbers and sources was represented
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through non-metric mulitidimensional scalings (nMDS) based
on Euclidean distances. The effects of time and treatments on
the FA composition of sea cucumbers and sediments were
assessed through permutational variance analyses (PERMA-
NOVA). Because the number of replicates of potential food
source (sediment, meals and biofilm) samples were lower or
equal to 3, it was not possible to compare the effect of
treatment at each times by statistical analyses. All statistical
analyses and graphics were performed with the free software R
(Core Team, 2017), with R Version 3.4.1 (2017 06 30).

3 Results

3.1 Survival and growth of animals

Survival rates of sea-cucumbers at the end of the
experiment ranged between 86.7 ± 15.3% for fish meal
treatment, to 90 ± 17.3% and 90 ± 10%, for unenriched and
maize meal treatments, respectively. They did not differ
significantly among treatments (data not shown). Likewise,
individual final weights did not differ among treatments,
ranging from 37.3 ± 9.1 g for individuals coming from
unenriched treatment, to 40.6 ± 13.8 g for individuals from
fish meal treatment, and to 43.3 ± 16.3 g for individuals from
maize meal.

3.2 Stable isotopes

The SI composition of sediment did not vary significantly
among treatments during the experiment (KW tests, for
d13C H25 = 2.39, p-value = 0.30; and for d15N H25 = 6.38,
p-value = 0.05). None of the 3 treatments (unenriched, maize
meal, fish meal) induced significant variation of sediment d13C
over time, values ranging between �19.1‰ and �18.3‰,
(KW tests; at T0 H25 = 1.69 p-value = 0.43; at T3 H25 = 2.85,
p-value = 0.24; at Tf H25 = 0.35, p-value = 0.84), or d

15N over
time (KW tests; at T0 H25 = 3.01 p-value = 0.22; at T3

H25 = 3.52, p-value = 0.17; at Tf H25 = 5.6, p-value = 0.06),
(Fig. 1). Biofilm (n= 3 for each treatment) covering
mesocosms walls showed no significant differences of d13C
(KW tests, H25 = 4.86, p-value = 0.09) between unenriched,
maize and fish meal treatment at Tf. The post hoc test showed
significant difference between d15N values from fish and
unenriched treatments (p-value < 0.05). Among these 3
treatments, biofilm from unenriched mesocosms displayed the
most 13C-enriched mean values (–3.4‰), while fish meal
addition resulted in the highest mean d15N values (8.5‰). The
SI composition of maize (n= 2) and fish (n= 2) meals differed
of 4.3‰ for the d13C and of 7‰ for d15N(d13C = –12.5‰ and
�16.8‰ and d15N= 4.6‰ and 11.6‰ for maize and fish
meals, respectively).

The d15N of H. scabra increased in all treatments during
the experiment (Fig. 1). The d15N was significantly different
among treatments only after 7 months (KW test, H25 = 18.56,
p-value < 0.001). The highest values were found for fish meal
treatment (from 6.0 ± 0.6‰ at the beginning to 11.5 ± 0.4‰ at
the end of the experiment), significantly different from both
other treatments (Conover-Iman multiple comparison tests
with Bonferroni’s adjustment, both p-values < 0.05), while
muscles of animals from unenriched and maize meal treat-
ments displayed a lower and similar 15N enrichment
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(7.6 ± 0.9‰ and 6.8 ± 0.7‰, respectively, Conover-Iman
multiple comparison tests with Bonferroni’s adjustment,
p-value = 0.18). The d13C also displayed significant variations
between treatments at the Tf (KW test, H25 = 11.49, p-value
< 0.05). Muscles of animals from unenriched and fish meal
treatments displayed significantly different d13C values
(Conover-Iman multiple comparison tests with Bonferroni’s
adjustment p-value < 0.001), with muscles from unenriched
treatment more 13C enriched (–11 ± 0.8‰) than muscles from
fish meal treatment (–12.3 ± 0.8‰). Muscles of animals
from maize meal treatment presented intermediate values
(−11.5 ± 0.8‰) showing no significant difference from both
others treatments (Conover-Iman multiple comparison tests
with Bonferroni’s adjustment, p-value = 0.09 and p-value =
0.15, when compare to fish and unenriched treatments,
respectively).
3.3 Fatty acids

The global FA composition of sediments varied signifi-
cantly among the different treatments (PERMANOVA,
p-value < 0.05, df = 3, R2 = 0.19), with all sampling times
combined. The FA composition of sediment was dominated by
saturated fatty acids (SFA) in the 3 different treatments during
all the experiment (SSFA ranging from 41.0% to 47.0%;
Tab. 1). All sediment samples but one (maize meal, dominated
by 15:0) were dominated by 16:0, and included less than 10%
of poly-unsaturated fatty acids (PUFA) (Tab. 1). Even though
these differences were supported by slight variations in
specific FA, higher levels of 15:0 and 17:1n-8 were found in
maize meal sediment, as well as higher levels of branched FA
for unenriched and fish meal treatments (Tab. 1). FA whose
abundance differed the most between maize and fish meal
(18:1n-9, 18:2n6, 20:5n-3 and 22:6n-6, Tab. 2) showed slight
variations in sediments from the different treatments (Tab. 1).
A higher amount of branched FA was observed in the
composition of sediments from unenriched and fish meal
treatments at the end of the experiment.

Biofilm contained a higher proportion of PUFA than
sediment (between 24.3% and 27.9%, Tab. 2) with 20:5n-3
accounting for 7.6% to 10.5% of total FA and 20:4n-6 reaching
±4%, while 22:6n-3 was almost absent from biofilms from the
3 different conditions (Tab. 2). SFA were still dominant,
accounting for 35.9% to 38.6%, with 16:0 as the principal SFA
(Tab. 1). The biofilm was also characterized by high
proportions of 16:1n-7 for the three treatment, while 16:1n-
9 and 18:1n-9 were found in higher levels in biofilm that
developed in tanks supplemented with maize and fish meal
(Tab. 2).

Maize and fish meals supplemented to shrimp farm
sediment during the experiment displayed highly contrasted
FA compositions. Both food sources were dominated by PUFA
(between 39.6% and 42.1% of total FA; Tab. 2). Maize meal
showed higher levels of monounsaturated FA (MUFA) than
fish meals (29.2% and 22.4%, respectively; Tab. 2) and SFA
were higher in fish meal than in maize meal (34.9% and 28.4%,
respectively; Tab. 2). These two food sources differed
markedly in the composition of a few major FA. 18:1n-9
accounted for 26.5% in maize but for only 7.7% in fish meal
(Tab. 2). Similarly, 18:2n-6 accounted for 38.7% of total FA in
f 12



Fig. 1. d13C vs. d15N (mean ± S.D.) of Holothuria scabra and its potential food sources (sediment. biofilm. maize ad fish meals) during the
feeding experiment.H. scabra reared on shrimp-farm sediment only (unenriched treatment) (A).H. scabra reared on shrimp-farm sediment and
fishmeal (B) and H. scabra reared on shrimp-farm sediment and maizemeal (C). Fish and maize meal stable isotope compositions did not vary
through the experiment.
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maize meal but only for 0.9% in fish meal. 20:5n-3 and 22:6n-3
were in much higher proportions in fish meal than in maize
meal, accounting for 14.8% and 11.1% of fish meal total FA,
respectively, while these FAwere virtually absent from maize
meal (Tab. 2).

We found no significant interaction between time
and treatment in the composition of in H. scabra NL
(PERMANOVA, p-value = 0.39, df = 2, R2 = 0.04). The
global composition of NL varied over time (PERMANOVA,
p-value < 0.001, df = 2, R2 = 0.08), and between the different
treatments (PERMANOVA, p-value < 0.05, df = 4, R2 = 0.09).
For the three treatments and the three sampling times, NL FA
in H. scabra muscle strips were dominated by SFA (between
31.0% and 45.2%), while MUFA ranged from 21.2% to 31.8%
and PUFA from 14.0% to 26.9% (Tab. 3). The content of
branched FA ranged from 1.6% to 7.5% (Tab. 3). The main
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SFAwere 16:0 (between 7.9% and 13.7%) and 18:0 (between
7.3% and 17.7%). The most abundant MUFA was 18:1n-9
(from 3.96% to 7.7%), while PUFAwere dominated by 20:4n-
6 (from 4.3% to 12.3%) and 20:5n-3 (from 2.9% to 7.9%)
(Tab. 3).

The NL FA composition of H. scabra in unenriched
treatment varied significantly over the experiment (PERMA-
NOVA, p-value < 0.001, df = 2, R2 = 0.34; Fig. 2A), due to an
initial strong increase in PUFA (mainly 20:4n-6 and 20:5n-3)
from T0 to after 3 months of experiment, then a slight decrease
was observed after the 7 months of experiment (Tab. 3 and
Fig. 2A). The NL FA composition of individuals from fish
meal treatment was also significantly different over time
(PERMANOVA, p-value < 0.001, df = 2, R2 = 0.31; Fig. 2B),
as for individuals from maize meal treatment (PERMANOVA,
p-value < 0.05, df = 2, R2 = 0.26; Fig. 2C).
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Table 1. Fatty acid composition (mass % of total FA, mean ± S.D.) of sediment from the different treatments at the beginning of the experiment
(T0), after 3 month, and after 7 months (n = 3 for each time). SFA: saturated FA; MUFA: monounsaturated FA; PUFA: polyunsaturated FA;
Branched: FA [15isoþ15anteisoþ16isoþ17isoþ17anteiso].

T0 3 months 7 months

Unenriched Maize meal Fish meal Control Unenriched Maize meal Fish meal Control
P

Branched 6.7 ± 1.9 10.2 ± 1.1 6.1 ± 0.8 8.6 ± 2.8 12.0 11.8 ± 0.9 8.2 ± 2.3 12.4 ± 2.0 6.7

14:0 5.6 ± 0.5 4.8 ± 0.5 4.3 ± 0.7 5.9 ± 0.6 5.3 5.0 ± 0.8 5.3 ± 1.6 6.5 ± 1.0 4.9
15:0 8.7 ± 2.5 9.5 ± 2.1 15.9 ± 5.3 6.7 ± 4.2 5.3 7.2 ± 3.1 14.0 ± 7.8 3.8 ± 1.2 11.3
16:0 22.6 ± 1.3 16.2 ± 0.8 14.8 ± 1.2 19.7 ± 1.4 17.5 16.9 ± 1.5 15.8 ± 3.2 18.2 ± 0.7 19.7
17:0 2.8 ± 0.4 2.8 ± 0.3 2.2 ± 0.2 1.8 ± 0.6 2.6 2.8 ± 0.1 2.4 ± 0.9 2.6 ± 0.4 3.3
18:0 2.9 ± 0.7 2.6 ± 0.7 3.1 ± 0.6 4.8 ± 1.5 4.2 4.6 ± 1.1 4.9 ± 3.9 4.6 ± 0.3 3.3
19:0 0.1 ± 0.1 0.3 ± 0.0 0.2 ± 0.1 0.2 ± 0.0 0.3 0.3 ± 0.0 0.2 ± 0.0 0.3 ± 0.1 0.5
20:0 0.9 ± 0.2 1.4 ± 0.3 1.0 ± 0.3 0.9 ± 0.1 1.6 1.6 ± 0.3 1.0 ± 0.3 1.4 ± 0.5 1.3
22:0 1.1 ± 0.4 1.4 ± 0.3 1.4 ± 0.6 0.7 ± 0.2 1.7 1.6 ± 0.3 1.3 ± 0.4 1.2 ± 0.7 1.1
24:0 2.1 ± 0.8 3.0 ± 0.7 2.8 ± 1.5 0.9 ± 0.8 3.6 3.6 ± 0.7 1.9 ± 0.6 2.5 ± 1.6 2.0P

SFA 46.9 ± 2.2 41.9 ± 1.6 45.8 ± 2.5 41.7 ± 2.4 42.1 43.6 ± 1.4 47.0 ± 2.5 41.0 ± 1.6 47.4
16:1n-9 1.3 ± 0.8 2.1 ± 0.9 0.6 ± 0.2 1.4 ± 0.4 1.5 1.9 ± 0.2 1.4 ± 0.1 1.9 ± 0.3 1.1
16:1n-7 11.6 ± 1.8 7.0 ± 1.1 6.0 ± 0.5 7.6 ± 0.6 6.7 5.2 ± 0.8 6.0 ± 2.4 7.3 ± 1.7 7.3
16:1n-5 1.0 ± 0.2 1.1 ± 0.2 0.7 ± 0.1 0.9 ± 0.1 1.3 1.2 ± 0.3 0.9 ± 0.1 1.0 ± 0.2 0.8
17:1n-8 4.8 ± 1.2 5.3 ± 1.6 9.6 ± 2.8 3.1 ± 1.8 2.8 3.6 ± 1.7 7.1 ± 4.3 1.8 ± 0.7 5.0
18:1n-9 2.7 ± 1.0 3.1 ± 0.4 2.4 ± 0.4 4.9 ± 3.5 3.9 3.8 ± 1.2 2.7 ± 0.6 4.4 ± 0.3 3.3
18:1n-7 3.9 ± 1.0 4.9 ± 0.6 4.4 ± 0.5 6.8 ± 1.8 5.8 5.1 ± 0.9 4.7 ± 1.1 8.2 ± 1.8 4.3
20:1n-11 0.3 ± 0.3 0.3 ± 0.1 0.2 ± 0.0 0.3 ± 0.0 0.5 0.4 ± 0.1 0.2 ± 0.1 0.7 ± 0.6 0.4
22:1n-7 0.0 ± 0.0 0. 0 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 0.1 0.0 ± 0.0 0.1 ± 0.1 0.0 ± 0.0 0.0
23:1n-9 0.0 ± 0.1 0.0 ± 0.1 0.2 ± 0.0 0.1 ± 0.1 0.0 0.0 ± 0.1 0.1 ± 0.1 0.0 ± 0.0 0.1
24:1n-9 0.1 ± 0.1 0.1 ± 0.0 0.1 ± 0.1 0.1 ± 0.0 0.1 0.1 ± 0.1 0.0 ± 0.0 0.1 ± 0.0 0.1P

MUFA 25.9 ± 3.3 24.2 ± 1.4 24.4 ± 2.9 25.4 ± 3.7 23.0 21.6 ± 2.3 23.3 ± 0.7 25.7 ± 3.6 22.5
18:2n-6 1.1 ± 0.9 0.9 ± 0.3 1.1 ± 0.7 3.0 ± 3.9 1.1 0.9 ± 0.2 0.7 ± 0.2 1.6 ± 0.8 0.8
18:3n-3 0.7 ± 0.4 0.8 ± 0.3 3.4 ± 5.3 1.1 ± 0.4 1.3 1.3 ± 0.3 0.8 ± 0.2 1.3 ± 0.3 0.8
18:4n-3 0.6 ± 0.1 0.5 ± 0.1 0.5 ± 0.1 1.1 ± 0.2 0.4 0.7 ± 0.2 1.1 ± 0.5 0.6 ± 0.3 0.7
20:3n-3 0.3 ± 0.2 0.4 ± 0.1 0.3 ± 0.1 0.4 ± 0.1 0.7 0.8 ± 0.5 0.3 ± 0.1 0.3 ± 0.3 0.3
20:4n-6 1.1 ± 0.3 1.2 ± 0.5 1.3 ± 0.2 0.8 ± 0.3 0.3 0.8 ± 0.2 1.0 ± 0.5 0.3 ± 0.1 1.6
20:5n-3 1.3 ± 0.7 1.3 ± 0.7 1.5 ± 0.4 1.7 ± 1.5 0.2 0.7 ± 0.1 1.3 ± 1.2 0.1 ± 0.1 1.8
22:6n-3 0.1 ± 0.1 0.1 ± 0.0 0.0 ± 0.0 0.5 ± 0.8 0.2 0.2 ± 0.0 0.1 ± 0.0 0.1 ± 0.1 0.1P

PUFA 5.6 ± 1.4 5.7 ± 1.6 8.6 ± 6.4 9.2 ± 6.0 4.5 5.7 ± 0.5 5.8 ± 2.2 4.8 ± 0.4 6.5P
Unknown 1.2 ± 0.3 1.6 ± 0.3 0.9 ± 0.2 0.9 ± 0.3 2 1.9 ± 0.3 1 ± 0.2 1.5 ± 0.8 1.1P
Other 13.7 ± 1 16.5 ± 0.4 14.3 ± 0.9 14.3 ± 4.6 16.3 15.3 ± 1.3 14.7 ± 0.7 14.5 ± 0.4 15.9
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However, we found a strong overlap in the FA composition
of sea cucumbers from the different treatments, owing to a
strong inter-tank variability (Fig. 2D). At the end of the
experiment, individuals fed maize meal were characterized by
high (>5%) content in 16:0, 18:0, 16:1n-9 and 20:3n-3, while
individuals fed fish meal displayed high content in branched
FA, 16:0 and 18:0 (Tab. 3). Branched FA were found in
significant higher amount in H. scabra having received
additional meals, especially for fish meal treatment, and at
intermediate levels in animals fed on maize meal (Tab. 3).

4 Discussion

4.1 Stable isotope and fatty acid composition of
potential food sources

Although maize and fish meal displayed contrasted SI and
FA compositions, the addition of these food sources did not
result in significant differences in the SI composition of
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sediments. A first explanation of this result could be that
external inputs are diluted in a larger volume of underlying
sediment. This would result in buffering any isotopic
variations due to these inputs. However, additional isotopic
measurements carried out on surface sediment did not reveal
any significant differences compared to those presented,
suggesting that these additional food sources did not
accumulate on the bottom of the mesocosms (data not
shown). It is therefore more likely that these sources are
consumed, either by H. scabra and/or by micro-organisms
(Yokoyama, 2013; Robinson et al., 2018). The consumption
of maize/fish meals by H. scabra and/or by micro-organisms
would release inorganic nutrients that could enhance the
growth of fast-growing primary producers forming biofilm,
such as filamentous algae or bacteria. This is supported by
isotopic differences in biofilms covering the mesocosms’
walls, which follow isotopic differences in external sources
(i.e. 15N enriched for fish meal, 13C enriched for maize
meal).
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Table 2. Fatty acid composition (mass % of total FA, mean ± S.D.) of biofilm (after 7 months) (n = 3), maize and fish meals (n= 2). SFA:
saturated FA; MUFA: monounsaturated FA; PUFA: polyunsaturated FA; Branched: FA [15isoþ15anteisoþ16isoþ17isoþ17anteiso].

Biofilm Meals

Unenriched Maize meal Fish meal Control Maize Fish
P

Branched 1.5 ± 0.3 2.0 ± 0.7 1.9 ± 0.4 1.8 0.1 0.7

14:0 5.9 ± 0.2 9.4 ± 2.6 5.8 ± 1.1 6.2 0.3 6.8
15:0 0.4 ± 0.1 0.8 ± 0.6 1.2 ± 0.5 1.6 0.4 0.5
16:0 27.1 ± 1.6 25.0 ± 1.3 25.2 ± 1.5 26.4 17.7 22.0
17:0 0.3 ± 0.1 0.4 ± 0.2 0.5 ± 0.2 0.5 0.3 0.5
18:0 1.8 ± 1.0 2.0 ± 0.9 2.1 ± 0.9 2.5 5.2 4.9
19:0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 0.1 0.1
20:0 0.4 ± 0.1 0.4 ± 0.1 0.5 ± 0.0 0.5 1.2 0.2
22:0 0.3 ± 0.1 0.5 ± 0.1 0.5 ± 0.4 0.2 2.0 0.1
24:0 0.2 ± 0.3 0.0 ± 0.0 0.1 ± 0.0 0.0 1.2 0.3P

SFA 36.4 ± 2.4 38.6 ± 2.2 35.9 ± 2.7 38.1 28.4 34.9
16:1n-9 0.7 ± 0.2 5.5 ± 3.5 4.1 ± 3.8 8.5 0.2 0.4
16:1n-7 12.6 ± 4.0 9.7 ± 1.8 10.2 ± 8.5 4.2 0.8 7.6
16:1n-5 0.7 ± 0.1 1.1 ± 1.3 0.3 ± 0.0 5.4 0.0 0.2
17:1n-8 0.3 ± 0.1 0.5 ± 0.2 0.8 ± 0.4 0.8 0.0 0.1
18:1n-9 1.6 ± 0.4 2.7 ± 2.1 5.9 ± 2.3 5.4 26.5 7.7
18:1n-7 4.7 ± 0.8 3.4 ± 1.4 2.4 ± 0.6 2.1 0.7 3.7
20:1n-11 0.3 ± 0.4 0.2 ± 0.2 0.1 ± 0.1 0.2 0.3 0.1
22:1n-7 0.0 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 0.0 0.0 0.1
23:1n-9 0.1 ± 0.1 0.1 ± 0.0 0.1 ± 0.0 0.1 0.0 0.0
24:1n-9 1.7 ± 0.4 1.7 ± 0.1 0.8 ± 0.5 1.2 0.0 0.9P

MUFA 23.0 ± 4.4 25.3 ± 2.3 25.2 ± 6.0 28.5 29.2 22.4
18:2n-6 2.5 ± 0.6 1.7 ± 0.5 3.1 ± 2.2 1.7 38.7 0.9
18:3n-3 3.9 ± 1.6 1.6 ± 0.9 4.2 ± 4.8 3.7 2.2 0.5
18:4n-3 5.9 ± 1.3 5.1 ± 1.6 4.4 ± 3.2 3.3 0.0 2.3
20:3n-3 0.3 ± 0.1 1.9 ± 2.5 3.5 ± 2.8 5.8 0.1 0.1
20:4n-6 4.3 ± 2.4 3.2 ± 0.6 3.7 ± 2.1 1.8 0.1 1.0
20:5n-3 10.5 ± 2.3 9.9 ± 3.5 7.6 ± 0.3 6.3 0.1 14.8
22:6n-3 0.2 ± 0.2 0.5 ± 0.1 0.3 ± 0.1 0.0 0.3 11.1P

PUFA 27.9 ± 1.5 24.3 ± 3.1 27.1 ± 10.0 22.9 42.1 39.6P
Unknown 0.2 ± 0.1 0.4 ± 0.3 0.5 ± 0.2 0.1 0.1 0.4P
Other 11 ± 1.3 9.5 ± 2.5 9.5 ± 1.3 8.5 0.1 1.9
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The FA composition of sediment was dominated by SFA,
which is common for detritus-dominated sediments (Kelly and
Scheibling, 2012). Although the overall FA composition did
not vary during the experiment, sediment at the beginning of
the experiment was characterized by significant amounts of
16:1n-7, which is generally considered to be abundant in
diatoms (Dalsgaard et al., 2003). The amount of this FA
decreased during the experiment in the 3 treatments,
simultaneously with an increase in branched FA and in
18:1n-7, which have been reported specific to bacteria in
tropical environments (Meziane and Tsuchiya, 2000). These
results reinforce the previous hypothesis of external food
sources being metabolized by bacteria in supplemented
treatments. The increase in bacterial FA is also observed in
non-enriched treatment, which suggests a natural trend to favor
bacterial development of high organic matter shrimp-farm
sediments (Burford et al., 1998).

The FA composition of biofilm was also investigated,
because H. scabra was sometimes observed foraging at the
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vicinity of tank walls. At the end of the experiment, the FA
composition of biofilm was dominated by 16:1n-7, 18:1n-7
and 20:5n-3, which are biomarkers of diatoms and bacteria
(Kharlamenko et al., 2001; Meziane and Tsuchiya, 2000).
Higher content in 18:3n-3, 18:4n-3 and 20:3n-3 compared to
sediments was also observed, and can be explained by the
presence of filamentous Phaeophyta on the walls of
mesocosms (Volkman et al., 1989; Kharlamenko et al., 2001).

4.2 Assimilation of shrimp farm sediment
by H. scabra

The temporal variation of H. scabra SI composition for
unenriched treatment revealed slight d13C and d15N increases
during the experiment (þ2.2‰ and þ1.6‰, respectively).
Although at Tf, SI composition of H. scabra seems too 13C
enriched to reveal a diet only based on sedimentary organic
matter, this temporal variation could reveal either a diet based
on both sedimentary organic matter and biofilm, or dominated
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Table 3. Fatty acid composition (mass % of total FA, mean ± S.D.) of the neutral lipids of Holothuria scabra fed the different treatments at the
beginning of the experiment (T0) (n = 5), after 3 months (n= 3 for each treatment) and after 7 months (n = 9 for each treatment).
Different letters indicate significant differences (KW tests followed by Conover-Iman multiple comparison tests with Bonferroni’s adjustment
method, at significant level a< 0.05), indicating variations of FA compositions between treatment at 3 months and 7 months. SFA: saturated
FA; MUFA: monounsaturated FA; PUFA: polyunsaturated FA; Branched: FA [15isoþ15anteisoþ16isoþ17isoþ17anteiso].

Holothuria scabra

T0 3 months (T3) 7 months (Tf)

Unenriched Maize meal Fish meal Unenriched Maize meal Fish meal
P

Branched 1.5 ± 1.2 2.2 ± 0.4 3.6 ± 1.4 5.3 ± 4.9 3.7 ± 0.8 a 4.9 ± 1.9 ab 7.5 ± 2.5 b

14:0 1.8 ± 0.9 1.7 ± 0.4 2.4 ± 0.0 1.8 ± 0.5 2.6 ± 0.4 4.0 ± 2.4 2.6 ± 0.8
15:0 0.9 ± 0.7 1.2 ± 0.4 1.4 ± 0.6 1.9 ± 0.8 1.4 ± 0.2 1.8 ± 1.0 1.6 ± 0.6
16:0 13.7 ± 5.4 10.5 ± 0.1 7.9 ± 2.5 10.9 ± 0.5 11.5 ± 2.3 12.3 ± 4.4 11.7 ± 3.3
17:0 0.7 ± 0.5 1.1 ± 0.2 1.3 ± 0.2 0.8 ± 0.3 1.3 ± 0.2 1.2 ± 0.2 1.8 ± 0.6
18:0 17.7 ± 2.7 10.3 ± 2.5 7.3 ± 1.2 13.6 ± 7.5 11.5 ± 3.2 8.5 ± 3.5 10.4 ± 0.8
19:0 1.4 ± 1.0 1.5 ± 0.3 1.5 ± 0.3 1.1 ± 0.3 1.3 ± 0.3 1.5 ± 1.2 1.8 ± 0.4
20:0 2.3 ± 0.4 2.1 ± 0.3 2.5 ± 0.5 1.6 ± 0.3 2.7 ± 0.6 2.1 ± 1.3 2.5 ± 0.5
22:0 4.6 ± 2.1 3.9 ± 0.2 5.1 ± 2.7 2.6 ± 1.7 5.0 ± 1.2 3.5 ± 2.1 4.2 ± 0.6
24:0 1.9 ± 0.9 1.4 ± 0.1 1.5 ± 0.3 1.0 ± 0.2 1.2 ± 0.4 0.7 ± 0.2 1.2 ± 0.4P

SFA 45.2 ± 8.3 33.6 ± 2.5 31.0 ± 4.3 35.2 ± 6.2 38.6 ± 8.1 35.7 ± 5.3 37.8 ± 4.6
16:1n-9 1.8 ± 1.4 1.8 ± 0.7 2.3 ± 1.3 2.6 ± 1.3 2.4 ± 1.0 5.4 ± 6.7 2.1 ± 2.2
16:1n-7 1.8 ± 0.6 3.0 ± 0.3ab 4.2 ± 0.3 a 1.6 ± 0.4 b 3.2 ± 0.3 2.8 ± 2.4 2.9 ± 1.2
16:1n-5 5.6 ± 3.4 3.8 ± 2.3 1.1 ± 1.0 2.0 ± 1.9 0.3 ± 0.3 0.4 ± 0.3 0.2 ± 0.1
18:1n-9 5.7 ± 1.6 4.3 ± 0.2 7.7 ± 5.7 4.8 ± 1.3 4.2 ± 1.7 5.0 ± 2.1 3.9 ± 0.7
18:1n-7 1.1 ± 0.7 2.1 ± 0.0 4.2 ± 0.7 2.8 ± 1.0 2.8 ± 0.5 2.5 ± 1.4 3.9 ± 1.1
20:1n-11 2.1 ± 0.4 3.5 ± 1.3 2.4 ± 0.4 1.9 ± 1.1 2.6 ± 0.3 2.8 ± 2.8 3.2 ± 2.8
22:1n-7 2.4 ± 0.9 2.2 ± 0.2 3.5 ± 1.4 1.5 ± 0.9 2.4 ± 0.2 2.4 ± 1.7 2.8 ± 0.6
23:1n-9 0.8 ± 0.5 1.7 ± 0.0 1.4 ± 0.5 1.7 ± 1.0 2.1 ± 0.1 2.4 ± 2.5 3.2 ± 3.0
24:1n-9 3.2 ± 1.1 3.1 ± 0.4 4.7 ± 2.7 2.9 ± 1.4 2.9 ± 0.2 2.7 ± 2.0 4.0 ± 0.7P

MUFA 25.3 ± 2.8 26.3 ± 2.2 31.8 ± 2.0 22.9 ± 7.3 23.1 ± 4.2 27.3 ± 0.6 26.6 ± 4.1
18:2n-6 4.8 ± 3.6 4.7 ± 1.9 1.5 ± 1.3 2.8 ± 2.0 1.8 ± 1.3 1.2 ± 0.2 0.8 ± 0.4
18:4n-3 2.0 ± 2.2 1.8 ± 0.2 1.6 ± 1.4 1.4 ± 0.3 1.4 ± 0.4 1.1 ± 0.8 0.8 ± 0.4
20:3n-3 0.3 ± 0.4 0.0 ± 0.0 0.0 ± 0.0 0.3 ± 0.2 0.6 ± 0.4 b 8.2 ± 11.8 a 1.7 ± 1.4 ab

20:4n-6 4.3 ± 0.9 12.3 ± 2.5 6.5 ± 1.6 4.4 ± 2.5 6.4 ± 1.6 4.3 ± 3.4 4.4 ± 2.5
20:5n-3 2.9 ± 0.5 7.3 ± 2.9 7.9 ± 0.9 4.0 ± 2.2 4.7 ± 0.8 3.1 ± 1.7 4.3 ± 1.8
22:6n-3 0.3 ± 0.4 0.8 ± 0.1 1.2 ± 0.2 1.3 ± 0.8 1.1 ± 0.3 ab 1.5 ± 1.5 a 1.8 ± 0.9 b

P
PUFA 14.7 ± 1.9 26.9 ± 3.8 19.0 ± 0.6 15.6 ±7.2 16.2 ± 3 19.6 ± 6.9 14.0 ± 1.9P
Unknown 0.7 ± 0.9 0.5 ± 0.7 1.2 ± 0.1 2.3 ± 1.7 0.7± 0.4 0.8± 0.7 0.6 ± 0.4P
Other 12.6 ± 5.5 10.5 ± 1.1 13.5± 4.3 18.3± 3.9 17.6± 13.7 11.6± 4.8 13.4± 2.4
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by a specific 13C enriched fraction of sediment. The selective
assimilation of a fraction of a composite pool has indeed been
reported for various deposit-feeders using SI (Kolasinski et al.,
2016). However, the extent of the isotopic lag between
sediment and H. scabra (8‰) makes the hypothesis of the
consumption of a sole fraction of sediment quite unlikely, and
strongly suggests that H. scabra is also feeding on an
alternative source, such as biofilm that may fall down on
sediment and thus be incorporated into the pool of sedimentary
organic matter.

The NL PUFA/SFA ratio provides information relative to
the quality of food assimilated by H. scabra (Cripps and
Atkinson, 2000). This ratio increased in the first 3 months of
growth, before decreasing at the end of the experiment,
suggesting a shift in food quality. This shift could be related to
a growth stop observed for the same experiment by (Hochard
et al., 2016). The growth stopped when the total biomass of
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H. scabra reached 220 gm�2, a value similar to those
mentioned in other studies (Battaglene et al., 1999; Pitt et al.,
2004). This phenomenon was interpreted as a limit carrying
capacity of the system for H. scabra that was reached, which
is supported by the present results. Interestingly, other studies
in more controlled environment (filtered seawater, washed
sediment) and also testing the food addition were able to
reach much higher biomass for the same species (600–
900 gm�2) (Watanabe et al., 2014; Robinson et al., 2015,
2019), showing thus that this limitation can be controlled
from initial conditions. The development of the heterotrophic
bacterial production through the manipulation of the C:N
ration inputs could increase the system carrying capacity
(Robinson et al., 2018, 2019). The identification of factors
involved in the establishment of the system carrying
capacity are still poorly understood and requires further
investigation.
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Fig. 2. Multidimensional scaling based on fatty acid composition (mass %) of Holothuria scabra (neutral lipids) and its potential food sources
(total lipids); for the unenriched treatment (A), the fish meal treatment (B), and the maize meal treatment (C). (D) Represent neutral lipid fatty
acids of H. scabra from all treatments and associated ellipses for the different feeding conditions.
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The NL FA composition of H. scabra muscles in all
treatments was dominated by the SFA 16:0 and 18:0, which are
generally among the most abundant in any marine consumers
worldwide (Kelly and Scheibling, 2012), and not informative
in a trophic ecology perspective. The content in PUFA was
quite low for all treatments (< 20% for most samples) in
comparison to other marine invertebrates, where PUFA often
represent up to 50% of NL (e.g. Soudant et al., 1999). The
relatively high abundance of 20:5n-3 and 20:4n-6 has been
repeatedly reported in sea-cucumbers from various environ-
ments (e.g. Kaneniwa et al., 1986; Drazen et al., 2008; Yu et al.,
2015). In particular, the content in 20:4n-6 was surprisingly
high in H. scabra (up to 12%) considering that it was almost
absent from all sources, at the exception of the biofilm, where it
reached 4% of total FA. This highlights the capacities of H.
scabra to synthesize de novo or to selectively incorporate
specific FA. Echinoderms have been shown capable to
synthesize several PUFA when they are lacking in their diet,
while most other marine animals have very limited PUFA
biosynthesis capacities (Kelly and Scheibling, 2012). Finally,
branched FA and 18:1n-7 represented non-negligible amounts
in muscles ofH. scabra (their total content reached up to 12%),
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which represents an evidence of shrimp farm sediment
assimilation by holothurids.

Both tracers support a contribution of biofilm growing on
tanks walls to the diet of H. scabra. Such conclusion about
biofilm contribution should however be only valid for our
experimental conclusions. Indeed, because of the relatively
small size of the tanks where the experiment took place, the
biofilm covering tanks walls did represent an abundant
available food source because of high wall surface/sediment
area ratio, while its contribution to the diet of holothurids
should be reduced in larger ponds, where this ratio is lower. In
addition to be a potential food source for animals, some studies
shown that the utilization of additional substrates where
biofilm can grow contribute to improving water quality, and
could also increase the productivity of systems (Milstein,
2005; Khatoon et al., 2007). The accurate evaluation of each
food source contribution to the diet of sea cucumbers with SI
mixing models requires a reliable evaluation of trophic
fractionation, as well as a proper characterization of end-
members. The trophic fractionation of organisms during
intense growth phases is highly variable (Gorokhova and
Hansson, 1999), hence using such a coefficient from the
f 12



M. Mathieu-Resuge et al.: Aquat. Living Resour. 2020, 33, 3
literature would make no sense for this purpose in this case
study. Moreover, our results suggest that only a 13C-enriched
fraction of sedimentary organic matter is assimilated, whose SI
characterization is not possible.
4.3 Effect of additional food sources on the trophic
ecology of H. scabra

Sea cucumbers reared on sediment with additional maize
meal supplementation displayed a significant increase of their
d15N. At the end of the experiment, their SI composition was in
accordance with what could be expected if they were only
feeding on maize meal, considering commonly accepted mean
isotope fractionation values (e.g. 0.8‰ for Dd13C (Vander
Zanden and Rasmussen, 2001), 2.5‰ for Dd15N (Vanderklift
and Ponsard, 2003)). However, no significant difference could
be observed between individuals for which maize meal was
available and those for which this source was absent,
suggesting that the similarity between the SI composition of
maize meal and H. scabra might just as well be a coincidence,
and that maize would not be assimilated by H. scabra. This
hypothesis is strengthened by the analysis of FA composition.
The most important maize meal unsaturated FA (18:1n-9 and
18:2n-6) were indeed not present in higher abundances in
individuals fed maize meal compared to fish meal and
unenriched treatments.

In contrast to other treatments, H. scabra subjected to fish
meal supplementation displayed a significant marked increase
in the d15N, likely related to the high d15N of fish meals. This
suggests that nitrogen compounds from fish meal are
assimilated by H. scabra. However, this hypothesis does
not fit with d13C values, for which there was a clear difference
(5.3 ‰) between fish meal and H. scabra. In fact the d13C of
H. scabra from fish meal-supplemented conditions was only
significantly different from unenriched but not from maize
meal treatment. Moreover, the most abundant FA found in fish
meals, especially 20:5n-3 (EPA) and 22:6n-3 (DHA), were not
found at higher levels in individuals supplemented with fish
meal. Because FA do not contain nitrogen, they only reflect
the assimilation of carbon, and do not support a dependence of
H. scabra towards fish meal. Both SI and FA therefore support
the lack of carbon assimilation from fish meal within these
mesocosms, although nitrogen seemed to contribute to the
growth of holothurids. The differential integration of carbon
and nitrogen from this source could arise from a differential
digestibility of carbon and nitrogen compounds. Orozco et al.
(2014) reported a marked difference in the assimilation
of proteins (N dominated compounds) and carbohydrates
(C dominated compounds) from shrimp powder by H. scabra.
The apparent digestibility coefficient was three time higher for
proteins (90%) than for carbohydrates (30%). If these inputs of
organic matter did enrich the environment (sediment and
biofilm), they did not seem to increase the productivity of
animals, suggesting limiting mechanisms, which could affect
the palatability of food, and/or the alteration of the nutrients
transfer via microbial loop. Alternatively, these results could
result from an indirect consumption of fish meal in the system
as also suggested recently by Robinson et al. (2019).
Holothurids are indeed in competition with a diversity of
macro and meiofaunal organisms for the assimilation of food,
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and can ingest both fresh and recycled organic matter. This
illustrates the complexity of the benthic system and show the
difficulties emerging from the culture of detritus-feeders.
5 Conclusion

This study supports the assimilation of shrimp farm
sediment by holothurids, which could therefore represent a
solution to pond sediment excessive organic matter enrichment
associated with shrimp farming. We also showed that although
carbon and nitrogen compounds from maize meal was not
assimilated by holothurids, fish meal could represent an
indirect source of nitrogen compounds into their tissues.
However, discrepancies between the assimilation of nitrogen
and carbon from this food source, as well as the growth stop
observed during the experiment highlight the need to provide
holothurids with a stoichiometrically balanced diet for a more
efficient assimilation of sedimentary organic matter. Although
our study presents some experimental limitations (in particular
linked to density-dependent regulation of growth and feeding)
which are inherent, to this kind of approach, we are confident
that the patterns observed here concerning nutrient assimila-
tion are quite robust to these biases. Finally, even if the
assimilation of sediment was clear, this study could not reveal
any significant effect of holothurids on the FA and SI
composition of pond sediment. Evaluating the effects of such
supplementation on H. scabra growth performances and tissue
turnover is the next step toward assessing the relevance of this
treatment, from both ecological and economic perspectives.
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