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ARTICLE INFO ABSTRACT
Keywords: Stable isotope ratios, carbon (5'°C) and nitrogen (5'°N), and fatty acids validated the trophic connection between
Stable isotopes farmed fish in a commercial nearshore fish farm and sea cucumbers in the Mediterranean Sea. This dual tracer

Fatty acids

Sea cucumbers

Integrated multi-trophic aquaculture
Organic matter transfer

approach evaluated organic matter transfer in integrated multi-trophic aquaculture (IMTA) and the ability of sea
cucumbers to incorporate fish farm waste (fish faeces and uneaten artificial fish feed) into their tissue. Between
October 2018 and September 2019, Holothuria (Roweothuria) poli Delle Chiaje, 1824, co-cultured at IMTA sites
directly below one of the commercial fish cage , at 10 m and 25 m from the selected fish cage, and at two
reference sites over 800 m from the fish farm. Sea cucumbers were sampled from each site in February, May and
September, except at 0 m due to mass mortalities recorded here in the first month of study. Isotopic mixing
models revealed that fish farm organic waste was the dominant dietary source for H. poli in IMTA at 10 m and 25
m from the cage. The contribution of marine plant-derived organic matter, Posidonia oceanica leaves and rhi-
zomes, was least important. The isotopic signatures of sea cucumber tissues at reference sites were not explained
by the sampled food resources. Importantly, fatty acid profiling revealed a high abundance of individual
terrestrial plant fatty acids, such as oleic (18:1n-9), linoleic (18:2n-6) and eicosenoic (20:1n-9) acids in sea cu-
cumber tissue at 10 m and 25 m from the fish cage, presumably linked to the terrestrial plant oil content of the
fish feeds. At the reference sites, sea cucumber tissues were characterised by higher relative abundance of
arachidonic acid (20:4n-6) acid, and the natural marine-based eicosapentaenoic (20:5n-3) and docosahexaenoic
(22:6n-3) acids. These analyses revealed important differences in the composition of H. poli between the IMTA
and reference locations, driven by aquaculture-derived waste near fish cages. Moreover, this study revealed
temporal variation in food availability and quality, and possible differences in the physiological responses of
H. poli. Stable isotope analysis and fatty acid profiling provided complementary evidence for the important di-
etary preferences of H. poli and validated the potential of sea cucumbers to uptake aquaculture organic waste as
part of inshore fish-sea cucumber IMTA. It reveals the important implications that an established trophic link has
on the viability of using sea cucumbers for the development of IMTA and the sustainable expansion of

aquaculture.
1. Introduction value on the seafood market (Toral-Granda et al., 2008; Purcell, 2015),
but also for their ability to process enriched sediments (Cubillo et al.,
Sea cucumbers are receiving increased attention for use in integrated 2016; Zamora et al., 2016; Chary et al., 2020). Earlier research
multi-trophic aquaculture (IMTA) not only for their high commercial demonstrated the capacity of sea cucumbers to utilise and reduce
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organic-rich aquaculture waste in experimental open-water IMTA (Yu
et al., 2012; Yu et al., 2014; Tolon et al., 2017; Neofitou et al., 2019). If
these IMTA systems are to be developed, there is a need to establish a
trophic link between fed and extractive species and to verify the ability
of sea cucumbers to assimilate organic matter from aquaculture-derived
waste.

Deposit-feeding aspidochirotid holothurians can rework benthic
sediment to ingest inorganic matter, detrital organic matter (algae,
plants and decaying animals) and microorganisms (diatoms, protozoa
and bacteria) (Belbachir and Mezali, 2018, 2020). These studies have
shown that food sources for holothurians can be diverse and that uptake
varies with season depending on the availability and nutritional quality
of food items. The ability of Holothuria (Roweothuria) poli Delle Chiaje,
1824 to selectively ingest and assimilate organic-rich particles (Mezali
and Soualili, 2013) promotes this species as a potential candidate to
uptake nutrients from organic waste produced by commercial
aquaculture.

Mediterranean countries (e.g., Greece, Spain and France) have
increasingly exploited sea cucumbers for exportation to meet the
growing demands of seafood markets in Asia (Gonzalez-Wangiiemert
et al., 2018). For instance, the annual catches in Turkey, a major pro-
ducing country in the Mediterranean region, increased to peak 550 000
kg (80% of catch being H. poli) in 2012 (Gonzdlez-Wangiiemert et al.,
2014) and then 150 250 kg in the first six months of 2016 (Aydin, 2017).
As different Mediterranean Sea cucumbers become increasingly popular
target species (Gonzalez-Wangiiemert et al., 2018), overfishing of wild
populations is a risk, so they are favourable candidates for aquaculture
(Rakaj et al., 2019), and fish-sea cucumber IMTA may be a novel means
of production in the Mediterranean region.

Traditionally, the use of different food sources by sea cucumbers has
been assessed through stomach and gut content observations (Belbachir
and Mezali, 2018). However, this conventional approach fails to account
for indigestible particles (Dalsgaard et al., 2003) and does not provide an
accurate time-integrated picture of food source contribution to the
consumer diet. Moreover, this approach might not be suitable to process
stomach and gut contents from small marine organisms because of the
physical limitations in sampling smaller organisms (Gao et al., 2011).
The use of stable isotope and fatty acid (FA) analysis is an alternative
approach to this conventional techniques to trace organic matter path-
ways and food webs in coastal systems (Vizzini et al., 2002; Fry, 2006;
Gao et al., 2011; Wen et al., 2016; Signa et al., 2017).

Stable isotopes are widely used in food web studies because isotopic
ratios change in a predictable manner as nutrients are transferred across
trophic levels (Fry and Sherr, 1989). Stable isotopes can provide valu-
able information on the transfer of organic matter and nutrients from
aquaculture waste to the natural environment because natural marine
resources and organic fish farm waste have different isotopic signatures
(Vizzini and Mazzola, 2004). Particularly, isotopic studies have revealed
the ability of the sea cucumber, Apostichopus japonicus, to take up
organic matter from aquaculture waste (Gao et al., 2006; Yokoyama,
2013). However, quantitative evaluation of food source contribution is
technically difficult from stable isotope analysis alone, particularly to
distinguish between benthic sources that have similar isotopic signa-
tures (Sun et al., 2013; Wen et al., 2016). The contextual use of other
biochemical tracers, such as fatty acids (FAs), can help to overcome this
constraint (Kelly and Scheibling, 2012; Signa et al., 2017). The biolog-
ical specificity and the trophic stability of FAs as they are incorporated
conservatively into consumer tissue make FAs highly suitable to
distinguish among organic matter sources (Kelly and Scheibling, 2012;
Signa et al., 2017) and to assess dietary contribution to sea cucumbers in
IMTA (Wen et al., 2016). The incorporation of terrestrial lipid sources in
commercial aquaculture feeds provides the opportunity to use specific
terrestrial plant FAs to trace fish farm-derived sources in the marine
environment (Redmond et al., 2010; Parrish, 2013; White et al., 2019).
Stable isotopes and FAs have been widely used to provide dietary in-
formation on marine organisms (Gao et al., 2006; Redmond et al., 2010;
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Wen et al., 2016). Essentially, the simultaneous use of stable isotopes
and FAs can provide complementary evidence to distinguish between
food sources and substantiate the dietary preferences of marine organ-
isms, that would otherwise be obtained from one technique alone (Gao
et al., 2006; Wen et al., 2016).

This study combines carbon (613C) and nitrogen (615N) stable iso-
topes and FA profiling to overcome the limitations of the individual
techniques and mutually confirm the dietary information of sea cu-
cumbers in IMTA. The aim of this study is to validate the ability of H. poli
to incorporate dietary organic matter from aquaculture waste into the
sea cucumber body wall. Secondly, this study elucidates the important
implications that a validated trophic link in fish-sea cucumber IMTA,
particularly in a coastal environment, has on the viability of using sea
cucumbers to recycle aquaculture-derived organic wastes and the rele-
vance for the development of inshore IMTA.

2. Materials and methods
2.1. Study site

The study was set up at an inshore commercial fish farm (Malta Fish
Farming Ltd.), located in Marsaxlokk Bay (35°49'39.90"N,
14°32'30.73"E), in southeast Malta, central Mediterranean Sea (Fig. 1A)
and that has been in operation since 1993. The cage-based fish farm is a
nursery and juvenile facility primarily for gilthead sea bream (Sparus
aurata) and European sea bass (Dicentrarchus labrax) where a total
annual production of 719 t and a feed conversion ratio of 1.7 was
recorded during the study period using commercially available formu-
lated feeds. The fish farm has 20 round cages that are 12 m or 25 m in
diameter. The fish cages are located in shallow waters between 8 m and
12 m depth and have net heights between 7 m and 10 m. Fingerlings are
transferred from commercial hatcheries to the fish farm where they are
ongrown for a few months before being transferred to the offshore
aquaculture site of the company, in deeper and less sheltered waters.
During this short period, fish cages at this inshore aquaculture facility
are relocated periodically within the fish farm layout to accommodate
different transactions (e.g. batch input, batch transfer). Moreover, small
quantities of greater amberjack (Seriola dumerili) juveniles were pro-
duced at this location using baitfish, at the time of this study.

The fish farm is surrounded by patchy and reticulate Posidonia oce-
anica beds on the periphery of the aquaculture site (Adi Associates
Environmental Consultants Ltd, 2007; MEPA, 2014). The seabed is
characterised by heterogeneous soft sediments that range from very fine
to medium grain size. The reference sites, R1 (35°49'55.1"N,
14°32/59.3"E) and R2 (35°49'53.5"N, 14°32'54.5"E), were situated over
800 m northeast of the fish farm where no aquaculture activity was
present but had the same depth and seafloor sediment type (Fig. 1B).

2.2. Sea cucumbers and acclimation period

Juvenile specimens of H. poli, a native sea cucumber species in the
Mediterranean Sea (Gonzalez-Wangiiemert et al., 2018), were collected
by SCUBA divers along the coast of Palermo, Sicily (Italy), and shipped
to Malta. On arrival, the sea cucumbers were housed in a land-based
flow-through tank setup that used seawater from the bay. The sea cu-
cumbers were fed with a commercially available artificial microalgal
diet (Algamac Protein Plus, Pacific Trading, Ireland) and acclimated for
two weeks. Water quality was measured daily, while faeces and unused
feed were removed every two days to ensure optimal conditions for the
sea cucumbers. All sea cucumbers were free of apparent diseases during
the acclimation period. H. poli juveniles were blotted in paper and
weighed to the nearest +0.1 g after 30 s of removal from seawater to
allow body water to drain. Two hundred sea cucumbers of initial wet
weight (+ standard deviation, SD) 24.6 + 2.1 g individual ' were
selected for the field experiment.
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Fig. 1. A. Location of the experimental sites within Marsaxlokk Port, southeast Malta. B. Zoomed Google Earth image of location showing the IMTA and reference
sites, R1 and R2. C. Sea cucumber cage positions at the experimental sites (EO, E10 and E25) in IMTA.

2.3. Experimental setup and sampling

In October 2018, a total of 20 cylindrical sea cucumber cages (1 m x
0.2 m (d x h)) made of 0.8 cm galvanised mesh wiring and a synthetic
rope mesh bottom were placed directly on seafloor sediments, moored to
the bottom at a depth of 8 m; four cages of which were deployed directly
below a fish cage (E0), then four cages at 10 m (E10) and another set of
four cages at 25 m (E25) from the centre of the selected fish cage
(Fig. 1C). The same number of sea cucumber cages were used at the
reference sites R1 and R2 (Fig. 1B), with four cages set up at each of
these sites. At each site, three of the four cages were used to collect
specimens for laboratory analyses of stable isotopes and FAs, while the
fourth additional cage was used to replace individuals sacrificed from
the other three experimental cages to avoid density-dependent effects on
growth. All the cages were randomly stocked with 10 juvenile sea cu-
cumbers each, for an initial cage biomass of 310 g m~2. Further infor-
mation on the production of H. poli in this field experiment is provided in
Cutajar et al. (2022).

Throughout 2019, sampling of sea cucumbers and potential food
sources for stable isotope (613C and 515N) and fatty acid (FA) analyses
were carried out simultaneously in February, May, and then at the end of
the experiment in September. Two sea cucumbers were collected from
each of the three experimental cages at each site and sampling time.
Three farmed sea bream were collected from the fish cages to sample fish
faeces after evacuation. The commercial fish feeds administered to the
farmed fish were also sampled. The 2 mm feeds, ‘A’ (Pre-Grower 16;
Alltech Coppens, Germany) and ‘B’ (Proactive 2; Veronesi, Italy), and
the 3 mm feed ‘C’ (Supreme; Alltech Coppens, Germany) were supple-
mented in succession or in combination as a mixture between sampling
times throughout the study. Feeds ‘A’ and ‘C’ were administered before
the first sampling time (i.e. February), feeds ‘A’ and ‘B’ between the first
and second sampling time (i.e. February-May), whereas a combination
of all feeds was then used until the end of the experiment (i.e.
September). These feeds included blends of nitrogen-rich fish oils and
terrestrial plant derivatives. The composition of feeds ‘A’ and ‘C’
included marine sources (fishmeal and fish oils); terrestrial plant-based
sources (sunflower meal, rape oil, wheat, maize gluten and soya pro-
tein); and the derivatives of terrestrial animals (poultry meal and blood
meal, haemoglobin powder, and hydrolysed feather meal, in no

particular order. Feed ‘B’ contained fishmeal, fish oil, wheat, wheat
gluten meal), and manufactured using soya and corn. The seagrass
P. oceanica was collected, where present, near the fish farm and at the
reference sites. H. poli shows preference for marine plant-derived
organic matter, including dead and live P. oceanica leaves (Belbachir
and Mezali, 2018, 2020) and is known to feed on seagrass detritus in the
natural environment (Boncagni et al., 2019). Suspended and seafloor
sediments were collected in triplicates from each IMTA and reference
site using sediment traps and 5 cm diameter sediment corers, respec-
tively, during the same sampling times. The sediment traps had four PVC
collection tubes with a height to diameter ratio of 7.4: 1 (77.3:10.5 cm).
The collection tubes were affixed vertically to a stainless-steel frame and
the openings of the sediment traps were situated almost 3 m off the
seabed. Sediment traps were retrieved 6 days after deployment, or as
otherwise necessary depending on weather conditions. Seagrass, sus-
pended and seafloor sediments were sampled at the same time as the sea
cucumbers. All samples were transferred in a cool box to the laboratory
for processing.

2.4. Sample processing, isotopic and fatty acid analysis

In the laboratory, sea cucumber samples were processed to extract
the body wall, specifically composed of connective tissue and muscle
tissue together. Fish samples were dissected to extract faeces after
careful gut dissection. The top 3 cm layer of sediment from the cores was
extracted immediately whereas the entire particulate samples from
sediment traps was retained. Suspended and sedimentary samples from
the sediment traps and the cores respectively were homogenised sepa-
rately. Seagrass samples were washed with distilled water and separated
further into leaves and rhizomes, removing any epiphytes by scraping.
P. oceanica leaves and rhizomes have different signatures (Vizzini et al.,
2003) so their contribution to the sea cucumber diet was assessed
separately. All samples were stored at —20 °C until further processing.

For stable isotope analysis, settling particulate matter and sediment
sub-samples were first acidified dropwise using 2N HCI to eliminate
carbonates and then washed to retain only the fraction of settling par-
ticulate organic matter (SPOM) and sedimentary organic matter (SOM).
Sub-samples from each type of sample were then dried at 60 °C to
constant weight and ground to fine powder using a micro-mill (Retsch
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MM200). Aliquots of each ground sample were packed in tin capsules
and analysed for 8'3C and 6!°N using an isotope ratio mass spectrometer
(Thermo Delta Plus XP) coupled with an elemental analyser (Thermo
Flash EA 1112). The isotope ratios were defined in equation (1) as:

[Eq 1]

where X is 13C or 1°N and R is the '3C/'2C or 1°N/*N ratio. The values
are expressed in the standard &-unit notation (as parts per mil) on in-
ternational reference standard scales (Vienna-Pee Dee Belemnite for
513C; atmospheric Ny for §'°N). Analytical precision was based on the
standard deviation of internal standards (International Atomic Energy
Agency IAEA-CH-6) replicates and within +0.2%o for both §'°C and
815N,

For lipid and FA analysis, frozen sub-samples of sea cucumber body
wall, fish faeces, fish feeds, settling particulate matter, sediments, and
P. oceanica leaves and rhizomes, were freeze-dried (ALPHA 1-4 LD plus,
Martin Christ) and ground into fine powder. A modified Bligh and Dyer
(1959) method was used to extract lipids from samples using a mixture
of MilliQ distilled water, methanol and chloroform (1:2:1 v:v:v) with
0.01% BHT (butylated hydroxyl toluene) to avoid lipid oxidation.
Samples were sonicated and centrifuged to separate the lipid and
aqueous phases during extraction. Fatty acid methyl esters (FAMEs)
were then isolated from the lipid extract through an acid-catalysed
transesterification with methanolic hydrogen chloride as described in
Christie (1993). FAMEs were subsequently analysed by a gas chro-
matograph (GC-2010, Shimadzu) equipped with a BPX-70 capillary
column (30 m length x 0.25 mm ID x 0.25 pm film thickness, SGE
Analytical Science), and detected by a flame ionisation detector. Peaks
were identified by using the retention times from mixed commercial
standards (37FAME and BAME from Supelco; BR1 and QUALFISH from
Larodan). Tricosanoic acid (C23:0) was used as an internal standard for
FAME quantification. Lipid concentration and relative abundance of
individual FAs were expressed as the percentage of the total FAs. These
are presented in the supplementary material as mg 100 g~' of dry
sample.

X (%o0) = [(Rsample / Rstandara) —11 x 10°

2.5. Data analysis

5'3C and 5'°N data were used to run Bayesian mixing models to es-
timate the median (+£95% credible interval) dietary contribution of food
sources to H. poli, using the R (v. 4.0.2) (R Development Core Team,
2015) package MixSIAR (Stable Isotope Analysis in R) (Stock and
Semmens, 2016; Stock et al., 2018) in RStudio (v. March 1, 1073).

The isotopic values for fish feed and fish faeces were pooled a priori
when they were not statistically distinguishable and considered cumu-
latively as a farm-derived source of waste to allow mixing models to
converge on a unique solution. This pooling increased isotopic vari-
ability and could influence the certainty in estimates of source contri-
butions from the models (Phillips and Gregg, 2003). P. oceanica (leaves
and rhizomes) and sediments (SPOM and SOM), were also used as po-
tential food sources in the model to assess dietary contribution to H. poli.
Before running the mixing models, significant differences in the §'3C
and 8'°N of sources were assessed separately per site for each sampling
time in SPSS (v. 1.0.0.1327) using a general linear model (GLM) when
residuals followed normal distribution, and a generalised linear model
when data violated the assumption of normality. Data were assessed for
normality with Kolmogorov-Smirnov test and homogeneity of variances
using Levene’s test.

Mixing models were fitted separately for each individual level of
factor ‘site’ (EO, E10, E25, R1 and R2), and for each ‘time point’
(February, May, and September). TEF of 4.2 + 0.5%. for 5'3C from the
body wall of sea cucumbers was used to account for calcareous spicules
(Watanabe et al., 2013), and TEF of 3.4 + 1.0%o for 5'°N per trophic
level was applied (Peterson and Fry, 1987; Post, 2002).

Permutational multivariate analysis of variance (PERMANOVA;
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PRIMER-e Ltd., UK) was used to test for differences in FA profiling be-
tween food sources (fish feeds, fish faeces, P. oceanica leaves and rhi-
zomes, and sediments SPOM and SOM) and the sea cucumber consumer,
H. poli, between sites. A two-factorial design, with fixed factors ‘source’
and ‘site’, was used for each sampling time. PERMANOVA was per-
formed with Monte Carlo corrected p-values on FA data previously
transformed with arcsine function and then resembled to generate the
Euclidean distance matrix. Analysis of percentage similarity (SIMPER)
was used on untransformed resembled data to identify the FAs that
contributed most to similarities within and between sites. Principal
component analysis (PCA) was performed to compare H. poli FA data
between sites (MVSP 3.22, Kovach Computing Services, Wales). Data
were compared with a one-way analysis of variance (ANOVA) followed
by Tukey’s test for post hoc comparisons.
A significance value of p < 0.05 was applied to all statistical tests.

3. Results
3.1. Stable isotopes

The significant differences between the isotopic ratios of
aquaculture-derived waste (fish feed and faeces), and P. oceanica and
sediments (SPOM and SOM) (p < 0.001), allowed the application of
stable isotope mixing models to assess food source contribution to the
diet of sea cucumbers in integrated multi-trophic aquaculture (IMTA)
and at the reference sites. Fish feed and faeces deposited near the fish
cages, were the most 5'3C-depleted sources, followed overall by SPOM
and SOM, and P. oceanica leaves and rhizomes (Fig. 2). The different
administered feeds throughout the study varied in pellet size and iso-
topic composition (p < 0.001). Fish faeces were generally similar in
isotopic composition to the fish feeds (p > 0.05). The sampled fish faeces
had a wide range of isotopic signatures over time and heterogeneous
composition in September (Fig. 2). P. oceanica leaves and rhizomes were
the most 8'3C-enriched sources with significant differences between
sampling sites and times (p < 0.001), except for 5!°N in leaves across
time (p = 0.117). SPOM deposited near the cages and at the reference
sites showed a wider range of 513C and 6'°N values than SOM (Fig. 2).
The isotopic composition of both SPOM and SOM differed significantly
across sites (p < 0.05) throughout the study. SOM was more 5'3C-
depleted and 5'°N-enriched close to the fish cages with the reference
sites more 5!°N-depleted than the IMTA sites, EO and E10 (p < 0.001)
(Fig. 2). The isotopic signatures of SPOM varied between sites, with
those near fish cages more 8*>C-depleted (p < 0.001) especially at EO.
SPOM varied in 5'°N between sites, where E0 was the most 515N-
enriched site (p < 0.001) in February and May.

Mass mortalities were recorded directly below the fish cage (E0)
within the first month of study (for further information see Cutajar et al.,
2022); therefore, the organic source contribution to H. poli diet was not
assessed by stable isotope and FA analyses for this site. The isotopic
signatures of sea cucumbers varied significantly between the other sites
near the fish cages (E10 and 25) and the reference sites (p < 0.05) at all
sampling times. Conversely, the isotopic signatures of H. poli were
similar between the individual sites, E10 and E25 (p > 0.05), and be-
tween the reference sites, R1 and R2 (p > 0.05), except in May. The
mixing model converged to provide the contribution of different organic
sources to the sea cucumber diet at E10 and E25 (Fig. 3). The isotopic
signatures of the sea cucumber consumers at the reference sites did not
fall within the mixing polygon of sampled sources. Since isotopic mass
balance was not established, the signatures of H. poli at R1 and R2 could
not be explained by the proposed model and consequently they were
rejected from subsequent analysis.

Farm-derived waste (fish feed and faeces) was the dominant dietary
source of H. poli although with varied estimates of contribution to the
sea cucumber diet at E10 (26.2%-63.9%) and E25 (31.7%-62.2%)
(Fig. 3). The contribution of farm waste to the diet of H. poli decreased
from 54.6% to 25.7% at E10, and 47.0%-27.0% at E25 between
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Fig. 2. Stable isotope biplot indicating the mean &'3C and 8*>N composition of
the different sources and the sea cucumber , Holothuria poli, where present at
the IMTA sites (EO, E10, and E25) and reference sites (R1 and R2) in A.
February, B. May, and C. September 2019. Standard deviation is indicated by
error bars. Sample typologies represented by different symbol colour and sites
represented by different symbol shape. SOM: sedimentary organic matter,
SPOM: suspended particulate organic matter, SC: sea cucumbers, PO LV: Pos-
idonia oceanica leaves; PO RZ: Posidonia oceanica rhizomes; FF: fish faeces. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 3. Organic matter source contribution (median + 95 credible intervals) to
Holothuria poli diet at E10 and E25 in A. February, B. May, and C. September.
FW: farm waste, PO LV: Posidonia oceanica leaves; PO RZ: Posidonia oceanica
rhizomes; SOM: sedimentary organic matter; SPOM: settling particulate
organic matter.

February and May. The contribution then reached peak estimates of
68.5% and 52.5% at the respective sites by September (Fig. 4). The
contribution of P. oceanica to the diet of H. poli was least important at
each time (3.0%-9.0%) and with no apparent differences between the
contributions of P. oceanica leaves and rhizomes. The contribution of
P. oceanica slightly increased when moving from E10 to E25, away from
the fish cages. The dietary contribution of P. oceanica leaves was com-
parable within the narrow range of 0.9% and 4.7%, whereas that of
rhizomes varied between 2.8% and 21.2%, across the different sampling
times. The dietary contribution of sediments, SOM and SPOM, to the diet
of H. poli ranged between 9.0% and 33.3%, with different estimates of
contribution between E10 and E25. Peak values of contribution from
SOM and SPOM, were recorded in May at both sites that then decreased
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Fig. 4. Organic matter source contribution (median + 95 credible intervals) to Holothuria poli diet during the sampling times, February (in blue), May (in red), and
September (in green) in A. E10, and B. E25. FW: farm waste, PO LV: Posidonia oceanica leaves; PO RZ: Posidonia oceanica rhizomes; SOM: sedimentary organic matter;
SPOM: settling particulate organic matter. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

in dietary contribution by September.

3.2. Fatty acids (FAs)

The fatty acid (FA) profile of organic matter sources at each site
varied significantly (p < 0.05), albeit with similarities between SPOM
and SOM (p > 0.05).

Fish feeds included high proportions of the FAs, oleic (OA, 18:1n-9)
(369.6-2190.6 mg 100 g’l), linoleic (LA, 18:2n-6) (714.0-1382.6 mg
100 g1, and o-linolenic (ALA, 18:3n-3) (132.5-414.9 mg 100 g™ 1)
acids to a lesser extent (Supplementary 1). The feed composition also
included saturated fatty acids (SFAs) (621.3-1004.2 mg 100 g’l), pal-
mitic (16:0) (405.1-642.1 mg 100 g’l) and stearic (18:0) (98.5-197.0
mg 100 g 1) acids, and lower abundance of marine n-3 polyunsaturated
fatty acids (PUFAs), particularly eicosapentaenoic acid (EPA, 20:5n-3)
(109.2-296.6 mg 100 g’l) and docosahexaenoic acid (DHA, 22:6n-3)
(147.5-298.0 mg 100 g~ 1). Fish feeds had higher lipid content (207.3 £
54.9 mg 100 g~ 1) than fish faeces (89.4 + 29.1 mg 100 g™ 1), which in
turn were more heterogeneous in FAs and characterised by varied
abundances of OA (18:1n-9) (26.4-978.1 mg 100 g’l), palmitic acid
(1€l>:0) (15.7-541.1 mg 100 g~!) and LA (18:2n-6) (18.8-538.8 mg 100
g ).

The lipid levels in SPOM close to the fish cage, specifically at EO,
were significantly higher than the other sites (p < 0.001) (Supplemen-
tary 1). The concentration of lipids in SPOM at the IMTA sites and
reference sites varied throughout the year (p < 0.001). SPOM and SOM
had a high abundance of SFAs particularly at the reference sites whereas
OA (18:1n-9) and LA (18:2n-6), which are associated with the vegetable
oils in fish feed, were dominant closer to the fish cages. On the other
hand, P. oceanica leaves and rhizomes comprised ALA (18:3n-3), LA
(18:2n-6) and SFAs, in proximity to fish cages as well as at the reference
sites. These distinctly different FA profiles of fish feeds and the natural
marine resources were fundamental to assess the dietary relationship
between sea cucumbers and food sources.

The analysis of percentage similarity (SIMPER) confirmed these
patterns revealing that the IMTA sites were mainly characterised by OA
(18:1n-9) (9.3%-30.9%), LA (18:2n-6) (7.2%-23.7%) and SFAs (Sup-
plementary 2). In particular, an average similarity over 95% was
recorded for organic matter sources in the site directly below the fish
cage (E0), which was mainly driven by OA (18:1n-9) (21.5%-30.9%), LA
(18:2n-6) (13.8%-21.9%) and 16:0 (13.6%-19.3%). E10 and E25 were
characterised by the same FAs albeit in lower contributions and with
higher abundance of the marine n-6 PUFA ARA (20:4n-6) and the sum of
n-3 PUFAs. Moreover, the n-3 PUFA ALA (18:3n-3) was particularly
more abundant at E25 (6.9%-15.1%) than at the other IMTA sites across

all sampling times. On the other hand, the reference sites showed less
homogeneity at R1 (85.51%-86.71%) and R2 (81.12%-91.13%), and a
greater variation in the relative contribution of FAs between sampling
times. These sites were characterised by n-3 PUFAs, primarily ALA
(18:3n-3) (7.8%-17.5%) and EPA (2.8%-9.4%), the n-6 PUFAs ARA
(20:4n-6) (7.6% - 14.3%) and LA (18:2n-6) (7.1% - 22.3%), and the
ubiquitous SFA 16:0 (10.9%-21.6%).

The dissimilarity between sites increased with increasing distance
from EO, with a 25% range of dissimilarity between EO and E25. The
range of dissimilarity was between 42.45% and 55.16% when
comparing EO and the reference sites, R1 and R2, throughout the study
(Supplementary 2), providing the opportunity to distinguish between
these sites. The extent of dissimilarity between the other IMTA sites (E10
and E25) and the reference sites decreased with increasing distance from
the fish cages. This was generally driven by the monoenoic FAs OA
(18:1n-9) (8.2% - 24.2%) and palmitoleic acid (16:1n-7) (3.4%-11.0%),
the n-6 PUFAs LA (18:2n-6) (4.7%-13.7%) and ARA (20:4n-6) (4.6%—
11.2%), and the SFAs 16:0 (3.7%-10.1%) and 18:0 (3.4%-15.8%). The
contributions of OA (18:1n-9) and LA (18:2n-6), the primary drivers of
these spatial dissimilarities, were lowest in May with an increased
contribution from SFAs, 16:0 and 18:0, and monounsaturated fatty acids
(MUFAs), 16:1n-7 and 18:1n-7.

Sea cucumbers from the sites near fish cages (E10 and E25) and those
at the reference sites had similar lipid levels (p = 0.201) (Supplementary
3), but showed significant differences between sampling times (p <
0.05). The FA profiles of sea cucumbers were similar between E10 and
E25, and between R1 and R2, with significant differences between the
IMTA and the reference sites (p < 0.05). The PCA ordination showed a
clear grouping of the sea cucumbers sampled at the sites near fish cages
(E10 and E25) in IMTA and the reference sites based on the differences
in FA profiles (Fig. 5). Along the first principal component (PC1, 70.5%
of the total variance) E10 and E25 clustered driven by OA (18:1n-9), LA
(18:2n-6) and eicosenoic acid (20:1n-9), and the reference sites driven
by ARA (20:4n-6). Post hoc analysis (p < 0.05) confirmed a higher
relative abundance of OA (18:1n-9) (5.8-137.2 mg 100 g_l), LA (18:2n-
6) (8.5-98.2 mg 100 g’l) and eicosenoic acid (20:1n-9) (8.8-101.1 mg
100 g~ 1) in the FA profiles of sea cucumbers at the IMTA than the
reference sites throughout the study (Supplementary 3). SFAs 16:0
(1.3-60.3 mg 100 g~ ) and 18:0 (3.1-69.0 mg 100 g~ !) explained the
second principal component (PC2), which described 12.7% of total data
variance.

4. Discussion

This study provides complementary evidence for the ability of sea
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Fig. 5. Principal component analysis of fatty acid composition of sea cucumbers from the IMTA (E10 and E25), shown in blue, and reference sites (R1 and R2), shown
in red, in February, May, and September. Fatty acids driving the dietary differences are represented by vectors. Eigen analysis tolerance set as 1 x 10~7. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

cucumbers to assimilate and mitigate aquaculture-derived organic waste
inputs, from a nutritional perspective. The combined stable isotope
analysis and fatty acid (FA) profiling mutually validated the transfer of
aquaculture-derived organic waste from inshore aquaculture to sea cu-
cumber tissue, when other food sources were available.

4.1. Stable isotopes

The distinctly different isotopic signatures of fish feed and faeces
from other marine resources provided the opportunity to trace nutrients
and organic matter from aquaculture-derived organic waste to sea cu-
cumbers co-cultured in IMTA. This approach provided isotopic evidence
for the long-term assessment of food utilisation and dietary preferences
of H. poli in nearshore IMTA. The fish feeds administered to the farmed
fish included blends of nitrogen-rich fish oils and vegetable sources. This
could explain the more 613C—depleted and 5'°N-enriched sediments near
the fish farm, similar to the isotopic composition described for sediments
near fish cages in other isotopic studies (Yokoyama et al., 2006; Holmer
et al., 2007; Yokoyama, 2013). These organic matter sources near fish
cages could provide food of adequate nutritional value for the
value-added production of sea cucumbers in IMTA (Yokoyama, 2013).
However, the temporal differences in food availability and quality in this
study could reportedly influence the feeding selectivity and the assimi-
lation of food sources in holothurians (Mangion et al., 2004; Mezali and
Soualili, 2013), that could add to changes in the biochemical composi-
tion of sea cucumbers when constituents (e.g., lipid and protein) are
accumulated or when energy substrates are consumed (Peterson and
Fry, 1987; Sun et al., 2013).

This study substantiates the ability of holothurians to use fish feed
and faeces as a nutritional source in isotopic studies (Yokoyama, 2013;
Park et al., 2015; Xia et al., 2015). There was mass mortality of sea
cucumbers placed directly below the fish cage, due to smothering (see
Cutajar et al., 2022 for further details), but the results also show that sea
cucumbers at 10m and 25m from the centre of the cage were able to
utilise aquaculture waste. Evidently, when setting up commercial scale
IMTA systems, there would be a need to consider how waste is dispersed
and deposited around the farm. The significance of aquaculture-derived
organic matter for sea cucumber production near fish cages were sub-
stantiated by findings showing that the nutritional value of sources
available at the reference sites, away from the fish farm, could not
explain the isotopic signatures of H. poli tissue and was not able to
sustain sea cucumber production, with low survivability compared to

E10 and E25 (Cutajar et al., 2022). Basis for Bayesian model rejection for
the dietary contribution of nutritional sources to H. poli at the reference
sites could suggest missing food samples and may be indicative of a
wider diet strategy and preferences for other organic matter sources,
consistent with Belbachir and Mezali (2018, 2020). Evidently, sea cu-
cumber production in coastal areas in the Mediterranean could be
limited without aquaculture-derived organic inputs.

4.2. Fatty acids (FAs)

Alternative dietary lipid sources have been adopted as replacement
for marine-derived oils in artificial feeds (Turchini et al., 2009; Betancor
et al., 2016; Sprague et al., 2016). Addition of vegetable oils in com-
mercial feeds influences the biochemical composition of marine organ-
isms (White et al., 2019). The vegetable oils that supplemented dietary
fish oils in feeds are characterised by abundant proportions of mono-
unsaturated fatty acids (MUFAs), primarily OA (18:1n-9), LA (18:2n-6)
and ALA (18:3n-3), in decreasing order of proportion (Turchini and
Mailer, 2011). However, LA and ALA are also the dominant FAs in
P. oceanica (Viso et al., 1993; Kelly and Scheibling, 2012; Signa et al.,
2017), which verifies the importance of the complementary tracer
approach taken in this study. For these reasons, OA and LA were
considered important FA biomarkers, particularly when a higher
abundance and contribution characterised the sites near fish cages
relative to the reference sites. This was substantiated by lower pro-
portions of LA and ALA in H. poli at the reference sites, even though sea
cucumbers inhabit P. oceanica habitats and take up seagrass-derived
organic matter in the natural environment (Belbachir and Mezali,
2018, 2020).

Previous studies showed that holothurians are mainly characterised
by PUFAs (53.0%-59.1%), primarily arachidonic acid ARA (20:4n-6),
and lesser relative proportions of SFAs and MUFAs (Aydin et al., 2011;
David et al., 2020), as in the results here. Findings revealed the relative
dominance of ARA and the significance of marine n-3 PUFAs (EPA and
DPA) in H. poli, corroborating studies which show that holothurians take
up higher proportions of highly unsaturated fatty acids (HUFAs) (>Ca)
that are attributed to detrital particles, rich in algae and bacteria (Yu
et al., 2016; David et al., 2020). In the natural environment, benthic
diatoms are the dominant food source of H. poli (Belbachir and Mezali,
2020); however, since diatoms are usually poor in ARA and this FA was
in low abundance (<5%) in the organic food sources, the elevated levels
of ARA in H. poli may be evidence for selective uptake of HUFAs or the
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capacity of FA biosynthesis as revealed for other echinoids (Carboni
et al., 2012, 2013). The high abundance of plant-derived FAs and low
relative proportions of ARA in sea cucumbers near fish cages (E10 and
E25) confirms the nutritional benefits of IMTA for sea cucumber pro-
duction. Moreover, the elevated DHA in sea cucumbers at E10 and E25
reveals the supplement use of n-3 PUFA for better growth in IMTA, as
reported in Cutajar et al. (2022). On the other hand, the low dietary
contribution from dead P. oceanica leaves and rhizomes substantiates
findings of Belbachir and Mezali (2018, 2020) for H. poli in the natural
environment. Aquaculture-derived organic inputs could support pro-
duction of sea cucumbers where the natural marine resources are not
able to sustain survival and growth under culture conditions in these
coastal environments.

4.3. Wider implications and considerations

This study shows that H. poli relied on the organic fish farm inputs to
grow effectively at 10 m and 25 m from fish cages and demonstrates the
viability of growing sea cucumbers near fish farms. The validated uptake
of aquaculture-derived organic waste and the increasing preferences for
eco-labelled aquaculture products (van Osch et al., 2017; Xuan, 2021)
present economic opportunities for producers that might be interested to
adopt environmentally friendlier technologies in the Mediterranean
region. These findings are encouraging for product diversification
through the development of IMTA and should be coupled with impor-
tant consideration for the willingness of consumers to pay a price pre-
mium for sustainably farmed seafood. Furthermore, the nutritional
benefits of sea cucumbers produced near fish cages could create eco-
nomic value for producers to invest in sustainably farmed products.
However, fish-sea cucumber IMTA development should be with a better
understanding of the market opportunity and the social acceptability
towards these sustainable seafood products, primarily in terms of food
safety and quality.

In addition, the development of IMTA should be with recognition for
the expected effects that changes in fish farm production would have on
food availability and quality. Notably, this temporal variation would
have substantial implications for the transfer of dietary organic matter
between farmed fish and sea cucumbers, the uptake and removal of
organic wastes, sea cucumber production, and other practices (e.g. op-
timum period of harvest operation) that need to be considered for IMTA
development. These fluctuations in waste output and uptake in fish-sea
cucumber IMTA need to be appreciated in predictive modelling and then
in practice, especially if producers are to invest in IMTA and scale-up
towards commercial production.

5. Conclusions

This study validates the trophic connectivity in fish-sea cucumber
IMTA in the nearshore environment. It demonstrates the dietary sig-
nificance of aquaculture-derived organic matter for the production of
H. poli when cultured near fish cages, as opposed to being placed directly
below the fish cages and at the reference sites, away from this source of
organic deposits. Lastly, these findings reveal important design and
functional requirements of IMTA, and considerations that are required
for the development of fish-sea cucumber IMTA for sustainable seafood
production.

Credit author statement

Karl Cutajar Conceptualization. Methodology and investigation,
analysis and interpretation. Writing of the original article. Lynne
Falconer Supervision and conceptualization. Critical revision and
contributed towards the writing - Review & Editing. Alexia Massa-
Gallucci Conceptualization, Investigation and writing - Review &
Editing, Rachel E. Cox Contributed towards the methodology and
investigation, Lena Schenke Contributed towards the investigation,

Journal of Environmental Management 318 (2022) 115511

Tamas Bardocz Contributed towards conceptualization and supervi-
sion, Cristina Andolina Formal analysis and writing - Review & Editing,
Geraldina Signa Investigation, Formal analysis and writing - Review &
Editing, Salvatrice Vizzini Resources and methodology. Writing - Re-
view & Editing, Matthew Sprague Formal analysis and writing - Review
& Editing, Trevor C. Telfer Supervision and conceptualization. Critical
revision and contributed towards the writing - Review & Editing.

Declaration of competing interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Karl Cutajar reports financial support was provided by ENDEAVOUR
SCHOLARSHIP SCHEME. Karl Cutajar reports financial support was
provided by EU Horizon 2020 Research and Innovation.

Acknowledgements

This work was supported by the Tools for Assessment and Planning of
Aquaculture Sustainability (TAPAS) project that received funding from
the EU H2020 research and innovation programme under Grant
Agreement No 678396. The research work in this publication was part-
funded by the ENDEAVOUR Scholarships Scheme. We appreciate the
support of personnel at the Department of Fisheries and Aquaculture,
especially Mr. Robert Gatt, and AquaBioTech Group for their field and
laboratory assistance. The laboratory support of Ms. E. Aleo and C.
Tramati from the Laboratory of Marine Biology and Resources (LaBio-
MaR) at the University of Palermo is gratefully acknowledged. Our
gratitude is to the owners and staff of the fish farm, especially Mr. Angus
Sharman, Mr. Saviour Ellul and Mr. Giovanni Ellul.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jenvman.2022.115511.

References

Adi Associates Environmental Consultants Ltd, 2007. Environmental Impact Statement:
Upgrading of Quays and Vessel Manoeuvring Area at Malta Freeport Kalafrana
(PA03368/06). Environment and Resources Authority, Malta.

Aydin, M., Sevgili, H., Tufan, B., Emre, Y., Kose, S., 2011. Proximate composition and
fatty acid profile of three different fresh and dried commercial sea cucumbers from
Turkey. Int. J. Food Sci. Technol. 46 (3), 500-508.

Aydin, M., 2017. Present status of the sea cucumber fishery in Turkey. SPC Beche de Mer
Inf. Bullet. 37, 30-34.

Belbachir, N.E., Mezali, K., 2020. Seasonal variation in food intake of Holothuria
(Roweothuria) poli (Holothuroidea: Echinodermata) of stidia in Mostaganem, Algeria.
SPC Beche-de-mer Inf. Bullet. 40, 27-31.

Belbachir, N., Mezali, K., 2018. Food preferences of four aspidochirotid holothurians
species (Holothuroidea: Echinodermata) inhabiting the Posidonia oceanica meadow
of Mostaganem area (Algeria). SPC Béche-de-mer Inf. Bullet. 38, 55-59.

Betancor, M.B., Sprague, M., Montero, D., Usher, S., Sayanova, O., Campbell, P.J., et al.,
2016. Replacement of marine fish oil with de novo omega-3 oils from transgenic
Camelina sativa in feeds for gilthead sea bream (Sparus aurata L.). Lipids 51 (10),
1171-1191.

Bligh, E.G., Dyer, W.J., 1959. A rapid method of total lipid extraction and purification.
Can. J. Biochem. Physiol. 37 (8), 911-917.

Boncagni, P., Rakaj, A., Fianchini, A., Vizzini, S., 2019. Preferential assimilation of
seagrass detritus by two coexisting Mediterranean sea cucumbers: Holothuria polii
and Holothuria tubulosa. Estuar. Coast Shelf Sci. 231, 106464.

Carboni, S., Vignier, J., Chiantore, M., Tocher, D.R., Migaud, H., 2012. Effects of dietary
microalgae on growth, survival and fatty acid composition of sea urchin
Paracentrotus lividus throughout larval development. Aquaculture 324, 250-258.

Carboni, S., Hughes, A.D., Atack, T., Tocher, D.R., Migaud, H., 2013. Fatty acid profiles
during gametogenesis in sea urchin (Paracentrotus lividus): effects of dietary inputs
on gonad, egg and embryo profiles. Comp. Biochem. Physiol. Mol. Integr. Physiol.
164, 376-382.

Chary, K., Aubin, J., Sadoul, B., Fiandrino, A., Coves, D., Callier, M.D., 2020. Integrated
multi-trophic aquaculture of red drum (Sciaenops ocellatus) and sea cucumber
(Holothuria scabra): assessing bioremediation and life-cycle impacts. Aquaculture
516, 734621.


https://doi.org/10.1016/j.jenvman.2022.115511
https://doi.org/10.1016/j.jenvman.2022.115511
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref1
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref1
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref1
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref2
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref2
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref2
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref3
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref3
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref4
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref4
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref4
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref5
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref5
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref5
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref6
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref6
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref6
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref6
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref7
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref7
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref8
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref8
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref8
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref9
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref9
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref9
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref10
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref10
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref10
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref10
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref11
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref11
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref11
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref11

K. Cutajar et al.

Christie, W.W., 1993. Preparation of derivatives of fatty acids for chromatographic
analysis. In: Christie, W.W. (Ed.), Advances in Lipid Methodology - Two. Oily Press,
Dundee, pp. 69-111.

Cubillo, A.M., Ferreira, J.G., Robinson, S.M.C., Pearce, C.M., Corner, R.A., Johansen, J.,
2016. Role of deposit feeders in integrated multi-trophic aquaculture — a model
analysis. Aquaculture 453, 54-66.

Cutajar, K., Falconer, L., Massa-Gallucci, A., Cox, R.E., Schenke, L., Bardocz, T., et al.,
2022. Culturing the Sea Cucumber Holothuria Poli in Open-Water Integrated Multi-
Trophic Aquaculture at a Coastal Mediterranean Fish Farm. Aquaculture, 737881.

David, F., Hubas, C., Laguerre, H., Badou, A., Herault, G., Bordelet, T., et al., 2020. Food
sources, digestive efficiency and resource allocation in the sea cucumber Holothuria
forskali (Echinodermata: Holothuroidea): insights from pigments and fatty acids.
Aquacult. Nutr. 26 (5), 1568-1583.

Dalsgaard, J., John, M.S., Kattner, G., Miiller-Navarra, D., Hagen, W., 2003. Fatty acid
trophic markers in the pelagic marine environment. Adv. Mar. Biol. 46, 225-340.

Fry, B., 2006. Stable Isotope Ecology, vol. 521. Springer, New York.

Fry, B., Sherr, E.B., 1989. 5!3C measurements as indicators of carbon flow in marine and
freshwater ecosystems. Stable Isotopes Ecol. Res. 196-229.

Gao, Q., Shin, P.K.,, Lin, G., Chen, S., Cheung, S.G., 2006. Stable isotope and fatty acid
evidence for uptake of organic waste by green-lipped mussels Perna viridis in a
polyculture fish farm system. Mar. Ecol. Prog. Ser. 317, 273-283.

Gao, Q., Wang, Y., Dong, S., Sun, Z., Wang, F., 2011. Absorption of different food sources
by sea cucumber Apostichopus japonicus (selenka) (Echinodermata: Holothuroidea):
evidence from carbon stable isotope. Aquaculture 319 (1-2), 272-276.

Gonzélez-Wangiiemert, M., Aydin, M., Conand, C., 2014. Assessment of sea cucumber
populations from the Aegean Sea (Turkey): first insights to sustainable management
of new fisheries. Ocean Coast Manag. 92, 87-94.

Gonzélez-Wangiiemert, M., Dominguez-Godino, J.A., Canovas, F., 2018. The fast
development of sea cucumber fisheries in the Mediterranean and NE Atlantic waters:
from a new marine resource to its over-exploitation. Ocean Coast Manag. 151,
165-177.

Holmer, M., Marba, N., Diaz-Almela, E., Duarte, C.M., Tsapakis, M., Danovaro, R., 2007.
Sedimentation of organic matter from fish farms in oligotrophic Mediterranean
assessed through bulk and stable isotope (§13C and §15N) analyses. Aquaculture 262
(2-4), 268-280.

Kelly, J.R., Scheibling, R.E., 2012. Fatty acids as dietary tracers in benthic food webs.
Mar. Ecol. Prog. Ser. 446, 1-22.

Mangion, P., Taddei, D., Frouin, P., Conand, C., 2004. Feeding rate and impact of
sediment reworking by two deposit feeders Holothuria leucospilota and Holothuria
atra on a fringing reef (Reunion Island, Indian Ocean). In: Heinzeller, T.,
Nebelsick, J.H. (Eds.), Echinoderms: Miinchen. Taylor and Francis, London,
pp. 311-317.

MEPA, 2014. Marine Strategy Framework Directive (MSFD) Benthic Habitats Initial
Assessment. MEPA (Malta Environment and Planning Authority) (Malta).

Mezali, K., Soualili, D.L., 2013. The ability of holothurians to select sediment particles
and organic matter. SPC Béche-de-Mer Inf. Bull. 33, 38-43.

Neofitou, N., Lolas, A., Ballios, I., Skordas, K., Tziantziou, L., Vafidis, D., 2019.
Contribution of sea cucumber Holothuria tubulosa on organic load reduction from fish
farming operation. Aquaculture 501, 97-103.

Park, H.J., Han, E., Lee, W.C., Kwak, J.H., Kim, H.C., Park, M.S,, et al., 2015. Trophic
structure in a pilot system for the integrated multi-trophic aquaculture off the east
coast of Korean peninsula as determined by stable isotopes. Mar. Pollut. Bull. 95 (1),
207-214.

Parrish, C.C., 2013. Lipids in marine ecosystems. Int. Sch. Res. Notices 1-16, 2013.

Peterson, B.J., Fry, B., 1987. Stable isotopes in ecosystem studies. Annu. Rev. Ecol.
Systemat. 18 (1), 293-320.

Phillips, D.L., Gregg, J.W., 2003. Source partitioning using stable isotopes: coping with
too many sources. Oecologia 136 (2), 261-269.

Post, D.M., 2002. Using stable isotopes to estimate trophic position: models, methods,
and assumptions. Ecology 83 (3), 703-718.

Purcell, S.W., 2015. Value, market preferences and trade of beche-de-mer from Pacific
island sea cucumbers. PLoS One 9 (4), e95075.

R Development Core Team, 2015. R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna.

Rakaj, A., Fianchini, A., Boncagni, P., Scardi, M., Cataudella, S., 2019. Artificial
reproduction of Holothuria polii: a new candidate for aquaculture. Aquacult Environ.
Interact. 498, 444-453.

Redmond, K.J., Magnesen, T., Hansen, P.K., Strand, @., Meier, S., 2010. Stable isotopes
and fatty acids as tracers of the assimilation of salmon fish feed in blue mussels
(Mytilus edulis). Aquaculture 298 (3-4), 202-210.

Signa, G., Mazzola, A., Kairo, J., Vizzini, S., 2017. Small-scale variability in
geomorphological settings influences mangrove-derived organic matter export in a
tropical bay. Biogeosciences 14 (3), 617-629.

1 M 318 (2022) 115511

Journal of Enviro g

Sprague, M., Dick, J.R., Tocher, D.R., 2016. Impact of sustainable feeds on omega-3 long-
chain fatty acid levels in farmed Atlantic salmon, 2006-2015. Sci. Rep. 6 (1), 1-9.

Stock, B.C., Semmens, B.X., 2016. MixSIAR GUI User Manual, Version 3.1.

Stock, B.C., Jackson, A.L., Ward, E.J., Parnell, A.C., Phillips, D.L., Semmens, B.X., 2018.
Analyzing mixing systems using a new generation of Bayesian tracer mixing models.
PeerJ 6, 1-27. https://doi.org/10.7717/peerj.5096.

Sun, Z., Gao, Q., Dong, S., Shin, P.K., Wang, F., 2013. Seasonal changes in food uptake by
the sea cucumber Apostichopus japonicus in a farm pond: evidence from C and N
stable isotopes. J. Ocean Univ. China 12 (1), 160-168.

Tolon, M.T., Emiroglu, D., Gunay, D., Ozgul, A., 2017. Sea cucumber (Holothuria tubulosa
Gmelin, 1790) culture under marine fish net cages for potential use in integrated
multi-trophic aquaculture (IMTA). Indian J. Geo-Marine Sci. 46, 749-756.

Toral-Granda, V., Lovatelli, A., Vasconcellos, M. (Eds.), 2008. Sea Cucumbers. A Global
Review of Fisheries and Trade. FAO Fisheries and Aquaculture Technical Paper. No.
516, Rome (FAO).

Turchini, G.M., Torstensen, B.E., Ng, W., 2009. Fish oil replacement in finfish nutrition.
Rev. Aquacult. 1 (1), 10-57.

Turchini, G., Mailer, R.J., 2011. Rapeseed (canola) oil and other monounsaturated fatty
acid-rich vegetable oils. In: Turchini, G.M., Ng, W.K., Tocher, D.R. (Eds.), Fish Oil
Replacement and Alternative Lipid Sources in Aquaculture Feeds. CRC Press, Florida,
pp. 161-208.

van Osch, S., Hynes, S., O’Higgins, T., Hanley, N., Campbell, D., Freeman, S., 2017.
Estimating the Irish public’s willingness to pay for more sustainable salmon
produced by integrated multi-trophic aquaculture. Mar. Pol. 84, 220-227.

Viso, A.C., Pesando, D., Bernard, P., Marty, J.C., 1993. Lipid components of the
Mediterranean seagrass Posidonia oceanica. Phytochemistry 34 (2), 381-387.

Vizzini, S., Sara, G., Michener, R., Mazzola, A., 2002. The role and contribution of the
seagrass Posidonia oceanica (L.) Delile organic matter for secondary consumers as
revealed by carbon and nitrogen stable isotope analysis. Acta Oecol. 23 (4),
277-285.

Vizzini, S., Mazzola, A., 2004. Stable isotope evidence for the environmental impact of a
land-based fish farm in the western Mediterranean. Mar. Pollut. Bull. 49 (1-2),
61-70.

Vizzini, S., Sara, G., Mateo, M.A., Mazzola, A., 2003. §'3C and §'°N variability in
Posidonia oceanica associated with seasonality and plant fraction. Aquat. Bot. 76 (3),
195-202.

Watanabe, S., Kodama, M., Sumbing, J.G., Lebata-Ramos, M.J.H., 2013. Diet-tissue
stable isotopic fractionation of tropical sea cucumber. Holothuria scabra. Japan
Agric. Res. Quarter.: JARQ 47 (1), 127-134.

Wen, B., Gao, Q., Dong, S., Hou, Y., Yu, H., Li, W., 2016. Uptake of benthic matter by sea
cucumber Apostichopus japonicus (selenka): insights from carbon stable isotopes and
fatty acid profiles. J. Exp. Mar. Biol. Ecol. 474, 46-53.

White, C.A., Woodcock, S.H., Bannister, R.J., Nichols, P.D., 2019. Terrestrial fatty acids
as tracers of finfish aquaculture waste in the marine environment. Rev. Aquacult. 11
(1), 133-148.

Xia, B., Wang, J., Gao, Q., Sun, Y., Zhang, L., Ma, J., et al., 2015. The nutritional
contributions of dietary protein sources to tissue growth and metabolism of sea
cucumber Apostichopus japonicus (selenka): evidence from nitrogen stable isotope
analysis. Aquaculture 435, 237-244.

Xuan, B.B., 2021. Consumer preference for eco-labelled aquaculture products in
Vietnam. Aquaculture 532, 220-227.

Yokoyama, H., 2013. Growth and food source of the sea cucumber Apostichopus japonicus
cultured below fish cages—potential for integrated multi-trophic aquaculture.
Aquaculture 372, 28-38.

Yokoyama, H., Abo, K., Ishihi, Y., 2006. Quantifying aquaculture-derived organic matter
in the sediment in and around a coastal fish farm using stable carbon and nitrogen
isotope ratios. Aquaculture 254 (1-4), 411-425.

Yu, Z., Hu, C., Zhou, Y., Li, H., Peng, P., 2012. Survival and growth of the sea cucumber
Holothuria leucospilota brandt: a comparison between suspended and bottom cultures
in a subtropical fish farm during summer. Aquacult. Res. 44 (1), 114-124.

Yu, Z., Zhou, Y., Yang, H., Hu, C., 2014. Bottom culture of the sea cucumber Apostichopus
Jjaponicus Selenka (Echinodermata: Holothuroidea) in a fish farm, southern China.
Aquacult. Res. 45 (9), 1434-1441.

Yu, H., Gao, Q., Dong, S., Zhou, J., Ye, Z., Lan, Y., 2016. Effects of dietary n-3 highly
unsaturated fatty acids (HUFAs) on growth, fatty acid profiles, antioxidant capacity
and immunity of sea cucumber Apostichopus japonicus (selenka). Fish Shellfish
Immunol. 54, 211-219.

Zamora, L.N., Yuan, X., Carton, A.G., Slater, M.J., 2016. Role of deposit-feeding sea
cucumbers in integrated multitrophic aquaculture: progress, problems, potential and
future challenges. Rev. Aquacult. 10 (1), 57-74.


http://refhub.elsevier.com/S0301-4797(22)01084-2/sref12
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref12
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref12
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref13
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref13
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref13
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref14
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref14
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref14
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref15
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref15
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref15
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref15
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref16
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref16
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref17
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref18
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref18
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref19
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref19
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref19
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref20
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref20
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref20
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref21
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref21
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref21
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref22
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref22
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref22
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref22
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref23
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref23
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref23
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref23
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref24
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref24
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref25
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref25
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref25
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref25
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref25
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref26
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref26
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref27
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref27
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref28
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref28
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref28
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref29
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref29
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref29
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref29
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref30
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref31
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref31
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref33
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref33
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref34
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref34
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref35
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref35
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref36
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref36
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref37
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref37
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref37
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref38
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref38
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref38
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref39
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref39
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref39
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref40
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref40
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref41
https://doi.org/10.7717/peerj.5096
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref43
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref43
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref43
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref44
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref44
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref44
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref45
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref45
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref45
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref46
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref46
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref47
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref47
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref47
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref47
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref48
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref48
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref48
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref49
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref49
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref50
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref50
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref50
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref50
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref51
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref51
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref51
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref52
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref52
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref52
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref53
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref53
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref53
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref54
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref54
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref54
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref55
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref55
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref55
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref56
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref56
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref56
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref56
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref57
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref57
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref58
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref58
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref58
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref59
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref59
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref59
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref60
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref60
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref60
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref61
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref61
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref61
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref62
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref62
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref62
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref62
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref63
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref63
http://refhub.elsevier.com/S0301-4797(22)01084-2/sref63

	Stable isotope and fatty acid analysis reveal the ability of sea cucumbers to use fish farm waste in integrated multi-troph ...
	1 Introduction
	2 Materials and methods
	2.1 Study site
	2.2 Sea cucumbers and acclimation period
	2.3 Experimental setup and sampling
	2.4 Sample processing, isotopic and fatty acid analysis
	2.5 Data analysis

	3 Results
	3.1 Stable isotopes
	3.2 Fatty acids (FAs)

	4 Discussion
	4.1 Stable isotopes
	4.2 Fatty acids (FAs)
	4.3 Wider implications and considerations

	5 Conclusions
	Credit author statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


