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1.  INTRODUCTION

Atlantic salmon Salmo salar is one of the most in -
tensively farmed marine fish, owing to its amenabil-
ity to high stocking densities and rapid growth, and
to well established international markets (Jobling et
al. 2010). Canada is the world’s fourth largest pro-
ducer of farmed salmon, including Atlantic, Chinook
and coho salmon (DFO 2017). Although salmon farm-

ing brings unquestionable economic benefits, con-
cern about its environmental costs is growing.
Whether the expansion of intensive marine-finfish
aquaculture can be sustained is being questioned in
light of the potential effect of inorganic and organic
wastes produced by fish farms (Navarrete-Mier et al.
2010, Wang et al. 2012). Atlantic salmon culture re -
leases extra nitrogen (N) and phosphorus (P) and
produces organic wastes in the form of unconsumed
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ABSTRACT: Methods have been proposed to mitigate the environmental footprint of aquaculture,
including co-culture of species occupying different trophic levels. In this study, sea cucumbers
Cucumaria frondosa, either from production tanks fed with effluent water from land-based salmon
culture over 4 yr or collected from the field, were compared using stable isotope, lipid and fatty
acid (FA) signatures as indicators of waste assimilation, health and biochemical composition.
Enrichment of δ13C in muscle bands and intestine and of δ15N in muscle bands, gonad and intes-
tine was detected in captive individuals relative to wild individuals, suggesting the uptake and
assimilation of waste from salmon culture. The higher levels of FA biomarkers typical of salmon
feed (18:1ω9, 18:2ω6 and 20:1ω9) and lower ω3/ω6 ratio in the captive sea cucumbers were also in
line with assimilation of the waste. However, male and female sea cucumbers from the co-culture
became smaller with time, their organ indices were lower than those of wild individuals (e.g.
poorly developed gonad), and their biochemical composition differed: triacylglycerol content was
greater in wild individuals and phospholipid content was greater in captive individuals. Also, FA
profiles of all tissues differed between the 2 groups, whereas total lipid in muscle bands and
gonad remained similar. Overall, results support that co-culture with suspension-feeding sea
cucumbers may help mitigate the salmon industry footprint. In turn, the biochemical composition
of the sea cucumbers changed, and their reduced size and body indices suggest that this food
source does not provide suitable nutrients to sustain growth and reproduction.

KEY WORDS:  Co-culture · Holothuroid · Suspension-feeder · Salmon · IMTA · Stable isotope ·
Fatty acid

OPENPEN
 ACCESSCCESS



Aquacult Environ Interact 12: 139–151, 2020140

feed and feces (Pillay 2008). One t of salmon produc-
tion results in the release of 60 kg of N and 13 kg of P
waste loads (Chatvijitkul et al. 2017). Consequently,
salmon farming using sea cages may lead to eutro -
phication of the water column, while solid waste
accumulates on the ocean floor, impacting the oxy-
gen de mand at the substrate/benthos and leading to
a decline of oxygen-sensitive species in favor of more
resistant opportunistic species (Pillay 2008, Mayor &
Solan 2011).

To make fish farming more sustainable in the long
term, emphasis has been placed on exploring land-
based models (Shpigel et al. 1993) and/or using inte-
grated multi-trophic aquaculture (IMTA), which has
the potential to reduce waste loading and environ-
mental impacts and to increase the efficiency and
productivity of intensive monoculture systems (Neori
et al. 2004). In brief, IMTA makes use of by-products,
including wastes, from one aquatic species to provide
nutrients to another (Troell et al. 2009, Chopin et al.
2012). IMTA in volves the culture of aquatic animals
and the use of their waste products (excess feed and
feces) as a food source for other commercially viable
extractive species to favor environmental remedia-
tion, economic stability and social acceptability
(Ridler et al. 2007, Troell et al. 2009). Many species
have successfully been integrated into IMTA systems
to extract inorganic and organic waste, such as sea-
weed (Kang et al. 2008, Abreu et al. 2011), mussels
(Reid et al. 2010, MacDonald et al. 2011, Irisarri et al.
2015) and sea urchins (Orr et al. 2014, Sterling et al.
2016).

Sea cucumbers are high-value products from mar-
ine aquaculture and fisheries; they have also been
identified as prospective extractive species for IMTA
due to their ability to feed on the particulate waste
generated by other animals (Zamora et al. 2018).
Many studies have shown them to be good candi-
dates for co-culture with finfish (Ahlgren 1998, Han-
nah et al. 2013, Yokoyama 2013), bivalves (Zhou et
al. 2006, Slater & Carton 2007, Paltzat et al. 2008,
Yoko yama 2015), gastropods (Kang et al. 2003,
Maxwell et al. 2009) and jellyfish (Ren et al. 2014). In
one case, Kang et al. (2008) co-cultured the deposit-
feeding sea cucumber Apostichopus japonicus and
the abalone Haliotis discus in circulating culture
tanks to clean up the hatchery effluent of abalones
during the heating-aided overwintering period. They
showed that ammonia and nitrite contents in sea -
water decreased, and that the survival and growth
rates increased in co- cultured abalone compared to
abalone cultured alone in the same experimental
setup, but they did not measure the outcome for sea

cucumbers. Hannah et al. (2013) suggested that
another deposit-feeding species (Parastichopus cali-
fornicus) suspended directly below net pens of sable-
fish Anoplopoma fimbria grew faster and reduced
the total organic carbon (C) and total N contents of
the fish feces by an average of 60 and 62%, respec-
tively. The potential use of suspension-feeding sea
cucumbers remains comparatively understudied and
is only starting to be explored.

Cucumaria frondosa is the most common sea cu -
cumber in the North Atlantic and one of the most
abundant worldwide, oc cur ring off New England
(USA), in eastern and Arctic Canada, Greenland
and Scandinavia, as well as in the Faroe Islands and
Russia (Jordan 1972, Hamel & Mercier 2008). Like
many other commercially important sea cucumber
species, C. frondosa has been fished extensively in
its distribution range to meet the increasing demand
from Asia (Hamel & Mercier 2008). However, C.
frondosa differs from most previously cultured
holothuroid species. It is a cold-water species and a
passive suspension-feeder that captures a wide
range of particulate food (4−1500 µm) by extending
its tentacles in the water column (Hamel & Mercier
1998, Gianasi et al. 2017). Interest has recently
increased in using C. frondosa as a biofilter within
IMTA systems to help reduce particulate organic
loading (Nelson et al. 2012). C. frondosa can ingest
excess salmon feed and feces efficiently, both in the
laboratory and in the natural environment, making
it a candidate biofilter within an IMTA setting (Nel-
son et al. 2012). What remains untested is whether
individuals in this IMTA system can use energy
from the ingested wastes to grow and whether their
overall health and biochemical profile differ from
those of wild individuals.

Organic matter can be incorporated into the tissue
of an animal via its diet (Peterson & Fry 1987), and its
assimilation can be measured by a shift in the C and
N stable isotope signatures (Post 2002). Moreover,
fatty acid (FA) biomarkers can be used to trace spe-
cific lipid sources and make inferences about the diet
of aquatic animals. In recent years, greater levels of
plant oils have been incorporated into salmon feed to
reduce costs and minimize de pendence on fish oil
sources; such terrestrial lipid sources naturally con-
tain high proportions of 18:1ω9, 18:2ω6 and 18:3ω3
(Skog et al. 2003, Narváez et al. 2008), which can be
used as tracers of fish feed.

The present study was designed to compare sev-
eral key metrics between wild individuals of C.
frondosa and individuals held for 4 yr in the efflu-
ent of an Atlantic salmon culture (i.e. IMTA sys-
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tem). The stable C and N isotope signatures and
specific FAs in tissues were studied to confirm
whether the co-cultured sea cucumbers assimilated
the waste products coming from the salmon. Also,
their general health condition and biochemical
composition were measured to determine if sea
cucumbers could be sustained on the effluent
waste from salmon culture. In particular, we
assessed whether co-cultured sea cucumbers could
not only survive but also grow and eventually
reproduce in captivity.

2.  MATERIALS AND METHODS

2.1.  Captive holding conditions (IMTA)

The experiment was performed in a land-based
aquaculture facility (Wave Energy Research Centre
of College of the North Atlantic) in Lord’s Cove,
Newfoundland (Canada), which was designed to
demonstrate the viability of cascaded IMTA in an
open flow-through tank system. In this system, the
effluent from the finfish (the only organisms receiv-
ing external feed input) was directed to sea cucum-
ber production tanks. From there, water flowed to
scallop production tanks and finally algae cultures.
Seawater (fluctuating between −0.8°C in winter and
a maximum of 12.0°C in summer) was pumped into
the facility from 120 m offshore at 10 m depth. It was
sand filtered to 200 µm before passing through a
degassing column on the way to a 7000 l header tank.
The filtered seawater was delivered directly to 3
cylindrical tanks (8000 l capacity, 2.9 m diameter ×
1.3 m depth). Around 200 ju venile (70−80 g) Atlantic
salmon were cultured in the 3 tanks (~70 ind. tank−1)
with flow-through water (~3000 l h−1). They were fed
the equivalent of 5−90 g of feed (3.0− 7.0 mm,
EWOS®) per day per fish, depending on the size of
fish. Two-thirds of the effluent water from the salmon
tanks was thoroughly mixed in a common head tank
before being directed through a valve system at a
rate of 25−30 l min−1, to two 2000 l rectangular tanks
(3.2 m length × 1.6 m width × 0.4 m depth), each con-
taining ~350 adults of Cucu ma ria frondosa (9−17 cm
in contracted length, ~70 ind. m−2). No shelter was
provided for sea cucumbers, and light was provided
through several windows and multiple fluorescent
lights suspended above the tanks (32 W, 5000 Kelvin
white T8, ~250 lx) following natural photo period. All
sea cucumbers had been collected by licensed har-
vesters at depths between 20 and 30 m in October
2013.

2.2.  Sample collection for body indices and
 chemical analysis

To assess the state of sea cucumbers in the IMTA
system, 20 individuals from each tank (40 individuals
in total) were sampled haphazardly after 20 mo (June
2015) and after 32 mo (June 2016) and their wet
weights were measured. At the end of the study in
August 2017, after 45 mo under IMTA conditions,
12 sea cucumbers were collected from each of 2 hold-
ing tanks (n = 24 total). For comparison purposes,
24 adults were collected from the wild at approxi-
mately the same date (~10 d earlier). These wild sea
cucumbers were of similar size, came from the same
area (Grand Bank, NAFO division 3Ps) and were
caught using the same fishing gear as those placed
in the IMTA 4 yr prior. Individuals from the IMTA
 system and from the wild were transported to the lab-
oratory in coolers with iced seawater (Gianasi et al.
2016) and separately held in 2 tanks (500 l) with fil-
tered sea water (200 µm) for 4 d to allow all feces to be
evacuated.

The total wet weight of each individual (n = 48)
was obtained and the sex of each individual was
determined with a gonad smear when determina-
tion from the genital papilla described by Mont-
gomery et al. (2018) could not be made. All individ-
uals were dissected and their different organs/
tissues (body wall, longitudinal and circular muscle
bands, intestine, respiratory tree) were separately
weighed and stored at −20°C for further analysis.
The wet weight of the body wall (without the aqua -
pharyngeal bulb and muscle bands) was chosen as
a denominator to establish the different organ in -
dices (Hamel & Mercier 1996a). All indices were
calculated as the ratio of wet organ weight to wet
body wall weight.

In addition, the fish feed and the particulate
wastes, representing the main food sources for the
sea cucumbers held in the IMTA system, were col-
lected from 4 locations on the bottom of the effluent
mixed tank (described above) by siphoning and pass-
ing through a 100 µm mesh. The filtrates were stored
at −20°C until further analysis.

2.3.  Sample analysis

The organs (longitudinal and circular muscle
bands, intestine, gonad) of 4 males and 4 females
from the IMTA system and 4 males and 4 females
from the wild, together with the waste samples from
effluent water, were submitted for the following
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analyses to assess whether captive sea cucumbers
assimilated the waste from salmon tanks and to
determine their respective biochemical composition.

2.3.1.  Stable isotope and elemental analyses

Samples (0.5−1.0 g) were oven-dried at 70°C for
24 h and then ground into a fine powder using mortar
and pestle. To get rid of carbonates that might affect
the stable C isotope ratio data, hydrochloric acid
(HCl, 1 M) was added dropwise to waste samples
until bubbles stopped forming. Samples were then
rinsed 3 times with distilled water and oven dried
again. Subsamples of 1 mg were packed into tin cups
and simultaneously analyzed for stable C and N iso-
tope ratios, and for elemental C and N, at the Earth
Resources  Research and Analysis (TERRA) of the
Core Research Equipment and Instrument Training
Network (CREAIT) of Memorial University, using a
Delta V Plus (Carlo Erba) continuous-flow isotope-
ratio mass spectrometer. Isotope ratios are expressed
in the conventional notation (i.e. δ13C and δ15N, ‰),
following the equation:

δ15N or δ13C = [(Rsample / Rstandard) − 1] × 1000 (1)

where Rsample is the ratio of 13C/12C or 15N/14N. Aver-
age SD of selected replicates was ±0.1‰ for δ15N and
±0.1‰ for δ13C. Total elemental C and N were meas-
ured as % of dry mass, and average SD was ±3.2 for
%C and ±0.1 for %N. L-valine, USGS-24 graphite,
IAEA-CH-6 sucrose, LSVEC, MUN-CO-1 and MUN-
CO-2 were used as standards for stable C isotopes.
IAEA-N-1, USGS-25, USGS-26 and L-valine were
used to assess accuracy and precision of stable N iso-
tope data. B2155 protein was used as a standard for
δ13C and δ15N.

2.3.2.  Lipid content and lipid class analyses

Samples of muscle bands, gonad and intestine
(0.5−1.0 g) were collected from each still-frozen indi-
vidual to limit lipid oxidation and hydrolysis. Also, 4
samples of 3.5−4.5 g of waste were collected from the
effluent mixing tank. Each sample was immersed in
chloroform (8 ml), topped up with N gas (N2), sealed
with Teflon tape and stored in a freezer at −20°C until
extraction.

Lipids were extracted and analyzed following Par-
rish (1999). Briefly, samples were homogenized in a
chloroform:methanol:water (2:1:1) mixture, sonicated
for 5 min and centrifuged for 2 min. The bottom,

organic layer was removed using a double pipetting
technique involving placing 2 pipettes inside one
another. Chloroform was then added to the sample,
and the procedure was repeated 3 times. The top
layer (lipid extracts) was pooled into a lipid-clean
vial, and the total amount was blown down to volume
under a gentle stream of N. Vials were sealed and
stored at −20°C until lipid and FA analysis.

Lipid classes were determined by thin-layer chro ma -
tography with flame ionization detection (FID) using
an Iatroscan MK-6 and a 3-stage development system
to separate lipid classes. The first separation consisted
of 25 min and 20 min developments in a  mixture of
hexane:diethyl ether:formic acid (98.95: 1: 0.05). The
second development used a mixture of hexane: diethyl
ether:formic acid (79.9:20:0.1) for 40 min. The last sep-
aration consisted of a 15 min  de velopment of 100%
acetone followed by two 10 min developments in
chloroform:methanol:  chloroform-extracted-water
(5:4:1). Lipid classes were identified and quantified
through comparison with a prepared standard. Data
were processed using the  PeakSimple Chromatogra-
phy software (V4.51, SRI Instruments).

2.3.3.  FA analysis

FAs were determined from the same samples pre-
viously used for lipid class analysis. The FA derivati-
zation procedure is based on Parrish (1999). Briefly,
an aliquot of the lipid extracts (muscle bands, 100 µl;
intestine and gonad, 30 µl; waste, 10 µl), calculated in
relation to the total amount of lipids within each sam-
ple, was transferred into a lipid clean vial and dried
under N2. After the addition of 1.5 ml of di chloro -
methane and 3 ml of Hilditch reagent (i.e. H2SO4 dis-
solved in methanol), the vials were sonicated, sealed
with Teflon tape and heated for 1 h at 100°C. After
cooling, 0.5 ml of saturated sodium bi carbonate and
1.5 ml of hexane were added to each vial, thus creat-
ing 2 layers. The upper, organic layer was removed
and transferred into a new lipid clean vial. Finally,
the solution was blown dry under N2, and 0.5 ml of
hexane was added to each vial. Vials were then
sealed and kept at −20°C until analysis. The samples
were analyzed as FA methyl esters (FAMEs) on an
HP 6890 Gas Chromatograph FID equipped with a
7683 autosampler. Chromatograms were compared
to a prepared standard and analyzed using the soft-
ware Varian Galaxie Chromatography Data System.
Shorthand FA notations of the form A:BωX were
used, where A represents the number of carbon
atoms, B the number of double bonds, and X is the
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position of the first double bond closest to the termi-
nal methyl group (CH3).

2.4.  Statistical analysis

All data were tested for normality and equal vari-
ance using Kolmogorov-Smirnov and Levene’s tests
(α = 0.05), respectively. Wet weights of sea cucum-
bers from the field (wild individuals) and from the
IMTA system (captive individuals) were compared
at different time points using 1-way ANOVA fol-
lowed by post hoc multiple comparisons with
Tukey’s test. Differences in health condition be -
tween wild and captive individuals were assessed
using t-test for each organ index (muscle bands,
intestine, gonad and respiratory tree). Stable iso-
topes (δ15N and δ13C) and elemental N (%N) and C
(%C), and total lipid content as well as some
specific FAs were also compared between the 2
groups using t-tests. Permutational multivariate
ANOVA (PERMANOVA) was performed to explore
the FA composition variability among captive and
wild individuals, and waste. Data in the text are
expressed as mean ± SD. Statistical analyses were
conducted with Sigmaplot® 14.0 (Systat Software)
and Primer® 5 (Primer-E).

3.  RESULTS

3.1.  Morphological metrics and organ indices

Overall, the survival rate of sea cucumbers under
IMTA over nearly 4 yr was around 90%, and the wet
weight of captive individuals varied significantly
over time (F3,124 = 18.56, p < 0.001). The wet weight of
captive individuals decreased from 253 ± 52 g in
June 2015 to 122 ± 60 g in August 2017 (Fig. 1). The
freshly collected wild sea cucumbers (229 ± 48 g)
were significantly larger than the captive individuals
at the end of this study (Tukey’s test, p < 0.001) and
showed higher organ indices (Figs. 1 & 2). All organ
indices of wild individuals were significantly greater
than those of captive individuals, in both males (mus-
cle bands, t = 3.78, df = 16, p = 0.002; intestine, t =
3.30, df = 16, p = 0.005; gonad, t = 3.48, df = 16, p =
0.003; respiratory tree, t = 2.38, df = 16, p = 0.030) and
females (muscle bands, t = 5.76, df = 20, p < 0.001;
intestine, t = 2.16, df = 20, p = 0.043; gonad, t = 3.53,
df = 20, p = 0.002; respiratory tree, t = 2.28, df = 20,
p = 0.017; Fig. 2). All wild sea cucumbers had well-
developed gonad tubules, with the presence of red-

dish vitellogenic oocytes and small yellowish oocytes
(see Fig. S1A in the Supplement at www. int-res. com/
articles/ suppl/  q012 p139_ supp. pdf), whereas only
67% of captive sea cucumbers had a gonad, and
when present, it was consistently smaller than in wild
counterparts (Fig. S1B). Among all organ indices, the
gonad index displayed the greatest difference; with
22.0 ± 11.7% in wild males and 27.0 ± 15.1% in wild
females, which was roughly 3 times the gonad index
measured in captive males (7.2 ± 3.0%) and females
(7.5 ± 4.4%; Fig. 2).

3.2.  Stable isotope and elemental analyses

Stable N isotope ratios (δ15N) of all organs of cap-
tive individuals were significantly greater than those
of wild individuals, for both sexes (Table S1). Specif-
ically, a marked difference in δ15N of intestine
occurred between captive and wild individuals
(male, t = −12.51, df = 6, p < 0.001; female, t = −11.17,
df = 6, p < 0.001). Stable C isotope ratios (δ13C) of
muscle bands were significantly greater in captive
than in wild individuals (male, t = −3.83, df = 6, p =
0.009; female, t = −3.10, df = 6, p = 0.020). The same
was true of the δ13C of intestine in both males (t =
−6.19, df = 6, p < 0.001) and females (t = −3.52, df = 6,
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Fig. 1. Wet weight of wild individuals of Cucumaria frondosa
(collected in 2017) and wet weight of captive individuals over
time (2013−2017). Data are shown as means ± SD (n = 24 for
wild and captive individuals in 2017; n = 40 for 2015 and
2016). Means with different letters are significantly different 

(Tukey’s test, p < 0.05). ND: not determined

https://www.int-res.com/articles/suppl/q012p139_supp.pdf
https://www.int-res.com/articles/suppl/q012p139_supp.pdf
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p = 0.013). However, no significant differences in
δ13C of the gonad was found between the 2 groups
for males (t = 0.06, df = 6, p = 0.953) or females (t =
−0.19, df = 6, p = 0.857). Overall, sea cucumbers held
in the IMTA system displayed enrichment in δ13C
and δ15N relative to those collected from the wild
(Fig. 3). In addition, δ13C and δ15N values obtained for
the samples of salmon waste were −22.4 ± 0.3‰ and
11.8 ± 0.2‰, respectively.

The concentration of elemental N was greater in
captive than in wild individuals for muscle bands and
intestine, but not for the gonad. Specifically, the con-
centration of elemental N in percent dry mass was
significantly greater in the muscle bands (t = −3.35,
df = 6, p = 0.015) and intestine (t = −3.49, df = 6, p =
0.013) of captive than wild males. The same was true
in females for both muscle bands (t = −3.86, df = 6,
p = 0.008) and intestine (t = −3.85, df = 6, p = 0.008).
However, the percent dry mass of N in the gonad was
significantly greater in wild than in captive individu-
als for males (t = 2.13, df = 6, p = 0.048) and females
(t = 2.66, df = 6, p = 0.038). The concentration of ele-
mental C in percent dry mass was significantly
greater in the muscle bands (t = −3.12, df = 6, p =
0.021) and gonad (t = −6.86, df = 6, p < 0.001) of cap-
tive than wild males. The same was true in females
for both muscle bands (t = −4.18, df = 6, p = 0.006) and
gonad (t = −4.92, df = 6, p = 0.003). The percent dry
mass of elemental C in the intestine was significantly
greater in captive than in wild females (t = −2.57, df =
6, p = 0.042) but no significant difference occurred in
males (t = −0.81, df = 6, p = 0.450).
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Fig. 2. Organ indices of (A) male and (B) female individuals of wild and captive (45 mo under IMTA conditions) Cucumaria
frondosa. Data are shown as means ± SD (n = 10 for wild and n = 8 for captive in A; n = 14 for wild and n = 8 for captive in B). 

Means with different letters are significantly different (t-test, p < 0.05)

Fig. 3. Biplot of δ13C and δ15N in the muscle bands, intestine
and gonad of wild and captive (45 mo under IMTA condi-
tions) Cucumaria frondosa (males and females) and in the
waste from salmon tanks (food for captive individuals). All
data are shown as means ± SD (n = 4). WMM (WFM): wild
male (female) muscle bands; WMI (WFI): wild male (female)
intestine; WMG (WFG): wild male (female) gonad; CMM
(CFM): captive male (female) muscle bands; CMI (CFI): cap-
tive male (female) intestine; CMG (CFG): captive male (fe-
male) gonad. To clearly identify different tissues, the abbre-
viations for muscle bands, intestine and gonad are shown in
black, blue and red, respectively. The triangles and circles
represent male and female individuals, respectively, and the
closed and open symbols represent wild and captive individ-
uals, respectively. The open square corresponds to salmon 

culture waste material
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3.3.  Lipid classes and total lipids

The following lipid classes were found in all tissues
of wild and captive sea cucumbers: acylated glyceryl
ethers, triacylglycerols (TAGs), sterols and phospho-
lipids (PLs). However, hydrocarbons were only found
in gonad tissue, and acetone mobile polar lipids
(AMPLs) occurred in the gonad and intestine but not
in muscle bands. For both groups of sea cucumbers,
total lipid content was generally higher in the gonad
(males: captive, 26.0 mg g−1; wild, 27.2 mg g−1,
females: captive, 25.9 mg g−1; wild, 26.6 mg g−1) than
in the intestine (males: captive, 12.0 mg g−1; wild,
14.1 mg g−1, females: captive, 9.2 mg g−1; wild, 11.4
mg g−1) and muscle bands (males: captive, 3.2 mg g−1;
wild, 3.3 mg g−1, females: captive, 3.1 mg g−1; wild,
3.6 mg g−1, Fig. 4).

For all tissues examined in both sexes, total lipid
contents were consistent between wild and captive
sea cucumbers, except for the intestine of males,
where the total lipid levels were significantly
greater in wild (14.1 ± 1.0 mg g−1) than in captive
individuals (12.0 ± 1.0 mg g−1, t = 2.98, df = 6, p =
0.025; Fig. 4). When comparing each lipid class be -
tween wild and captive sea cucumbers, the gonad
of the latter displayed low content of AMPLs
(males, 0.20 ± 0.05 mg g−1; females, 0.23 ± 0.06 mg
g−1), whereas AMPLs were not detected in the
gonad of wild individuals. PL content was greater
in captive than wild individuals, and inversely,
TAG content was higher in wild individuals for
both sexes (Table 1).

3.4.  Fatty acids

For both groups of sea cucumbers, the most abun-
dant FAs in muscle bands were eicosapentaenoic
acid, 20:5ω3 (EPA; 27.8−36.0%); docosatetraenoic
acid, 22:4ω6 (9.0−20.0%); and hexadecatetraenoic
acid, 16:4ω3 (6.9−13%), and the majority of FAs
found in the gonad comprised palmitoleic acid,
16:1ω7 (20.4−22.5%) and EPA (12.7−22.5%). Also,
large proportions of EPA (31.3−36.4%) were found in
the intestine of both wild and captive sea cucumbers.

FA composition of all the tissues (muscle bands, go-
nad and intestine) differed between wild and captive
sea cucumbers, in both sexes, and be tween sea cu-
cumber tissues and waste material (Figs. S2− S4);
these differences were significant ac cording to the
PERMANOVA (Table S2). When comparing each FA
between wild and captive individuals, 16:1ω7 content
was greater in all tissues of the former for both sexes
(Table 2); however, the contents of oleic acid (18:1ω9),
linoleic acid (18:2ω6) and gadoleic acid (20:1ω9) were
greater in the tissues of captive than wild individuals.
Regardless of sex, the arachidonic acid (ARA, 20:4ω6)
contents of muscle bands and intestine were greater
in captive than in wild individuals. The EPA contents
in tissues of wild individuals were largely similar to
those of captive individuals, i.e. in female intestine
(t = 0.56, df = 6, p = 0.598) and muscle bands (t = 1.32,
df = 6, p = 0.237) and in male intestine (t = −0.26, df =
6, p = 0.807), but not muscle bands (t = 4.79, df = 6,
p = 0.003). In contrast, the contents in the gonad
were nearly double in wild (21.0− 22.5%) compared
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Fig. 4. Total lipids in muscle bands, gonad and intestine of (A) male and (B) female individuals of wild and captive (45 mo un-
der IMTA conditions) Cucumaria frondosa. Data are shown as means ± SD (n = 4). Comparisons were made between wild and 

captive individuals (t-test), and means with different letters are significantly different (p < 0.05)
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to captive individuals (12.7− 13.5%). Docosahexae -
noic acid (DHA, 22:6ω3) was detected in the gonad
of wild individuals but not in the gonad of captive in-
dividuals; moreover, DHA content in the intestine of
both males and females of captive individuals
(3.9−4.7%) was roughly 3 times that found in wild
counterparts (1.1−1.3%).

4.  DISCUSSION

While Cucumaria frondosa has been identified as a
potential candidate for IMTA, limited information
currently exists on the suitability of this species or
any suspension-feeding sea cucumber in such sys-
tems. From a study of C. frondosa either held close to
a fish farming site or held in the laboratory supple-
mented with fish feed and feces, Nelson et al. (2012)
found that it was capable of capturing and ingesting
excess salmon feed and feces, suggesting its poten-
tial use as an extractive species. The isotope and FA
profiles determined here support that C. frondosa not
only ingests but can assimilate the organic waste of
effluent water from salmon farming. However, the
net outcome for its health appears to be negative,
with a clear decrease in body size over time, suggest-
ing auto-digestion of tissues, as described previously
for that species when exposed to suboptimal food
supply (So et al. 2010).

Assimilation of food resources is known to be re -
flected in the stable isotope signature of animal tis-
sues (Peterson & Fry 1987), which gets shifted to -
wards that of the food source (Post 2002). Here,
individuals held in a land-based IMTA system along
with salmon for nearly 4 yr displayed enrichment in
δ13C and δ15N relative to those collected from the
wild. The food available in the IMTA was chiefly
composed of salmon waste (residual feed and feces)
as the water supplying the system was filtered,
thereby minimizing the availability of natural plank-
ton and particulate organic and inorganic matter, the
natural food source of C. frondosa (Hamel & Mercier
1998, Singh et al. 1998). The isotopic signatures of
these food sources differed: values measured in
waste material were −22.4‰ for δ13C and 11.8‰ for
δ15N, whereas values for plankton and particulate
materials in Newfoundland were reported to be
−23.5 and 3‰, respectively, by Ostrom & Macko
(1992) and Ostrom et al. (1997). The enrichment in
the δ13C and δ15N signatures of captive individuals in
the present study is therefore consistent with pro-
cessing and assimilation of the salmon waste materi-
als. Another study conducted on a deposit feeder,
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Australostichopus mollis, showed that isotope sig -
natures of sea cucumbers at a farm site were more
enriched relative to those of individuals from a natu-
ral site (Slater & Carton 2007). Alternately, or addi-
tionally, some of the changes in δ13C and δ15N sig -
natures might be the result of long-term starvation,
as supported by the weight loss recorded during the
present study under IMTA conditions (discussed
below).

Certain specific FAs have been successfully used as
tracers of fish feed to determine its assimilation by
aquatic animals (Gao et al. 2006, Redmond et al.
2010, Irisarri et al. 2015). Here, all tissues of the male
and female individuals held in the IMTA system had
greater levels of FA biomarkers of fish feed (18:1ω9,
18:2ω6 and 20:1ω9) than wild individuals of both
sexes, in line with a possible assimilation of residual
feed by sea cucumbers. In addition, fish feed such as
used in the present study now contains plant oils
(Skog et al. 2003, Narváez et al. 2008), which are de-
pleted in ω3 polyunsaturated FAs (PUFAs) and rich in
ω6 PUFAs (Menoyo et al. 2007). Therefore, the lower
ω3/ω6 ratio recorded in all tissues of captive sea
 cucumbers compared to wild individuals further sug-
gests that salmon feed was assimilated by sea cucum-
bers. Previous studies similarly showed the assimila-
tion of fish feed by mussels cultured close to fish pens
or supplemented with crushed fish pellets or fish ef-
fluents, based on the lower ω3/ω6 ratio in their diges-
tive gland and mantle tissue relative to those of mus-
sels from a natural site (Gao et al. 2006, Redmond et
al. 2010, Handå et al. 2012, Irisarri et al. 2015).

While the shift in biochemical composition supports
an assimilation of particulate waste present in effluent
water from salmon tanks, C. frondosa may not have
been able to ingest enough of it (due to rapid sinking)
or did not get nutrients of sufficient quality through
this system based on its decreasing body size over the
years. Insufficient or poor-quality food was described
to induce auto-digestion of stored nutrient reserves in
the different organs (including body wall and muscle
bands), resulting in progressive weight loss (see be-
low). Previous studies suggested that stable isotope
analysis might serve as an index of nutritional stress
(Gannes et al. 1997). Specifically, N isotope ratios ap-
pear to be particularly sensitive in that δ15N of the
whole body should increase with the duration of star-
vation (Hatch 2012). Therefore, the enrichment in the
δ15N signatures of captive individuals in the present
study may be related to their long-term starvation.
However, a number of studies have challenged this
as sumption (Gorokhova & Hansson 1999, Hatch
2012), so whether starvation affected the stable iso-

tope signatures of sea cucumbers in the present study
remains to be clarified. What is clear is that the physi-
cal condition of sea cucumbers held for 4 yr under
IMTA differed from that of wild individuals; they were
overall smaller, suggesting that the salmon waste did
not provide adequate nourishment for their suste-
nance and growth. Muscle bands are one of the most
important energy storage organs in C. frondosa, and
their weight-based proportion is closely related to
food supply and reproductive state (Hamel & Mercier
1996a, Gianasi et al. 2017). The lower index of muscle
bands in captive sea cucumbers further supports
long-term malnutrition, whereby the en ergy stored in
the muscle bands was used for other basal activities.
In addition, spawning in captive sea cucumbers was
only recorded in the first year of the 4 yr study, likely
enabled by stored nutrients still present in the gonad.
A third of captive individuals did not have a gonad at
the end of the study, and in those that did, the gonad
was not well developed relative to that of wild sea cu-
cumbers collected concurrently. In addition to the
availability of food, water temperature and depth, and
light may play important roles in affecting the growth
of animals and their gonad development (Hamel &
Mercier 1996b).

Previous studies have suggested that the biochem-
ical composition of sea cucumbers was reflective of
their diet (Yu et al. 2015, Wen et al. 2016, Gianasi et
al. 2017), as also described in other taxa (Kanazawa
et al. 1979). In the present study, differences in spe-
cific lipid classes between wild and captive sea
cucumbers were observed. TAG in male and female
tissues was greater in wild than captive individuals;
this lipid class was described to play a role as energy
storage in echinoderms and can be accumulated dur-
ing periods of high food availability (Prowse et al.
2017). The variability of TAG likely reflects the dif-
ferent energy allocation strategies, i.e. how energy is
distributed towards growth, survival and reproduc-
tion (Parzanini et al. 2018). For example, the propor-
tion of TAG displayed increasing trends in the pre-
spawning period, and declined in ovaries of C.
frondosa post spawning (Verkaik et al. 2016, Gianasi
et al. 2017). The reduction of TAG in captive individ-
uals may suggest that they maximized their survival
at the expense of preserving energetic lipid storage.
Similarly, TAG decreased more slowly in fed than
unfed larvae of the sea urchin Heliocidaris tubercu-
lata (Prowse et al. 2017). However, the greater con-
tent of PL in captive C. frondosa may be related to the
high content of PL in waste (main food source). 

The present study also revealed that the FA com-
position of all the tissues of wild individuals differed
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from captive individuals of both sexes. The FA bio-
marker of diatoms, 16:4ω1, was detected in all tissues
of wild sea cucumbers but not in any tissue of captive
individuals, and the content of 16:1ω7 was greater in
all tissues of wild than captive individuals. This sup-
ports the absence of diatoms as a food source in the
IMTA system. However, the presence of bacterial
FAs (i.e. ai15:0, 15:0, i16:0, ai16:0) (Kaneda 1991) in
the tissues of both wild and captive individuals pro-
vides an indicator of bacterial contribution to their
diet. In aquatic organisms, ARA, EPA and DHA are
considered essential nutrients because they are re -
quired for optimal health (growth, reproduction, and
immunity) and most of them are unable to synthesize
them de novo (Parrish 2009). Here, the proportion of
EPA in the gonad was lower in captive than wild
individuals of both sexes, and DHA was not detected
at all in the gonad of captive individuals. This may
explain the poor gonad development and the lack of
reproduction in captive sea cucumbers, which nor-
mally occurs every spring in the focal area (Mercier &
Hamel 2010).

The results of this study showed that suspension-
feeding sea cucumbers held downstream of salmon
cultures exhibited shifts in both stable C and N iso-
topes, and in some specific FAs indicative of salmon
feed. This suggests that C. frondosa can perform the
role of an extractive species, assimilating and incor-
porating salmon-farming waste, and mitigating the
accumulation of heavier solids, while providing an
additional remunerative product. However, the poor
physical condition established from organ indices
and body size, associated with the change in bio-
chemical composition of captive sea cucumbers, in -
dicates that waste from fish farming may not com-
pletely meet their nutritional requirements for normal
growth and reproduction, questioning the possibility
of growing juveniles of C. frondosa to commercial
size under such conditions. In other words, a natural
diet including phytoplankton or lipid-rich suspended
particulate matter may be crucial to maintain overall
health in C. frondosa, which was not provided under
the present salmon co-culture system. Further experi-
mental trials will be required to obtain more precise
information on the effects of salmon waste, what nu-
trients may be missing, whether supplements can off-
set any deficiencies and whether the flavor and tex-
ture of sea cucumbers from IMTA systems will be
changed. Importantly, the present study was con-
ducted in a land-based aquaculture facility using
 filtered seawater, whereas the most popular sal -
mon farming method uses cages (pens) at sea. It is
possible that such an open-ocean de sign could pro-

vide enough natural seston for C. frondosa to remain
healthy, although whether it would still ingest and as-
similate salmon waste is un certain. Additional work is
needed to measure the as similative capacity of sus-
pension-feeding sea cucumbers inside various IMTA
designs, including salmon floating pens and co-cul-
ture with other extractive species, such as bivalves.
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