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ARTICLE INFO ABSTRACT

Keywords: The accumulation of heavy metals in the edible tissue of the white spot sea cucumber, Holothuria poli, revealed
Sea cucumber the transfer of metal contaminants to sea cucumbers when produced below fish cages in a Mediterranean port
IMTA . area. Sea cucumbers were cultured on the seafloor directly below a fish cage at 0 m, then at 10 m and at 25 m
g&z"c};xjﬁ’igsmammam transfer away from the cage, as part of an open-water integrated multi-trophic aquaculture (IMTA) system, and then at a

reference site over 1 km from the fish farm, over a one-year period. At the end of the study, sea cucumbers and
seafloor sediments were sampled from the IMTA sites near the fish cages, except at 0 m due to mass sea cucumber
mortalities within the first month of the study, and again at the reference site. The concentrations of cadmium
(Cd), copper (Cu), chromium (Cr), nickel (Ni), and zinc (Zn) were significantly higher in sediments near fish
cages than the reference site. Localised enrichment from marine aquaculture could explain the significant con-
centration of metals in sediments below fish cages that are typically ascribed to their use in aquaculture. Arsenic
(As), lead (Pb) and mercury (Hg), which are not associated with commercial fish diets, did not vary between
sites. Concentrations of iron (Fe), which is available in commercial diets, were similar near fish cages and at the
reference site. The body wall/muscle tissue of the sea cucumber. H. poli revealed high concentrations of the
essential metals Fe and Zn near fish cages and in natural sediments at the reference site. H. poli can regulate these
essential metals that characterised the edible tissue of the sea cucumbers. Non-essential metals like Hg and Cd
had the lowest concentrations of all analysed metals in the sea cucumber tissue. However, the bioaccumulation of
toxic metals, Hg and As, reveal the bioavailability of these contaminants in sediments and the propensity of
bottom-dwelling sea cucumbers to bioconcentrate these metals, when cultured under a commercial fish cage in
IMTA and elsewhere in natural sediments in this industrial environment. Holothuria poli did not exhibit bio-
accumulation of Cu, Cr, Fe, Ni, Pb and Zn in its body wall/muscle tissue. The bioaccumulation of Hg and As
reveal the need to account for the potential effects of farm-level variability throughout longer production cycles
and bay-wide dynamics on sediment contamination and bioaccumulation in sea cucumbers until harvest. Site-
specific dynamics in ports, whether natural or anthropogenic, can be expected to influence bioaccumulation
of metal contaminants and therefore require long-term and fine resolution monitoring for better representation
in open-water IMTA production.

1. Introduction

The potential of the Mediterranean white spot sea cucumber, Hol-
othuria poli, to uptake organic wastes in integrated multi-trophic aqua-
culture (IMTA) has been validated through growth (Cutajar et al.,
2022a) and dietary assimilation of fish farm organic wastes from inshore
cage aquaculture (Cutajar et al., 2022b). However, few studies have
been published on sea cucumber uptake of contaminants (but see Sicuro
et al.,, 2012; Gonzalez-Wangiiemert, 2018b; Montero et al., 2021;

Marrugo-Negrete et al., 2021). Holothuria poli has yet to be commercially
cultured; however, as Mediterranean sea cucumber species (e.g. H. poli
and Holothuria tubulosa) become increasingly popular in IMTA research
(Tolon et al., 2017; Neofitou et al., 2019; Grosso et al., 2021; Sadoul
et al., 2022; Cutajar et al., 2022a, b), knowledge about the bio-
accumulation of contaminants in sea cucumbers under fish cages be-
comes more relevant. Consequently, contamination from
complementary integrated aquaculture systems and wider sources need
to be addressed (Rosa et al., 2020). This is particularly crucial where
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aquaculture co-exists with other marine and maritime activities in port
areas and industrial bays and considers IMTA as potential means for
expansion in these multiple-use coastal spaces found throughout the
Mediterranean region, as exemplified in studies by Yucel-Gier et al.
(2013) and Israel et al. (2019).

Among the various contaminants, metals are important elements
that can change chemical form yet persist in the environment without
degradation and be transferred and bioaccumulated along the food
chain. Heavy metal exposure has been linked with fish deformities
(Sfakianakis et al., 2015) and known to influence the metabolic and
physiological behaviour of crustaceans (Barbieri and Paes, 2011). Much
less is understood about the acute and chronic effects of metal exposure
on deposit-feeding sea cucumbers that spend a lifetime reworking and
feeding in seafloor sediments. This is despite sea cucumbers having
greater bioaccumulation capacity for metals than most marine organ-
isms (Parra-Luna et al., 2020; Marrugo-Negrete et al., 2021; Montero
et al., 2021) and being considered efficient bioindicators of these con-
taminants in sediments (Aydin et al., 2017).

Holothuria tubulosa, another Mediterranean sea cucumber species,
tends to accumulate different metals in separate tissues with muscle
having a high affinity for iron (Fe) and nickel (Ni), whereas cadmium
(Cd), copper (Cu), zinc (Zn) and lead (Pb) tend to accumulate in the
mucopolysaccharide-rich body wall tissue of this sea cucumber (Warnau
et al., 2006). The toxic nature of metals can have chronic effects on
growth and activity of sea cucumbers like Apostichopus japonicus (Li
et al., 2016) and this can affect their potential production (economic
potential) and bioremediation or bioturbation of excess sediment nu-
trients (ecosystem services), two of the key potential benefits of IMTA.
Studies have revealed different physiological responses to metals with
Wang et al. (2015) substantiating an elevated burden of Pb bio-
accumulation when the sea cucumber A. japonicus was fed
Pb-supplemented diets under controlled conditions. Pb bioaccumulation
in the body wall did not influence growth but the antioxidant capacities
decreased after metal exposure (Wang et al., 2015). In other studies, the
metals mercury (Hg) (Rabeh et al., 2019; Telahigue et al., 2020) and Zn,
Cu, and Cd (Li et al., 2016) induced genotoxicity, oxidative damage and
histopathological injuries in various tissues (respiratory tree, intestine,
and muscle) of the sea cucumber Holothuria forskali.

Most of these metals are commonly found in aquatic environments
and have been associated with coastal and maritime activities, including
shipping and cage aquaculture (Sutherland et al., 2007; Basaran et al.,
2010). In the Mediterranean, surficial sediments directly below and
close to fish cages are enriched by metals and trace elements (e.g. Cd and
Zn) found as constituents in fish feed and faeces that settle to the seafloor
(Kalantzi et al., 2013). Sediment enrichment near fish cages has been
attributed to anthropogenic sources of Cd, Pb, Fe, and Zn (Kalantzi et al.,
2013). These metals are often linked to the use of antifouling paints not
only on fish farms (Basaran et al., 2010) but also from shipping activities
and industrial effluent discharges across a broader geographical area
(Sutherland et al., 2007). In urban port areas where aquaculture is
prevalent, the socio-ecosystems are well-known for their high levels of
pollutants from terrestrial effluents and other human sources (Andral
et al., 2004; Benali et al., 2015; Lafabrie et al., 2008). Despite this, sea
cucumbers placed under fish cages in these industrialized Mediterra-
nean areas did not exhibit a higher concentration of metal contaminants
in Pillet et al. (2023). Nevertheless, the presence of contaminants in
these holothuroids still warrants further assessment. This study com-
pares the total concentration of a range of heavy metals in seafloor
sediments and in sea cucumber tissues near and away from commercial
fish cages in a busy Mediterranean port area. We discuss potentially
important implications concerning the production of sea cucumbers in
open-water IMTA in heavily industrialised coastal spaces, in terms of
contaminant transfer and uptake.
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2. Materials and methods
2.1. Study site

In October 2019, after 12 months of being cultured on the seafloor as
part of an IMTA system set up in Marsaxlokk Bay, Malta (35°49°39.90”
N, 14°32’30.73” E) (Fig. 1A) (further information in Cutajar et al.,
2022a), sea cucumbers were sampled and analysed together with sea-
floor sediments for the transfer and accumulation of heavy metals in
IMTA. In brief, the IMTA system was set up at increasing distances from
a commercial fish farm (Fig. 1B). In October 2018, sea cucumbers of
similar initial mean weight (+ standard deviation) (24.6 + 2.1 g) were
cultured in cylindrical cages (1 x 0.2 m (d x h)) made of 0.8 cm
galvanised mesh wiring and a synthetic rope mesh bottom. Sea cu-
cumber cages were stocked randomly with 10 individuals at an initial
mean stocking biomass of 313 + 6.6 g m~2 and set in replicates of three
cages on the seafloor at 8 m water depth directly below a fish cage of
gilthead sea bream (Sparus aurata) at 0 m (EO), another three cages at
10 m (E10) and then again at 25 m (E25) from the centre of the fish cage
(Fig. 1C).

2.2. Sampling and heavy metal analysis

Sediment corers of 5 x 10 cm (d x h) were used to collect ten sea-
floor sediment samples within 2 m from the sea cucumber cages at E10
and E25, and another ten from the reference site, over 1 km from the fish
farm facilities. In addition, ten sea cucumbers were sampled across the
three cages deployed on the seabed at E10 and E25 that had been set up
as part of the IMTA study, but not at EO due to mass sea cucumber
mortalities within the first month of the study (for further information
see Cutajar et al., 2022). Similarly, ten sea cucumbers of similar final
weight were sampled from natural populations at a reference site
(35°50'2.20" N, 14°32'54.09" E), where no aquaculture activity was
present (Fig. 1B). Wet body weights of H. poli samples were 50.1 +3.7 g
at the IMTA site and 58.1 + 12.3 g at the reference site. Sediment and
sea cucumber samples were transported to the laboratory in a cool box.

At the laboratory, the top 3 cm layer of sediment core samples was
extracted, dried at 60 °C to constant weight, and stored. Prior to metal
analysis, the dried sediment samples were ground to fine powder using
pestle and mortar. Sea cucumbers were washed, weighed, and processed
to extract the body wall tissue, predominantly consisting of connective
tissue, and sampled analysed collectively with muscle tissue. Processed
sea cucumber samples were frozen at —20°C and then freeze-dried
(ALPHA 1-4 LDplus, Martin-Christ) before being ground to a fine
powder using a ball mill (MM 200 Retsch).

The sediment concentrations of arsenic (As), Cd, Cr, Cu, Fe, Hg, Ni,
Pb and Zn, measured as total metal content, were determined using
inductively coupled plasma mass spectrometry (ICP-MS) (ThermoFisher
ICAQ RQ). Sediments and blanks were acid-digested (5 mL HNO3 69 %)
in the Microwave Digestion System (MarsXpress, CEM). Digested sam-
ples were treated with MilliQ deionized water, 200 pl gold solution
(10 ppm) for Hg determination and diluted further with HNO3 before
analysis. Multi-element standard solutions were used to prepare cali-
bration curves and these were accepted at R? > 0.999 for concentration
calculation. Samples were assessed using an internal quality approach
and validated when criteria for quality assurance were met. The
analytical procedure was tested using the CRM recovery, which ranged
from 85 % to 99 %, at a significance level of 0.05. All samples were
analysed in triplicates to avoid batch-specific errors.

Sea cucumber tissue samples, blanks and Certified Reference Mate-
rial (CRM) were acid-digested (5 mL HNO3 67-70 %, 1 mL H203 30 %
and 4 mL MilliQ deionized water) in a microwave system (MARS 5,
CEM), after which the total content of As, Cd, Cu, Fe, Hg, Pb and Zn was
determined using inductively coupled plasma optical emission spec-
trometry (ICP-OES) (Optima 8000, PerkinElmer) coupled with a
hydride-generation system for Hg determination. The analytical
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Fig. 1. A. Location of the study area, Marsaxlokk Bay, in southeast Malta. B. Locations of the fish farm, represented by the red marker, and the reference site,
represented by the yellow marker, in Google Earth (Scale bar: 1 km). C. Sea cucumber cage positions at the experimental sites (E0, E10 and E25) near a gilthead sea
bream fish cage as part of an integrated multi-trophic aquaculture system (Scale bar: 100 m).

procedure was tested using the CRM recovery, which ranged from 88 %
to 98 % at significance level of 0.05.

To assess bioaccumulation of heavy metals in sea cucumbers from
sediment, the bioconcentration factor (BCF) sea cucumbers — sediment
was expressed as the ratio of metal concentration in the sampled tissue
of H. poli to the mean concentration in sediments, separately for the
IMTA and reference site. The BCF was estimated for metal concentration
data of sediments and sea cucumber tissue according to Aydin-Onen
et al. (2015). The bioconcentration of metals by H. poli occurs when BCF
> 1 (Aydin-Onen et al., 2015; Islam et al., 2017).

2.3. Data analysis

Metal concentrations in sea cucumber tissue were derived from
pooled samples collected from sites E10 and E25, as mandated by the
observed mortalities at the end of the IMTA study (Cutajar et al., 2022a).
This approach was adopted due to the absence of significant variance in
metal concentrations in H. poli tissue across these sites to allow a reliable
comparison of heavy metal contamination between the IMTA and
reference sites amidst varied industrial sources of contaminants in the
bay.

Data for each sediment sample were expressed as the mean of rep-
licates taken. Data for each sediment sample collected and pooled across
sites E10 and E25, were expressed as the mean of replicates taken. As-
sumptions of normality and homogeneity of variances were assessed
using Shapiro-Wilk and Levene’s tests, respectively. Box plots were used
to identify outliers for each individual heavy metal for sediment and sea
cucumber samples. An independent samples t-test was used to assess

differences in mean metal concentrations between the IMTA and refer-
ence sites for both sediment and sea cucumbers. The non-parametric
test, Mann-Whitney U, was used when assumptions of normality were
violated, particularly when outliers were identified. Statistical analysis
was performed using SPSS v26.0 for Windows (SPSS Inc., Chicago, USA).
Statistical significance criterion was set at p < 0.05 level.

3. Results and discussion
3.1. Heavy metal concentration in sediments

The concentrations of Cd (U = 116.5, n = 72, p < 0.001), Cr (U =
438.5,n="72,p = 0.018), Cu (U = 345, n = 72), Ni (U = 169, n = 72),
and Zn (U = 259, n = 72) (p < 0.001) were significantly higher near fish
cages than the reference site (Fig. 2). Given the proximity of the fish
cages, this could be due to localised enrichment from marine aquacul-
ture. Higher concentrations of Cd, Cu and Zn in sediments below fish
cages have been ascribed to their use in aquaculture feeds and anti-
fouling net coatings (Belias et al., 2003; Dean et al., 2007; Sutherland
etal., 2007; Basaran et al., 2010). However, for a thorough evaluation of
the distribution and impact of metals in sediments, it is imperative to
take into account the variability and origin of heavy metals in coastal
sediments. It is essential to understand the natural abundance of metals
or whether these are derived from anthropogenic activities particularly
in heavily industrialised environments. No significant spatial variation
was observed in sediment concentrations of Pb (U = 613, n =72,p =
0.693), As (U=814.5,n=72,p = 0.061), and Fe (U=642,n=72,p =
0.946) between the IMTA site and reference site. Additionally, the
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Fig. 2. Heavy metal concentrations (mg kg™! dry weight) in sediments at the integrated-multi trophic aquaculture site and the reference site, at the end of the study
(October 2019). Values are given as mean + standard deviation (n = 10). All results for Hg concentrations were below the limit of quantification so were not
included. *denotes statistically significant difference (p < 0.05) between data for sites.

concentrations of Hg in sediments were below limits of quantification at
both sites. These findings indicate that metals like Pb and As, which are
not typically present in commercial fish diets, are unlikely to accumulate
below cages from fish cage waste deposits. Instead, their presence may
be more closely associated with broader anthropogenic sources preva-
lent throughout the bay, such as industrial effluents and maritime ac-
tivities. While there is evidence to suggest that Fe concentrations in
surface sediments near fish cages could be influenced by inputs from fish
feed (Belias et al., 2003; Sutherland et al., 2007), it is important to
consider that natural background levels also play a significant role in
metal accumulation. This is particularly relevant given that Fe levels in
commercial diets for sea bass and sea bream can be relatively low
(160.13-249.03 mg kg-1 DW) (Kalantzi et al., 2016). Given the various
natural and anthropogenic factors that can influence the IMTA and
reference sites within this type of bay and that can contribute to the
observed levels, it remains challenging to attribute accumulation of
specific contaminants to single point sources.

In terms of environmental quality, the levels of metals except Ni near
fish cages and elsewhere in the bay are within maximum concentration
limits set for good environmental status of contaminants in sediments
listed as priority substances that present significant risks to the aquatic
environment (Directive 2013/39/EU of the European Parliament and of
the Council of 12 August 2013). Metal levels in sediments at the IMTA
site and reference site were below reference values for Cd (0.3 mg kg ™!
DW), Hg (0.3 mg kg~ DW), and Pb (30 mg kg~ DW) but not for Ni
(0.03 mg kg’1 DW) in non-industrial marine sediments (ERA, 2020).
However, reference values and quality standards for sediments in in-
dustrial areas would be more comparable and applicable especially since
exceedances in metal concentration in sediments have been reported in
the port area in this study (ERA, 2015). Still, threshold values for

contaminant levels are not always available for nearshore industrial
environments and consideration for the applicability of thresholds that
have been adopted is recommended.

3.2. Heavy metal levels in sea cucumbers

The sea cucumber tissue revealed high concentrations of Fe and Zn at
both sites (Fig. 3). In the Mediterranean region, the body wall of H. poli
in the natural environment reportedly contains high levels of Fe
(19.4-40.6 mg kg ' DW) and Zn (8.9-14.9 mg kg~! DW) that vary ac-
cording to the spatial distribution of metals in sediments and the distinct
geographical origins (Sicuro et al., 2012; Gonzalez-Wangii2021).
Essential metals, including Fe and Zn, play important physiological
functions in sea cucumbers as reported for Holothuria floridana in Mar-
rugo et al. (2022). Expectedly, these metals are found in the highest
concentrations in sea cucumber body wall tissue. In sea cucumber tissue,
significantly higher mean concentrations of Fe (t (1,12) = —2.612,p =
0.023) and Zn (¢ (1,18) = —2.477, p = 0.023) were recorded at the IMTA
site when compared to those at the reference site. The Zn levels in H. poli
in IMTA reflect the higher concentrations of the metal in sediments near
fish cages, which spatial differences in metal accumulation would not
only be influenced by a variety of environmental factors but also the
physiological traits of the organism (Warnau et al., 2006). The Pb levels
in sea cucumbers cultured in IMTA were comparable with those recor-
ded in H. poli elsewhere in the Mediterranean, which were reported as
1.3 mg kg~! DW (Storelli et al., 2001) and 0.88 mg kg~* DW (Storelli
et al., 2001). Moreover, Pb levels in H. poli in IMTA were significantly
lower than those recorded at the reference site in this study (t (1,12) =
4.985, p < 0.001). Elsewhere, Gonzalez-Wangtiemert et al. (2018b) re-
ported higher levels of Pb in H. poli tissue (3.1 mg kg~! DW) than those
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Fig. 3. Heavy metal concentrations (mg kg™ dry weight) in the body wall/muscle tissue of H. poli cultured at the integrated-multi trophic aquaculture (IMTA) site
and the reference site, at the end of the study (October 2019). Values are given as mean + standard deviation (n = 10). *denotes statistically significant difference (p

< 0.05) between data for sites.

reported for the same species near fish cages in this study and attributed
the accumulation of Pb in the sea cucumber to historic anthropogenic
activities. Hg concentration in sea cucumbers cultured in IMTA was
higher (¢t (1,18) = —3.251, p = 0.004) than the reference site, however,
Hg levels were lower at both sites than those reported in H. poli along the
Southern Adriatic coast (0.96 mg kg’1 DW) (Storelli et al., 2001). No
significant spatial differences (p > 0.05) were recorded for As (¢ (1,13) =
—2.156, p = 0.051), Cd (¢t (1,18) =1.147,p = 0.268) and Cu (¢t (1,18) =
—0.223, p = 0.827). The concentrations recorded for Cd in sea cucum-
bers in IMTA and the reference site in this industrial bay were higher
than those observed in H. poli in studies from Storelli et al. (2001) (0.04
+ 0.01 mgkg™! DW), Sicuro, et al. (2012) (0.07 mgkg™! DW),
Gonzalez-Wangtiemert et al. (2018b) (0.09 + 0.01 mg kg’1 DW) and
Montero et al. (2021) (0.03 mg kg’1 DW), which metal found in H. poli
Gonzalez-Wangtiemert et al. (2018b) ascribed to historic anthropogenic
activities. Similarly, the concentrations of As and Cu in the body tissue of
H. poli align with previous findings for this species. Specifically, As levels
in H. poli in the industrialised Gulf of Cagliari (Sardinia) were recorded
at 33.0 mg kg~! (DW) in Sicuro et al. (2012) and 22.9 mg kg™! (DW) in
H. poli from the Southern Adriatic region in Montero et al. (2021). For
Cu, the levels were 2.5 mg kg™ (DW) and 3.1 mg kg™ ! (DW) in the
respective studies. These levels are also comparable to those of As, found
in seafood commonly consumed throughout the Mediterranean, as re-
ported by Ferrante et al. (2019).

As bottom-dwellers, a close association between the metal concen-
trations of holothuroids and sediments would be expected. The bio-
concentration ratios recorded in sea cucumbers for Hg at the IMTA site
(9.12 + 3.73) and at the reference site (4.78 + 1.97) were the highest

among the metals, followed by As in sea cucumbers near fish cages (3.58
=+ 1.77) and at the reference site (2.26 & 0.82) (Table 1). Generally, the
BCF values for Hg and As indicated bioaccumulation in H. poli in the bay
to confirm the high affinity for these metals in sediments. Albeit the most
abundant metals in sediments and the sea cucumber tissue, the lower
concentrations reported for Fe and Zn in H. poli, when compared to
levels in sediment reveal that these metals are regulated without bio-
accumulation beyond metabolic and physiological needs, corroborating
Storelli et al. (2001). Average BCF values for Cd, Cu, Fe, Pb and Zn in
H. poli revealed that bioaccumulation did not occur in the body wall/-
muscle tissue of sea cucumbers over the one-year period of the study.
Despite the increasing demand for Mediterranean sea cucumbers,
commercial aquaculture production of H. poli has yet to be launched and
presently, work is still limited to research efforts (Gonzalez-Wangiiemert
and Dominguez-Godino, 2016; Gonzdlez-Wangiiemert et al., 2018a;
Rakaj et al., 2019; Cutajar et al., 2022a, b). For this reason, production
data for H. poli during grow-out especially as part of open-water IMTA
are not available. However, additional evidence from a complete harvest
cycle would provide valuable complementary information on the bio-
accumulation of contaminants in the body wall/muscle tissue of H. poli
and the implications for fish-sea cucumber IMTA. Considering that
H. poli doubled from an initial average weight of 24 g at an approximate
growth rate of 0.2 % day ™! during a 12-month experimental period
(Cutajar et al., 2022a), stocking open-water cages with smaller juveniles
and harvesting at a market size of 70-110 g demand a longer grow-out
period than that reported in this study and that would have probable
effects on metal bioaccumulation throughout production to consider.
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Table 1
Mean (& standard deviation, SD) and range of bioconcentration factors for metals at the integrated multi-trophic aquaculture and reference sites.
As Cd Cu Fe Hg Pb Zn
IMTA site Mean (SD) 3.58 (1.77) 0.99 (0.34) 0.16 (0.04) 0.04 (0.02) 9.12 (3.73) 0.11 (0.05) 0.41 (0.01)
Range 1.58 6.77 0.70 1.70 0.10 0.21 0.01 0.07 4.07 16.20 0.03 0.20 0.25 0.56
Reference site Mean (SD) 2.26 (0.82) 0.84 (0.23) 0.16 (0.03) 0.02 (0.01) 4.78 (1.97) 0.32 (0.12) 0.31 (0.08)
Range 1.07 3.71 0.35 1.16 0.10 0.19 0.01 0.04 0.89 7.26 0.14 0.56 0.18 0.41

3.3. Implications of metal contamination

After one year of open-water culture, sea cucumbers are evidently
vulnerable to contamination when placed in sediments near commercial
fish cages. Bioaccumulation of As and Hg reveals greater propensity of
H. poli to bioconcentrate toxic contaminants in tissue when closer to fish
cages. Measured metal concentrations and bioconcentration in sea cu-
cumber tissue reflect the bioavailability of contaminants where H. poli is
exposed to waste deposition under fish cages. This has implications for
the performance of extractive species in open-water IMTA and reveals
the need to monitor and understand how the distribution of particulate
wastes below and near fish cages changes as a function of cage
production.

This study reveals a snapshot of metal contamination during pro-
duction of sea cucumbers in open-water IMTA. It shows that the prom-
ising role of sea cucumbers in IMTA can be threatened by exposure to
contaminants under fish cages. However, if this system is to be scaled up
to be an efficient solution for benthic waste management and value-
added production it is important to understand how patterns of waste
distribution around fish cages influence metal bioaccumulation in sea
cucumber tissue over representative production periods. Throughout
production, farm-level practices can add to local site-specific complex-
ities and lead to variable waste distribution patterns and sedimentary
conditions around commercial fish cages (Cutajar et al., unpub. data).
This temporal variation in food availability and quality affects the
transfer of organic material in fish-sea cucumber IMTA (Cutajar et al.,
2022b). In addition, changes in metabolic processes that can include
aestivation at higher water temperatures and hibernation in winter
described in holothuroids may influence feeding and the quantities of
nutrients, organic matter and contaminants absorbed. This can add to
temporal changes in the uptake and bioaccumulation of heavy metals in
sea cucumber tissue. Irregular trends of waste deposition can possibly
influence the bioavailability of metals and the exposure of sea cucum-
bers to these contaminants. Since this potentially affects the bio-
mitigation and production efficiency of extractive organisms in IMTA,
producers need to be able to capture this variability in the bioavail-
ability of metals in sediments and bioconcentration in sea cucumber
tissue. This requires detailed and finer resolution monitoring over a
longer time scale for a more representative account of e.g. complete
production cycles of the fish farm, different feeding regimes, and local
hydrographic variabilities. Moreover, this requires a shift from mono-
specific considerations for cage production towards a better apprecia-
tion of the implications these activities could have on the physiological
activities of sea cucumbers, and their growth and biomitigative perfor-
mance in IMTA. In an integrated system, viability and profitability may
depend on the efficient recapture of feed and energy and therefore, the
environmental and economic benefits of sea cucumbers need to be un-
derstood and reassuringly consistent.

In the broader perspective, the possibilities and challenges for IMTA
development are multifaceted and require further research. In terms of
contamination, multiple stressors can influence the contamination of sea
cucumber tissues and the performance of extractive organisms in IMTA.
The performance of extractive species feasibility of IMTA requires an
understanding of single and combined effects of contaminants, and
environmental and anthropogenic complexities, especially in industri-
alised areas. Tank-based trials should provide additional evidence for
the transfer of other important contaminants in sediments (e.g.,

organometallic compounds, aromatic organics, and halogenated hy-
drocarbons) and the effects of exposure over representative production
timescales. Essentially, this is a complex system and unless knowledge
gaps and uncertainties are addressed in consideration of real-world
aquaculture processes, scaling up of IMTA will remain a challenge.

4. Conclusion

Sea cucumbers cultured under near commercial fish cages offer the
possibility to extract organic waste associated with intensive aquacul-
ture however, the bioconcentration of toxic metals demand careful
monitoring over entire production cycles and with consideration for
farm and site complexities that could influence the bioavailability of
contaminants in sediments. Research is needed to understand the
growth response and waste mitigation efficiency of these extractive or-
ganisms when exposed to different levels and types of contaminants and
the implications for the scalability and viability of fish-sea cucumber
IMTA in these environments.
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