N
N

N

HAL

open science

Food web in Mediterranean coastal integrated
multi-trophic aquaculture ponds: Learnings from fatty
acids and stable isotope tracers
Sarah Nahon, Gongalo Villa de Brito, Hugo Quental-Ferreira, Joél Aubin,
Christophe Jaeger, Christophe Menniti, Philippe Kerhervé, Laurence

Larroquet, Maria Emilia Cunha,

» To cite this version:

Sarah Nahon, Gongalo Villa de Brito, Hugo Quental-Ferreira, Joél Aubin, Christophe Jaeger,
et al.. Food web in Mediterranean coastal integrated multi-trophic aquaculture ponds:
Learnings from fatty acids and stable isotope tracers.

10.1016/j.aquaculture.2023.739292 . hal-03979136

HAL Id: hal-03979136
https://hal.inrae.fr /hal-03979136v1
Submitted on 6 Jan 2025

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Aquaculture, 2023, 567, pp.739292.


https://hal.inrae.fr/hal-03979136v1
https://hal.archives-ouvertes.fr

Aquaculture

March 2023, Volume 567 Pages 739292 (12p.)
https://doi.org/10.1016/j.aquaculture.2023.739292
https://archimer.ifremer.fr/doc/00818/93022/

Food web in Mediterranean coastal integrated multi-trophic
aquaculture ponds: Learnings from fatty acids and stable
iIsotope tracers

Nahon Sarah **, Villa De Brito Goncalo 2, Quental-Ferreira Hugo 2, Aubin Joel 2, Jaeger Christophe 3,
Menniti Christophe 4, Kerhervé Philippe 4, Larroquet Laurence , Cunha Maria Emilia 2

1 MARBEC, Univ Montpellier, CNRS, Ifremer, IRD, INRAE, Sete, France

2 IPMA - Instituto Portugués do Mar e Atmosfera, EPPO — Estacgéo Piloto de Piscicultura de Olhado, Av.
do Parque Natural da Ria Formosa s/n, 8700-194 Olhao, Portugal

3 INRAE, Institut Agro, SAS, 35000 Rennes, France

4 UMR 5110 CEFREM, CNRS, Université de Perpignan Via Domitia, 66860 Perpignan, France

* Corresponding author : Sarah Nahon, email address : sarah.nahon@inrae.fr

Abstract :

Ecosystem responsible aquaculture practices are today imperative to feed the world increasing
population. The culture of extractive species such as oyster with fed species such as fish is a promising
solution to recycle waste streams, which would be otherwise lost and discharged into the surrounding
environment. In Mediterranean earthen ponds, meagre (Argyrosomus regius), white seabream (Diplodus
sargus) and grey mullet (Mugil cephalus) are three fish species of different trophic levels that are good
candidates to be raised in integrated multi-trophic aquaculture (IMTA) pond with oysters (Magallana gigas)
and macroalgae (Ulva flexuosa). Trophic links between species raised in IMTA ponds were inferred using
the analysis of body fatty acid composition as well as in carbon and nitrogen stable isotopes. A
combination of 3 treatments was tested: fish, oysters, phytoplankton and macroalgae (T1); fish, oysters
and phytoplankton (T2); fish, phytoplankton and macroalgae (T3). Our results highlighted that the three
fish species were in competition for food sources as they mainly fed on commercial feed whatever the
treatment. However, grey mullet also consumed polychaetes that naturally grown in ponds. Macroalgae
were not used by fish. In T1 and T2, oysters actively consumed the excess of phytoplankton. In T2, the
absence of macroalgae reduce nutrient competition for phytoplankton growth and oysters have more
available food. . In earthen ponds, the production of fish with macroalgae or fish with oyster should be
privileged compared to usual semi-intensive fish polyculture as the presence of extractive species
reduced fish wastes.
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Highlights

» Integrated Multi-Trophic Aquaculture is promising to preserve environment. » Fish are good
candidates to be raised with oysters and macroalgae. » Trophic link between organisms were elucidated
using fatty acids and stable isotopes » The 3 fish species were in competition for food sources
(commercial feed). » Macroalgae removal reduce competition with phytoplankton that beneficiate to
oyster.
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1. Introduction

Human fish consumption has steadily increased of 3% per year since 1961 and in 2013
aquaculture has become the main fish supply (FAO, 2022). Ecosystem responsible
aquaculture practices are today imperative to feed the world increasing population and
ensure the viability of this sector (Naylor et al., 2009; Thomas et al., 2021). One of such
practices is combining the culture of extractive species with fed species in the same
mariculture sites and referred as Integrated Multi-Trophic Aquaculture (IMTA, Barrington
et al., 2009; Chopin, 2006). Extractive species improve the environment by removing waste
materials and lowering the nutrient load when farmed in the same enclosure with fed
species. Extractive species perform a truly in-situ bio-mitigation of waste streams which
would be otherwise lost and discharge into the surrounding environment. For example, the
introduction of macroalgae helps to reduce level of inorganic nutrients and can be an
additional food source for herbivorous or omnivorous fish (Chopin et al., 2001). Another
example are bivalves (oysters, mussels...) that actively consume suspended particulate
organic matter (SPOM). In addition to environmental benefits, the presence of extractive
species in the fishponds, can increase both the profits of farmers and social acceptance of
their production systems (Barrington et al., 2009).

Marine semi-intensive fish culture in ponds is the main production system used in
southwestern European countries. Such ponds can be compared to confined lagoon
environments with sporadic communication with the sea. Excess amounts of particulate
(i.e. feces and unfed nutrients) and dissolved (i.e. nitrogen and phosphorus) nutrients
produced by aquaculture activities are considered to be one of the main sources of pollution

in coastal environments as waste are directly discharged into shallow coastal waters



(Holmer et al., 2003; Tovar et al., 2000). Dissolved nutrients released in seawater are mainly
assimilated by primary producer conducting to a massive development of phytoplankton
and macroalgae leading to imbalanced environment where eutrophication events are
observed with the death of some resident populations (Carballeira Brafia et al., 2021). These
are events that prompted the necessity for understanding the ecological processes within
the pond ecosystems and to help manage the IMTA farming. For instance, little is known
about trophic relationships and nutrient fluxes between organisms living together in IMTA
ponds whereas the concept of IMTA is based on trophic species complementarity. To help
farmers to develop sustainable IMTA systems, the understanding of complex trophic
interactions between fed organisms and extractive species is necessary. Species assemblage
must be adapted depending on natural productivity and biodiversity of ponds. The
understanding of trophic interaction between species and environment could be facilitated
through the development of theoretical ecological models (Gamito et al., 2020; Thomas et
al., 2021) but models require previous knowledge of the trophic relationship and nutrient
fluxes between organisms living together in IMTA ponds which is scarcely known (Cunha
etal., 2019a).

Trophic relationship between organisms in IMTA ponds can be elucidate using two
independent and complementary methods: fatty acid (FA) profiling and carbon (5**C) and
nitrogen (8*°N) stable isotope analyses. While both of these approaches have limitations,
the combination of these techniques has proved to be a powerful tool to determine trophic
interactions within complex food web (Boecklen et al., 2011; Dalsgaard et al., 2003). These
techniques are based on the principle that an animal’s diet is reflected in the patterns of FA,
813C and 8N of their tissues. They provide information on the diet integrated over a period

of time and allow quantitative diet analysis that is an important advantage compared to



older methods such as stomach contents analysis. The use of FA is based on the concept
that food sources lay down certain FA patterns that may be transferred conservatively to
consumers (Dalsgaard et al., 2003). For example, fish commercial feed contain specific FA
that are transferred and conserved along the trophic chain allowing their use as trophic
tracers (Baltadakis et al., 2020; Redmond et al., 2010). Analyzing the FA profile of
consumers enables to trace predator-prey relations by direct comparison of FA profiles. The
combined analysis 5'3C and §*°N values is a common method to elucidate trophic structure
and for inferring energy and matter flows in food webs (Middelburg, 2014). The use of
natural stable isotopes assumes that isotope values of consumers reflect those of assimilated
dietary sources. The 8!3C values of consumer tissues are usually similar to those of their
diets, which helps to identify the origin of food sources (DeNiro and Epstein, 1978). In
contrast, 3:°N values become enriched from a prey to consumer and thus are typically used
to estimate the trophic position of the consumer (Minagawa and Wada, 1984). The use of
both methods offers a reliable approach for examining trophic interactions in IMTA ponds
but food sources must have different FA profiles as well as §*3C and 5'°N values.

Meagre (Argyrosomus regius), white seabream (Diplodus sargus) and grey mullet
(Mugil cephalus) are three fish species of different trophic levels that are good candidates
to be raised in a fed IMTA pond with oysters (Magallana gigas) and macroalgae (Ulva
flexuosa) (Cunha et al., 2019a). This study was conducted in marine Mediterranean ponds
submitted to annual physico-chemical variations to be close to the conditions encountered
by farmers form these regions. The present work investigated the expected trophic links
between organisms cohabiting in IMTA ponds using FA as well as 8*C and §*°N values
(Fig. 1). The main objective of this study was to establish the diets of the three fish species

by varying the presence of macroalgae or oysters, having an impact on the availability of



nutrients in the environment. We expected that meagre and white seabream two carnivorous
species only fed on commercial feed whereas grey mullet an omnivorous fish fed on
commercial feed, natural occurring polychaetes and macroalgae. Food preferences of oyster
were also elucidated to better understand their role to bio-mitigate waste streams. Our
hypothesis was that oyster, a filter feeder, beneficiated of suspended particulate organic

matter composed by a pool of phytoplankton, zooplankton, fish faeces and unfeed fed.

2. Material and methods

2.1. Experimental design

From April to November 2016, the experimental trial was performed at the Aquaculture
Research Station of the Portuguese Institute of the Sea and Atmosphere (37° 02° N; 07° 49°W) in
six rectangular earthen ponds with 750 m? of water volume (500 m? surface and a mean depth of
1.5 m). All ponds were operated in a semi-intensive system with continuous water renewal using
unfiltered water from Ria Formosa (a mesotidal coastal lagoon) collected in a reservoir and pumped
to the ponds. The water quality in the reservoir is naturally improved by the presence of seagrass
that dominate the bottom and retain particulate matter on their leaves and sediment, and nutrients in
their tissues (De los Santos, et al., 2020). Daily water renewal ranged between 60 to 150% according
to temperature and feeding rate. Three IMTA treatments with different functional groups were
compared in duplicated ponds. The combinations in each treatment were as follow: treatment 1 (T1)
fish + oysters + phytoplankton + macroalgae; treatment 2 (T2) fish + oysters + phytoplankton;
treatment 3 (T3) fish + phytoplankton + macroalgae. The three treatments were composed by three
fish species of different trophic levels: a carnivore (meagre, Argyrosomus regius), an omnivore

(white seabream, Diplodus sargus) and an omnivore/detritivore (grey mullet, Mugil cephalus). The



fish, reared at the Aquaculture Research Station, were pre-fattened in similar ponds to be well
adapted to the environment. Fish were daily fed with a commercial diet at an average 1.5% body
weight during all the trial. In T1 and T2, commercial seeds of an organic extractive species (the
filter feeder oyster, Magallana gigas) were added in each pond after 24h acclimation to the pond
conditions. They were farmed in traditional oyster mesh bags suspended close to the surface were
air exposed every week for 24h to avoid biofouling. Zootechnical parameters of fish and oysters are
presented Table 1. Inorganic extractive species that naturally developed in the ponds were
phytoplankton and macroalgae. In the treatments with macroalgae (T1 and T3), the autochthonous
sea lettuce (Ulva flexuosa) was cultivated in 6 rafts of 1 m? each at a density of 30 g and the other
two macroalgae naturally present in ponds (Ulva spp. and Rizoclonium riparum) were let grown. In
T2, all natural floating macroalgae were manually removed with the help of a fishing net every
week. Macroalgae over the bottom was not removed to avoid disturbances to the system (sediment
resuspension and fish stress). For detailed methodology in the rearing system see Cunha et al.
(2019b) and in the Ulva sp. cultivation see Favot et al. (2019). Environmental parameters (i.c., water
temperature, dissolved oxygen, pH, salinity and water turbidity) were monitored twice a day and

results are available in Cunha et al. (2019a).

2.2. Sampling collection

To study trophic interaction within the IMTA ponds, all reared organisms (i.e., fish,
oyster and U. flexuosa), the main food source (i.e., commercial feed) as well as natural food
sources available in the ponds (i.e., suspended particulate organic matter including
phytoplankton, large zooplankton, polychaetes, Ulva spp. and R. riparium) were sampled.
Sampling was performed at the end of the 9 months of experimentation in all six ponds.

From each ponds, three specimens of each fish species were individually euthanized by



immersion in a water bath containing an excess of benzocaine (Nahon et al., 2017). Fish
were euthanized according to EU legal frameworks, relating to the protection of animals
used for scientific purposes (i.e. Directive 2010/63/EU). Animals were considered dead
following cessation of opercula movement. After death, white dorsal muscle tissue was
dissected from above the lateral line. Oysters were collected in triplicate on culture bags
from T1 and T2. Total flesh of oyster was separated from the shells. In each pond, two pools
of polychaetes were collected in the first 20-30 cm sediment layer using a shovel.
Polychaetes were considered in their entirety and individuals were not identify at species
level. Suspended organic particulate matter (SPOM, a bulk of matter including
phytoplankton, small zooplankton and fish waste (i.e. feces and feed debris), were collected
in triplicate with a bucket (4 L) in each pond and pre-filtered through a 200 um mesh to
remove large particles. SPOM were then recovered by filtration on pre-combusted (5h,
450°C) Whatman GF/F filters. Large zooplankton was sampled in triplicate in each ponds
using a 200 um net pulled horizontally around each pond, removed from the cod-ent, and
concentrated into tubs. Cultured sea lettuce (U. flexuosa) was collected on the raft structures
whereas natural occurring macroalgae (Ulva spp. and R. riparium) were collected from
stones along the pond’s margins. The whole macroalgae were conserved. Ulva spp. that
naturally grown in ponds were not identify at the species level. All samples were carefully
rinsed with ultrapure water (milliQ®; MerckMillipore, Molsheim, France), frozen, freeze-
dried and stored at -80°C until FA and stable isotope analyses. Before analysis, samples
were ground to a fine homogeneous powder using a Precellys® grinder mill (Bertin

Technologies, Montigny-le-Bretonneux, France).

2.3. Fatty acid analysis



FA were extracted and methylated on a sub-sample of each sample using a direct acid
transesterification procedure described by Lewis et al. (2000) and Indarti et al. (2005).
Briefly, 50 to 500 mg of powder (depending of FA richness in each type of samples) or half
filters for SPOM were placed in Teflon-lined screw cap vials with 4 ml of a
transesterification solution [methanol:sulfuric acid:dichloromethane (1.7:0.3:2, v/viv)].
Dichloromethane was supplemented with an antioxidant (50 pg ml?t of
buthylhydroxytoluene, (Christie and Han, 2012). Samples were flushed with N2, vortexed
and then, placed in a preheated oven at 90°C during 90 min. The extraction vials were
allowed to cool before the addition of 1 ml of MilliQ water. The extracts were centrifuged
(1328 g, 5 min, 4°C) and the lower organic phase containing the FA methyl esters (FAMES)
was transferred in another tube. The upper agueous phase was rinsed with 2 mL of heptane-
dichloromethane (4:1) and centrifuged (1328 g, 5 min, 4°C). This procedure was repeated
twice, and the pooled organic phases were rinsed with a 2% solution of potassium carbonate
(4 ml). After centrifugation (1328 g, 10 min, 4°C), an aliquot of the organic phase (6 ml)
was evaporated under a gentle N> flush, and FAMEs were re-dissolved in 100 to 1000 pl of
heptane prior to analysis. Fatty acids as methyl esters were analysed using a Varian Star
3900 CP gas chromatograph coupled with a flame ionization detector. One microliter of
sample was injected in a split/splitless injector maintained at 260 °C with a split ratio of
100:1. The carrier gas was helium (constant column flow 1 ml min't). FAME separation
was performed on a DB wax column (30 m x 0.25 mm ID, 0.25 um thickness) from Agilent
using the following temperature program: 100°C-180°C at 8°C min, 180-220°C at 4°C
min? and a constant temperature of 220°C during 20 min. FAMEs in samples were

identified by comparison of retention times with commercial standards: Supelco 37, PUFA



n°3, BAME (SUPELCO, France) and C16:3w4 from Cayman Chemical Compagny.

Individual FA were expressed as a percentage of total FAME identified.

2.4. Carbon and nitrogen stable isotope analysis

Analysis of §!°C values of animal tissues may require lipid extraction when C/N ratios
are superior to 3.5 as lipids are naturally '*C-depleted (DeNiro and Epstein, 1977; Post et
al., 2007). Prior performing stable isotope analysis, preliminary tests have been carried out
to determine C/N ratios of untreated samples as a potentially good predictor of the influence
of lipids on 8'°C values. As C/N ratios were not significantly higher than 3.5 for meagre
(3.27 £0.23, n = 18), white seabream (3.78 + 0.45, n = 18) and grey mullet (3.34 £0.23, n
= 18), lipid extraction was not necessary and approximately 1 mg of each fish sample was
directly weighed and packed into tin capsules for simultaneous analysis of carbon and
nitrogen stable isotopes. C/N ratios of oyster, polychaetes and large zooplankton were 4.66
+0.55 (n=12),4.36 + 0.43 (n=12) and 4.38 + 0.76 (n = 18), respectively. The need for
lipid extraction have been evaluated on a case-by-case basis as some studies have showed
that it was not always pertinent when C/N ratios are superior to 3.5 (Chouvelon et al., 2014).
Samples of oyster, polychaetes and large zooplankton have been randomly selected to test
the influence of lipids on §'3C values. In order to remove naturally *C-depleted lipids,
samples were treated with cyclohexane as described by Chouvelon et al. (2014). For each
sample, approximately 20 mg of powder were weighted in glass vials. A volume of 4 ml of
cyclohexane was added and after 1 hour, samples were centrifuged (4000 g, 10 min, 10°C).
The supernatant was discarded, and the procedure was repeated twice. Samples were then

dried in a dry bath at 45°C before isotopic analysis. This method has been chosen as it does



not impact §'°N values (Chouvelon et al., 2014), compared to commonly used chloroform-
methanol or dichloromethane-methanol mixtures (Post et al., 2007; Schlechtriem et al.,
2003). Approximately 1 mg of sample with or without lipids was weighed and packed into
a tiny capsule for simultaneous analysis of 8'*C and 8'°N. Results of these preliminary tests
showed that lipid extraction was necessary to assess 8'°C of oyster and polychaetes but not
for zooplankton. Differences between §'°C values with and without lipid were -1.17 +
0.16%o0 and -0.70 £ 0.10%o for oyster and polychaetes respectively, (t-test, p < 0.01) and
0.37 £ 0.52%o for large zooplankton (t-test, p > 0.05). After lipid extraction, approximately
1 mg of oyster or polychaete tissue was weighed and packed into tiny capsules for
simultaneous analysis of carbon and nitrogen stable isotopes. Other samples (i.e. large
zooplankton, macroalgae, SPOM and food) were packed without treatment. §'°C and §'°N
values of samples were analyzed by an Euro EA3000 (Pavia, Italia) elemental analyzer
coupled with a GVI Isoprime (Manchester, England) isotope ratio mass spectrometer used
in continuous-flow mode. The *C/'2C or '’N/!*N ratios are expressed in conventional delta
notation in per mil (%o) relative to the levels of '*C in Vienna Pee Dee Belemnite and '°N
in atmospheric air. Repeated measurements on alanine exhibited a precision of £ 0.11%o
and =+ 0.12%o for §!°C and §'°N values, respectively. Commercial standards, alanine, wheat
flour and corn flour from IsoAnalytical Lab (Crew, United Kingdom), [AEA-N-1, IAEA-
N-2 and TAEA-CH3 cellulose and USGS24 graphite from National Institute of Standard

and Technology (Gaithersburg, USA) were used for a multipoint calibration.

2.5. Statistical analysis



Only FA representing more than 1% of total FA were considered for data analysis. The
global FA composition of fish, oyster and their potential food sources was represented
through non-metric multidimensional scaling (nMDS) based on Euclidean distances. The
effects of species and treatments on FA composition were assessed through permutational
variance analyses (PERMANOVA, Kelly and Scheibling, 2012). Similarity-based
statistical techniques were used for FA data because they do not require homogeneity of
covariances or multivariate normality and can be used with a large number of variables
(Clarke, 1993). §*3C and 8'°N values of fish, oyster and their potential food sources were
compared using non-parametric Kruskal-Wallis (KW) tests, followed by Conover-Iman
multiple comparison tests with Bonferroni’s adjustment method as residuals were not
normal nor homoscedastic (tested with Shapiro-Wilk and Bartlett tests, respectively). The
contribution of food sources (i.e., feed, SPOM, large zooplankton, Ulva spp., R. riparium,
U. flexuosa and polychaetes) to fish and oyster diets were estimated using Bayesian stable
isotope mixing models (simmr package of R software, Parnell et al., 2013). For all sources,
carbon and nitrogen trophic discrimination factors used were respectively 1.74 £ 1.09%o
and 3.5 + 1.28%o for fish (Sweeting et al., 2007b, 2007a); respectively 1.9 £ 0.2%o and 3.8
+ 0.2%o for oyster (Dubois et al., 2007). The models were run considering the concentration
of carbon and nitrogen in each food sources of fish. This was not the case for oyster since
such concentrations were not estimated for SPOM. All statistical analyses and graphics
were performed with the free software R (Core Team, 2017) and the R Version 3.4.1 (2017

06 30).



3. Results

Percentage of total fatty acid as well as §'3C and 8°N of fish, oyster and all potential food
sources in T1 (fish, oyster, phytoplankton and macroalgae), T2 (fish, oyster and
phytoplankton) and T3 (fish, phytoplankton and macroalgae) are presented in

supplementary 1 to 11.

3.1. Fatty acid composition of fish, oyster and their potential food sources

3.1.1. Potential food sources of fish and oyster

FA profiles of potential food sources of fish and oyster were significantly different
(PermANOVA, p < 0.001, Fig. 2 and Table 2). Excepted for large zooplankton, no
differences between treatments were showed (PermANOVA, p > 0.05, Supplementary
Tables 1 to 7). The commercial feed contained 9 FA with a contribution superior to 1% of
total FA (Supplementary Table 1). In commercial feed, the main FA were the saturated fatty
acid (SFA) C16:0, the monounsaturated fatty acid (MUFA) Cl18:109 and the
polyunsaturated fatty acid (PUFA) C18:2w6. The C14:0, C18:0, Cl6:107, Cl8:1w07,
C18:3w3 and C22:6w3 occurred in lower proportion (between 1.5 and 4%, Table 2). SFA,
MUFA and PUFA represented 29%, 26% and 45% of total FA, respectively. Polychaetes
sampled in the three IMTA ponds belonged to three different genera (Diopatra spp.,
Marphysa spp. and Nereis spp). FA composition of polychaetes was relatively similar to
that of commercial feed with significant proportion of C18:1®9 and C18:2w9 (Fig. 2, Table

2). However, polychaetes contained higher diversity and proportion of PUFA as well as



significant lower proportion of C16:0 compared to commercial feed. Polychaetes were
characterized by significant proportion of PUFA C16:4®3, C18:2w6, C20:2w6, C20:4w6,
C20:5mw3, and C22:6w3. Minor PUFA such as C21:5w3, C22:2w6 and C22:4w6 were only
measured in polychaetes. The three macroalgae species exhibited low proportions of C18:0
and C18:109 as well as high proportions of MUFA CI18:1ow7 and PUFA C16:4w3,
C18:2w6, C18:3w3 and C18:4w3. However, despite similarity between FA composition of
Ulva spp., U. flexuosa and Rizoclonium riparium, proportions of main FAs were
significantly different, especially their proportions of PUFA C18:206, C18:303 and
C18:403 (PermANOVA, p <0.001, Table 2 and Fig. 2). SPOM contained a total of 19 FA
with a contribution superior to 1% of total FA that were similar between T1 and T2
(PermANOVA, p > 0.05, Supplementary Table 6). The main FAs were C16:0, C18:0 and
C18:1w9 (Table 2). SPOM was characterized by high proportion of bacterial FAs with
C15:0, C15:0 iso and ante, C16:0 iso, C17:0, C17:107 and C18:1w7 represented 16% of
total FAs, C14:0 and C16:1w7. The ratios C16:1w7/C16:0 and C20:5w3/C22:6w3 were
lower than 1. In SPOM, proportion of PUFA was lower and proportion of SFA was higher
compared to other potential food sources. FA profile of SPOM was very different that those
of feed pellet (Table 2, Fig. 2). Large zooplankton contained a high proportion of SFA
C16:0 and C18:0, MUFA C18:1®w7 and C18:109 and PUFA C18:2w6, C20:2w06, C20:5®3
C22:6w3 (Table 2). Large zooplankton contained higher proportion of PUFA compared to
other food sources. In fact, FA profile of large zooplankton were intermediate between
those of SPOM and feed pellets (Table 2, Fig. 2). FA profile of zooplankton from T2 was
significantly different than that from T1 (Supplementary Table 7). In T2, the proportion of

C18:2mw6 was significantly higher than in T1 (PermANOVA, p <0.001).



3.1.2. Fish and oyster

Whatever the treatment, FA composition of meagre, white seabream and grey mullet
was similar among species with a total of 16 FA identified with a contribution higher to 1%
of total FAs (Fig. 3). FA composition of fish was similar to that of feed pellets with SFA
C16:0 and C18:0, MUFA C18:1®9 and PUFA C18:2w6 and C22:6®3 largely predominant
overall the FA pools (Fig. 3). However, FA proportions significantly varied between fish
species leading to a good discrimination (PermANOVA, p < 0.001, Fig. 2 and 3). In the 3
treatments, MDS representation showed that FA profiles of meagre and white seabream
were closer from commercial feed than that of grey mullet. In fact, FA profile of grey mullet
was intermediate between those of commercial feed and polychaetes. Grey mullet had lower
proportions of C18:1w9, C18:2w6 and C18:3w3 and higher proportion of C20:4w6,
C20:5m3, C22:5®w3 and C22:6w3 than those of meagre and white seabream (Fig. 3). A
similar pattern was observed when FA proportions from polychaetes were compared to
those from commercial feed. In T1 and T3, with macroalgae, FA profile from the three fish
species was very different than that from macroalgae (Fig. 2). Moreover, C16:4®3, a FA
found in high proportion in macroalgae, was not detected in fish. In white seabream, FA
proportions were similar between the three treatments (PermANOVA, p > 0.05,
Supplementary Table 9). For meagre and grey mullet, slight differences of FA proportions
appeared between T1 and T2 as well as T1 and T3 (PermANOVA, p <0.05, Supplementary
Table 8 and 10). Meagre from T2 and T3 had slightly higher proportion of C22:6®3 than
those from T1 (7% and 5% respectively, PermANOVA, p < 0.001). For grey mullet,
differences between treatments were due to the proportions of SFA C14:0, C18:0, MUFA

Cl6:107, C18:109 and PUFA C20:4w6 and C22:6®w3. The mean concentration of PUFA



C22:6m3 was significantly higher in T1 (15 %) than in T2 and T3 (7%, PermANOVA, p <
0.001).

Oyster contained a total of 16 FA with a contribution superior to 1% of total FA
(Supplementary Table 11). SFA proportion (47%) with C16:0, C14:0, C17:0 and C18:0 was
relatively high. The proportion of MUFA was 17% with a higher contribution of C16:1w7,
C18:1w7 and C18:1w9 whereas the proportion of PUFA was 36% with a higher
contribution of C18:2w6, C18:3w3, C18:4w3, C20:5w3 and C22:6w3. FA composition of
oyster were closed to those of SPOM and large zooplankton and farther to those of feed
pellets (Fig. 2). As for large zooplankton, FA proportions differed between T1 and T2 (Fig.
4, PermANOVA, p < 0.001). In T1, oysters had higher proportion of MUFA and lower

proportions of SFA and MUFA than in T2,

3.2. Carbon and nitrogen stable isotope values of fish, oyster, and their potential food

sources

3.2.1. Potential food sources of fish and oyster

d3C and &N values significantly differed between food sources (Fig. 5,
Supplementary Table 1 to 7, KW test, p < 0.001). 5'*C and 8'°N values of food sources
ranged from -23.54 + 0.25%o for commercial feed to -12.61 £ 0.24%. for U. flexuosa and
from 6.41 £ 0.24%o for commercial feed to 9.81 £ 0.52%o for polychaetes, respectively (Fig.
5). Commercial feed was 3C- and °N-depleted compared to polychaetes and macroalgae
(Post Hoc tests, p < 0.05). Polychaetes were significantly 3C-depleted and *°N-enriched

compared to the three macroalgae species (Post Hoc test, p < 0.05). The three macroalgae



species had similar 5!°N values (KW test, p > 0.05) but 5'3C values significantly differed
between R. riparium and U. flexuosa. R. riparium was significantly **C-depleted compared
to U. flexuosa. 5'3C and 8'°N values did not significantly differed between the three
treatments for the three macroalgae (KW test, p > 0.05). In T1 and T2, SPOM and large
zooplankton had similar §!3C values (Post Hoc test, p = 0.05) but different 5'°N values (Post
Hoc test, p < 0.01). 8'°N values of SPOM were significantly lower than those of large
zooplankton. For SPOM, §%3C and §'°N values were significantly different between T1 and
T2 (Wilcoxon test, p < 0.01). For large zooplankton, only 8*°N values differed between
treatments. In T1, 8'3C values of commercial feed were lower than those of SPOM and
large zooplankton (Post Hoc test, p < 0.01) whereas *°N values of commercial feed and
SPOM were similar (Post Hoc test, p > 0.05) but ®N-depleted compared to large
zooplankton (Post Hoc test, p < 0.01). In T2, §*3C values of commercial feed were similar
to those of SPOM and large zooplankton (Post Hoc test, p > 0.05). 5°N values of
commercial feed were similar than those of zooplankton (Post Hoc test, p > 0.05) but higher
than those of SPOM (Post Hoc test, p < 0.01). 8*3C and 5'°N values of oyster significantly

differed between treatments (Wilcoxon test, p < 0.01).

3.2.2. Fish and oyster

313C and 6°N values significantly differed between fish species (KW test, p < 0.001,
Fig. 5, Supplementary Table 8 to 10). Grey mullets were 3C-enriched compared to meagre
and white seabream (Post Hoc test, p < 0.05); white seabream were **N-enriched compared
to meagre and grey mullet. Within each fish species, no differences of both §**C and §*°N

values were observed between treatments (KW test, p > 0.05). Mixing model indicated that



commercial feed was the main source used by the three fish species (Fig. 6). Commercial
feed contributed to 71 + 4%, 75 + 6% and 52 £ 5% to the diet of meagre, white seabream
and grey mullet, respectively. Contribution of polychaetes and the three species of
macroalgae to the diet of meagre and white seabream were inferior to 15%. For grey mullet,
contribution of polychaetes to their diet was estimated to 22 + 10% whereas contribution of
the three macroalgae species were estimated to be less than 10%.

Oysters from T1 were significantly **C- and *N-enriched compared to oysters from T2
(Fig. 5, Supplementary Table 11). Mixing model indicated that SPOM was the main source
of feed used by oyster in both treatments with a contribution to the diet from 48 + 17% and
71+22% in T1land T2, respectively (Fig. 7). In T1, commercial feed and large zooplankton
contributed to 36 = 14% and 15 + 11% to the diet of oyster, respectively. In T2, commercial

feed contributed to 11 + 9% and large zooplankton to 18 +18% of the diet of oyster.

4. Discussion

In the present work, the food preferences of meagre (Argyrosomus regius), white
seabream (Diplodus sargus) and grey mullet (Mugil cephalus) raised in three different
IMTA ponds were elucidated using FA as well as §'3C and 5'°N analysis. Fish diets were
compared when fish were reared in ponds together with phytoplankton, macroalgae and
oysters (treatment 1, T1); just with phytoplankton and oyster (no macroalgae, treatment 2,
T2); and with phytoplankton and macroalgae (no oyster, treatment 3, T3). Food preferences

of oyster were also discussed to better understand their role to bio-mitigate waste streams.

4.1. Fish diet



FA profiles as well as 3'C and §*°N values of meagre and white seabream highlighted
that the three fish species were mainly fed on commercial feed whatever the treatment. FA
composition of meagre and white seabream was very similar to that of commercial feed
with high proportions of C18:1®9 and C18:2w6 as well as low proportions of nutritionally
important C20:5m3 (eicosapentaenoic acid, EPA) and C22:603 (docosahexaenoic acid,
DHA). Soybean oil, known to contain approximately 50% of C18:2w6, 20% of C18:109
and neither EPA nor DHA (Rombenso et al., 2016), was the main source of oil present in
commercial feed (oil composition indicated by the supplier: 10% of soybean oil and 1% of
fish oil). This result confirms that marine carnivorous fish incorporate in their tissues FA
from their diets with little or no modification (Sargent et al., 2003). Fish have limited ability
to convert C18:2w6 to ®3 long chain PUFA, such as EPA and DHA, due to the weak activity
of fatty acyl desaturases (Castro et al., 2016; Xie et al., 2013). Meagre and white seabream
were enriched by 2.84%o and 2.67%o in *3C and by 3.99%. and 4.81%. in *°N, respectively,
compared to commercial feed. Similar high trophic discrimination factor (+ 5.91%o) have
been recorded for red seabream (Pagrus major) fed with commercial feed in IMTA pond
(Park et al., 2021). In our experiment, commercial feed were mainly composed by plant
based ingredients that are known to increase trophic discrimination factor compared to
animal based ingredients (Nahon et al., 2020b). Results of mixing model indicated that
commercial feed contributed to most of meagre and white seabream diets (more than 70%).
However, carbon and nitrogen trophic discrimination factors were probably higher than
those used in the mixing models (i.e., 1.74 & 1.09%o and 3.5 + 1.28%o respectively, Sweeting
et al., 2007b, 2007a). A multiplicity of factors (e.g., environment, taxon, fish size, diet...)

strongly affects trophic discrimination factor and despite incorporating standard deviation


https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/seabream
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/pagrus-major

to trophic discrimination factor, results of mixing models are still sensitive to the values
used for trophic discrimination factor (Parnell et al., 2013). The contribution of commercial
feed to meagre and white seabream diets should be underestimated whereas the contribution
of macroalgae should be overestimated by the mixing model.

In natural environment, adult meagre is considered to be a carnivorous species mainly
consuming hyper benthos such as crustaceans, fish, and polychaetes (Pasquaud et al., 2010).
However, meagre have high trophic plasticity giving them the ability to adapt their diets to
new environments (Valero-Rodriguez et al., 2015). White seabream is also a carnivorous
species consuming benthic copepods, amphipods and polychaetes (Ventura et al., 2017). In
the three treatments, FAs profiles of meagre and white seabream were farther to those of
polychaetes than commercial feed. Carbon and nitrogen stable isotope analysis confirmed
that meagre and white seabream consumed low proportion of polychaetes (around 13% for
both fish species according to the mixing model). Commercial feed supplied every day was
enough to cover nutritional needs of both fish species without benefiting of resources
naturally produced by IMTA ponds. The supply of commercial pellets, that represent a high
cost for farmers in pond aquaculture, should be reduced to force fish to complete their diets
with natural resources present in ponds. In T1 and T3, meagre and white seabream tissues
did not contain C16:4®»3 a FA found in high proportion in the three species of macroalgae.
313C and 8N values of fish tissues were highly depleted in **C compared to macroalgae.
Both biochemical markers indicated that macroalgae were not consumed by both fish
species.

FA profile of grey mullet was intermediate between the FA profile of commercial feed
and those of polychaetes. §*3C and §°N values of grey mullet tissues confirmed that grey

mullet fed on both commercial feed and polychaetes (52% and 22%, respectively according



to mixing model). Polychaetes were not identify at the level species. We made the
hypothesis that all species were indifferently consumed by grey mullets. FA profiles of
polychaetes were close to that of commercial feed with high level of C18:1»9 and C18:2w6
indicating that polychaetes probably beneficiated of unfed food that settled and
accumulated on surface sediments of IMTA ponds. Unfortunately, FA profile of sediment
that will confirmed this hypothesis was not available. Salvo et al. (2015) showed similar
results from the opportunistic polychaetes (Ophryotrocha cyclops) most likely consuming
fish pellets when living in sediments of salmonids aquaculture sites. Compared to
commercial feed, polychaetes contained lower proportion of C18:2w6 and higher levels of
PUFAs especially C20:2w6, DHA and EPA. This result confirms previous studies showing
that FA profile of polychaetes reflected FA profile of their diet with higher proportions of
essential PUFA de novo biosynthesized (Bischoff et al., 2009; Jerénimo et al., 2021;
Yousefi-Garakouei et al., 2018). We noticed that polychaetes were highly *3C-enriched
(around 4.4%0) when compared to commercial feed indicating they should beneficiate from
other food sources present in sediments such as fish feces, bacteria, and microphytobenthos.
The recovery of nutrients from unfed commercial feed by deposit feeders such as
polychaetes offers two major advantages. The first is to remove excess of particulate
organic material that would be lost to the environment and negatively impact adjacent
aquatic ecosystems (Edwards, 2015). The second is to recycle wasted nutrients in new food
source for fish, moreover enriched in DHA and EPA (Marques et al., 2018; Nederlof et al.,
2019). Grey mullet tissues contained higher proportion of DHA and EPA than meagre and
white seabream. Polychaetes bioremediation increased nutritional value of grey mullet for
human consumption. The lack of essential PUFA when replacing fishmeal and fish oil

derived from wild fish by plant sources could be counterbalanced by the polychaetes



bioremediation in IMTA ponds. In T1 and T3, grey mullet did not consume macroalgae
since specific FA found in macroalgae were not detected in their tissues. Contrary to meagre
and white seabream, this result was surprising since adult grey mullet is known to be
omnivorous consuming diverse items such as algae, plant materials, annelids, crustaceans,
bivalves, and detritus (De Silva and Wijeyaratne, 1977; Soyinka, 2008). In IMTA ponds,
in which nutritional rich commercial feed was available, grey mullet did not consume
macroalgae. Similar results were found in IMTA ponds for the omnivorous carps (Cyprio
carpus) preferring commercial feed, with higher nutritional value, compared to poor natural
food sources such as macroalgae (Nahon et al., 2020a; Schultz et al., 2012).

Our results supported trophic interactions modeled by Gamito et al. (2020) using
Ecopath with Ecosim (EwE software, Christensen, 1998). This study, based on the same
three IMTA treatments, showed that meagre and white seabream mostly fed on commercial
feed whereas grey mullet fed both on commercial feed and polychaetes. Meagre and white
seabream had higher §'°N values than grey mullet, confirming their higher trophic level in
the three IMTA ponds (Hobson and Welch, 1992; Post, 2002). Grey mullet exploiting
commercial feed and natural polychaetes is a good candidate to be co-raised in IMTA ponds
with carnivorous fish. On the other hand, meagre and white seabream were in competition
for commercial feed. The presence of macroalgae and/or oyster did not affect trophic
preference of the three fish species. However, the role of macroalgae is crucial in IMTA
ponds to enhanced water quality that lead to improve fish growth and performance in T1

and T3 compared to T2 (Table 1, Cunha et al., 2019a).

4.2. Oysters feed



Oysters are active filter feeders known to consume a fraction of SPOM mainly
composed by plankton and bacteria (Coutteau and Sorgeloos, 1992; Dupuy et al., 2000;
Naskar et al., 2022). In this study, SPOM was a bulk of matter from 0.47 pum to 200 pum
including phytoplankton, small zooplankton and fish waste (i.e. feces and feed debris). FA
profile of SPOM was very different from that of commercial feed and larger zooplankton.
The presence of macroalgae did not seem to affect SPOM FA profile since no significant
differences were detected between T1 and T2. Bacterial FA (i.e. C15:0 iso and ante, C16:0
iso and C18:107/C18:1w1 < 1) were identified in small proportion in SPOM that act as
microcosm for attached bacteria (Allan et al., 2010; Bachok et al., 2003). The presence of
dinoflagellates seemed to be higher than diatoms in the phytoplankton pool of SPOM since
the ratios 16:1w7/16:0 and 20:53/22:6®3 were lower than 1 (Dalsgaard et al., 2003; Kelly
and Scheibling, 2012). Cunha et al. (2019a) identified a dominance of diatoms and
chlorophytes (Chlorodendrophyceae spp.) in T1 and a dominance of diatoms and
phytoflagellates in T2. Since seawater samples were not collected at the same time such
differences could reflect seasonal variations in microalgae blooms (Ahlgren, 1993).
According to FA results, differences in §*C and 5*°N values of SPOM between T1 and T2
should be related to differences between environmental conditions rather than differences
between phytoplankton populations. Cunha et al. (2019a) have recorded than in T1,
phytoplankton was in competition for nutrients with macroalgae. FA profile of large
zooplankton as well as their 3*C and 8'°N values were closed to those of SPOM and
commercial feed. Large zooplankton grazed on SPOM but was also able to use commercial
feed. Similar results have been previously observed in different aquaculture ponds
(Fernandez-Jover et al., 2009; Grey et al., 2004). Compared to SPOM, zooplankton was

enriched by 0.6%o in **C and 4%, in*>N. High levels of PUFA, such as EPA and DHA, have



been measured on natural zooplankton feeding only on phytoplankton (Dalsgaard et al.,
2003). In T1 and T2, the high proportion of C18:2m6 measured in zooplankton was derived
from the intake of commercial feed. Similar results have been observed by (Fernandez-
Jover et al., 2009) who found high levels of C18:2w6 pellet-derived FA in zooplankton
samples associated with fish farms. In T2, the proportion of C18:2w6 in zooplankton was
higher than in T1 probably due the lower concentration of phytoplankton found in this pond
(Cunha et al., 2019a).

FA profile of oysters was close to those of SPOM and large zooplankton but farther
away to those of commercial feed indicating that their food was preferentially the previous
food items. Stable isotope values of oyster tissues confirmed that SPOM and zooplankton
were the main food sources used by oyster. According to mixing model, oysters consumed
48% of SPOM and 36% of zooplankton in T1; and 71% of SPOM and 18% of zooplankton
in T2. Our results confirmed that oyster actively fed on phytoplankton (Dupuy et al., 1999).
The biomass of phytoplankton was higher in T2 than in T1 as the density of macroalgae
was controlled in T2 and therefore there was a reduced competition for dissolved nutrients.
The higher levels of phytoplankton in this treatment led to a better growth of oyster
compared to T1 (Cunha et al., 2019a). FA differences between oysters from T1 and T2
reflected the food sources used. Oyster raised in T1 had higher proportion of C18:2w6 and
C18:3w3 provided by zooplankton whereas oyster raised in T2 had higher proportion
Cl6:107 and C18:1w7 provided by phytoplankton. Low proportion of FA characteristics
of bacteria were identified in oyster tissues raised in T1 and T2. This result confirmed that
oyster are capable to eat bacteria attached to SPOM as shown in previous studies (Langdon
and Newell, 1990; Xu and Yang, 2007). Stable isotope and FA profiles of oysters revealed

that debris of commercial feed did not contribute to their diet. Oyster had low level of



C18:109 and C18:2w6, the specific FA found in commercial feed. Our study confirmed
results of previous in situ studies showing that fish farming wastes do not make up a
substantial part of the diet of filter-feeders such as oysters and mussels (Aguado-Gimeénez
et al., 2014; Irisarri et al., 2015; Sanz-Lazaro and Sanchez-Jerez, 2017). Oyster benefited
indirectly of fish wastes by using phytoplankton whom the growth is stimulated by fish
wastes. Oysters and their potential food sources were sampled at the end of the
experimentation and temporal variations were not considered during this study. The
contribution of the different sources to oyster growth differ depending of the period of the
year (Marin Leal et al., 2008). Such variations could be considered in further study to

understand the annual role of oyster to bio-remediate fish wastes.

5. Conclusions

This study confirmed that both tools combined fatty acids as well as carbon and
nitrogen stable isotopes were efficient to trace trophic transfer across benthic and pelagic
compartment of in IMTA ponds. Our results highlighted that fish, oyster and macroalgae
produced together in earthen ponds is an improved system compared to the usual semi-
intensive fish polyculture. The three fish species meagre, white seabream and grey mullet,
were good candidates to be raised in IMTA ponds but they are in competition for food as
they mainly fed on commercial feed whatever the treatment. Grey mullet complemented its
diet by consuming polychaetes that naturally grown in ponds. The combination of
polychaetes and grey mullet in IMTA systems showed to be an epitome of “circular
economy” with food resources produced by men being returned to men in the form of

protein. Polychaetes were an important trophic link as they recycled fish detritus into



nutritionally essential FA that accumulated into grey mullet. To increase detritivorous
performances and decrease food competition on commercial feed, grey mullet should be
raised in separated cages bellow the other fish species. T3 including fish, phytoplankton
and macroalgae was comparable to the usual Mediterranean earthen pond production. The
presence of macroalgae is necessary to absorb and reduce the excess of nutrients, to
oxygenate the water during day light hours and to control phytoplankton proliferation that
can be detrimental to fish survival during the night due to the increased oxygen
consumption. The introduction of oysters in T1 and T2 largely improved IMTA ponds as
oysters actively consumed phytoplankton. In such ponds, phytoplankton was in competition
with macroalgae for nutrients. Since macroalgae growth naturally in ponds and are not
consumed by fish, their growth should be controlled when oysters are present in IMTA
ponds to improve phytoplankton biomass and enhance oyster growth rate. Food web of
IMTA ponds should be complicated by introducing species consuming macroalgae such as

sea urchins or abalones.
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Table

Table 1. Initial and final zootechnical parameters (mean + sd) of fish and oysters reared in

IMTA ponds. Trophic levels are given according to FishBase (Froese and Pauly, 2022)

Species number Biomass Mean weight  Mean total Final biomass Trophic
pond® (kg m?) (9) length (cm) (kg m®) level
T1 T2 T3
Argyrosomus regius 1450 0.39 204.5+£63.30 26.6+2.92 111+001 1.15+0.01 0.80+0.08 4.3
Diplodus sargus 850 0.08 51.5+18.61 142+147 0.21+0.01 0.18+0.01 0.19+0.02 34
Mugil cephalus 565 0.08 117.6£95.75 19.4+563 0.16+0.01 0.12+0.01 0.14+0.01 2.5
Magallana gigas 18000 0.07 0.5+0.09 0.24+0.01 0.23+0.01




Table 2. Percentage of total fatty acids (mean + sd, n = 18) of potential food sources. Only

fatty acids superior to 1% of total fatty acids in at least one sample are presented.

— Large

Feed Polychaetes U. flexuosa Ulva spp. R. riparium SPOM zooplankton
C14:0 2.16 +0.43 2.39+0.89 1.56 +1.012 1.82 +0.892 tr 5.64 +0.88 2.81+0.04
C15:.0 tr tr tr tr tr 1.80+0.28 tr
C15:0 iso tr tr tr tr tr 2.17+0.34 tr
C15:0 ante tr tr tr tr tr 1.38 £ 0.45 tr
C16:0 21.61+£0.29 16.77 £6.12 30.94 +£4.45 32.34+£2.99 28.82 £2.13 3247 +£4.32 26.24 2.29
C17:0 tr 1.32+0.49 tr tr tr 1.22+0.24 1.05+0.10
C18:0 4.01+0.19 6.31+1.25 tr tr tr 10.24+1.94 8.05+1.18
C20:0 tr tr tr tr tr 1.25+0.28 tr
C22:0 tr 1.01+£0.63 tr tr tr 1.15+0.29 tr
SFA 20.09+1.12 29.85+811 3547+526%® 3695+3.418 3195+251P 5858+3.64 40.45+2.43
C16:1w5 tr tr 2.97 £ 0.662 4.62 +1.16° 3.45 +0.542 1.85+0.69 tr
C16:1w7 2.13+0.21 2.10+0.74 2.55+0.512 tr 1.12 +0.48° 7.40+1.13 2.76 + 0.68
Ci18:1w7 1.62+0.12 2.65+0.43 8.61 +1.34° 5.29 + 0.63° 6.32 + 0.49°¢ 6.82 +0.99 419+1.02
C18:1»9 21.83 £0.53 11.08 £ 1.54 tr tr 1.13+0.68 9.62+1.12 13.34+3.43
C20:1»9 tr 1.89+0.74 n.d. tr tr 1.18 £0.62 tr
MUFA 26.00 £ 0.46 18.70+1.98 15.08+1.60% 11.89+0.75° 12.30+1.60° 27.96+167 21.65%3.11
C16:4»3 tr 460+1.11 17.03 +2.61 16.52 + 2.54 15.26 + 2.34 tr tr
C18:2w6 37.07 £1.82 15.22 +2.47 3.17 £ 0.36° 472 £0.67° 6.68 + 0.84¢ 3.18+0.59 15.31+6.10
C18:3w3 3.92+0.16 148 £0.27 9.75+1.18°? 15.21 + 1.95° 18.45 + 1.66° 1.78+£0.48 2.36 £ 0.41
C18:4w3 tr tr 17.12 + 2.61° 10.23 + 1.58° 10.96 + 1.49° tr 1.12+0.44
C20:2w6 tr 6.85+2.52 n.d. tr tr tr tr
C20:406 tr 2.94 +£0.80 tr tr tr tr 1.65+0.56
C20:5w3 tr 6.91+1.74 tr tr 1.29+£0.76° 1.45+0.77 7.30 £ 2.69
C21:5w3 n.d. 1.17 £ 2.45 tr n.d. n.d. tr n.d.
C22:2mw6 n.d. 1.19+2.76 n.d. tr n.d. tr n.d.
C22:406 n.d. 1.64 +£0.98 n.d. tr n.d. tr n.d.
C22:5w3 n.d. 1.54 +1.07 1.31+1.19 1.22+1.25 tr 1.25+0.32 tr
C22:6w3 2.02+0.15 5.86 + 2.89 n.d. tr tr 1.77 £0.98 7.25+3.84
PUFA 4491 + 101 5145+8.64 49.45+580% 51.17+375% 5575+354°> 1346+321 37.90+2.76

tr indicates that fatty acids were found in trace amounts (< 1% of total fatty acids). n.d indicates that fatty
acids were not detected. SFA, MUFA and PUFA are the sum of saturated, monounsaturated and
polyunsaturated fatty acid, respectively. Letters indicate significant differences among fatty acid proportions

of the three macroalgae species U. flexuosa, Ulva spp. and R. riparium (permANOVA, p < 0.05).



Figure caption

Fig.1. Expected food web in Mediterranean coastal integrated multi-trophic aquaculture

ponds
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Fig. 2. Multidimensional scaling (MDS) plot based on fatty acid profile of potential food

sources as well as fish and oyster in T1 (A), T2 (B) and T3 (C) ponds. Meagre are

represented by m, white seabream by ¢, grey mullet by ¥, oyster by A, commercial feed

pellets by e, polychaete by o, SPOM by 0, large zooplankton by o, Ulva flexuosa by x,

Ulva spp. by + and Rhizoclonium riparium by «. Only fatty acids superior to 1% in at least

one sample have been considered.
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Fig. 3. Percentage of total fatty acids (mean + sd, n = 6) of commercial feed pellet in black,
meagre in white, white seabream in light grey and grey mullet in dark grey. Only FA
superior to 1% of total fatty acids in at least one sample are presented. Letters indicate

significant differences among fish species (permANOVA, p < 0.05).
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Fig. 4. Percentage of total fatty acids (mean + sd, n = 6) of oyster from T1 and T2 ponds in
white and black respectively. Only FA superior to 1% of total fatty in at least one sample

are presented. Letters indicate significant differences among fatty acid in the two treatments

(permANOVA, p <0.05).
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Fig. 5. 8!3C and §™N values (mean * sd, n = 6) of potential food sources and fish (A) and
potential food sources and oyster (B) in T1, T2 and T3 ponds in black, white and grey,
respectively. In (A), meagre are represented by o, seabream by 0O, grey mullet by A,
commercial feed pellets by +, polychaete by o, Ulva flexuosa by %, Ulva spp. by + and
Rhizoclonium riparium by «. In (B) oyster are represented by A, commercial feed pellets

by +, SPOM by o and large zooplankton by 9.
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Fig. 6. Estimation of the contributions of food sources to diet of meagre (A), white seabream

(B), grey mullet (C) and oyster (D). Boxplots are the result of Bayesian mixing model with

mean, standard deviation and credible interval (n = 18).
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Fig. 7. Estimation of the contributions of food sources to diet of oyster in T1 and T2 ponds
(A and B, respectively). Boxplots are the result of Bayesian mixing model with mean,

standard deviation and credible interval (n = 12).
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Supplementary Table 1. Percentage of total fatty acid, 8*C and 8°N values (%o) of
commercial feed pellets (mean £ SD, n = 3). Only fatty acids superior to 0.10% of total FA
are presented.

Commercial feed

pellets
C12:0 tr
C14:0 2.16 £ 0.43
C15:0 0.43 £ 0.06
C15:0is0 tr
C15:0 ante tr
C16:0 21.61+£0.29
C16:0iso tr
C17:0 0.41+0.04
C18:0 4.01+£0.19
C20:0 0.15+0.13
C22:0 0.18+0.20
SFA 29.09+1.12
Cl4:1o5 tr
Cl6:105 tr
Clé6:1w7 213 + 021
Cl8:107 162 £ 012
Cl18:1m9 2183 + 053
C20:109 037 = 0.10
MUFA 26.00 * 0.46
Cl6:204 0.27 £ 0.03
Cl6:3w4 0.27 £0.02
Cl6:4m1 tr
Cl16:4m03 tr
Cl18:2m6 37.06 £1.82
Cl18:3m03 3.92+0.16
Cl18:3w6 0.12+ 0.01
Cl18:4w3 0.15+£0.01
C20:2w06 tr
C20:406 0.27 £0.06
C20:503 0.70+0.11
C22:6m3 2.02+0.15
PUFA 4491 +1.01
sC -23.54+0.25
SN 6.41+0.24

tr indicates that fatty acids were found in trace amounts (< 0.10% of total fatty acids). SFA, MUFA and
PUFA are the sum of saturated, monounsaturated and polyunsaturated fatty acid, respectively.



Supplementary Table 2. Percentage of total fatty acid, 8*C and 8°N values (%o) of
polychaetes (mean = SD, n = 3) in T1 (fish, oyster, phytoplankton and macroalgae), T2 (fish,
oyster and phytoplankton) and T3 (fish, phytoplankton and macroalgae). Only fatty acids

superior to 0.10% of total FA are presented.

T1 ponds T2 ponds T3 ponds

C12:0 tr tr tr

C14:0 257+0.10 1.94 £1.37 2.70 £ 0.58
C15:0 0.96+£0.14 0.63+£0.40 1.02+0.11
C15:0is0 tr 0.20+0.13 tr

C15:0 ante 0.17 £0.03 0.11 £ 0.07 0.20 £ 0.07
C16:0 20.84 + 4.96 1241 +7.70 18.09 £ 0.18
C16:0iso tr tr tr

C17:0 1.72+0.60 0.99 +0.66 1.36 £0.22
C18:0 7.06£1.80 5.76 £ 1.26 6.31+£0.74
C20:0 0.51+0.08 0.63+0.34 0.41+0.17
C22:0 0.98 £ 0.68 1.03+0.56 1.00+0.85
SFA 35.34 + 6.62 23.86 + 9.89 31.72£3.13
Cl6:105 0.82 +0.07 0.46 £0.35 0.78 £0.30
Clé6:1w7 2.32+£0.24 1.69+1.01 2.35+0.66
Cl7:107 tr tr tr

Cl8:1w7 2.43+0.20 2.60+£0.02 2.88 £ 0.68
Cl18:109 10.49+0.78 11.66 + 1.17 10.95+2.30
C20:1m9 1.43+0.40 2.47 £0.88 1.67 £ 0.46
C22:109 0.19+0.17 0.20+0.21 0.32+0.50
MUFA 17.71+£0.22 19.13+1.48 19.00 + 3.08
Cl6:204 0.31+0.16 0.21+0.08 0.24 +0.06
Cl6:3w4 0.37+£0.14 0.48 £0.26 0.50£0.15
Cl6:4nl 0.35+0.47 0.16 + 0.07 0.18+£0.04
Cl16:4m03 479+157 4.12+1.16 494 +0.78
Cl18:2m6 14.33+1.42 16.19+2.15 14.92 + 3.48
C18:3w3 1.34 £ 0.07 1.68 +0.26 1.39+0.29
Cl18:3w6 0.20 £ 0.07 0.15+0.06 0.13+0.02
Cl18:4w3 0.29 £0.13 0.22 £0.04 0.33+0.14
C20:206 5.67 £1.37 8.64 +3.31 5.95 + 1.47
C20:303 tr 0.25+0.11 0.12+0.12
C20:3w6 0.41+0.13 0.61+0.34 0.44 +0.22
C20:4w3 tr 0.11£0.09 tr

C20:406 2.44 £ 0.53 3.30+1.08 2.96 +0.59
C20:5w3 6.15 £ 1.07 7.74+£276 6.64 £ 0.37
C21:5w3 3.05+4.72 0.48 +0.36 0.46 +0.53
C22:2w6 tr 2,27 +£4.35 0.94 +1.88



C22:406 1.50 +£1.49 1.82+0.85 1.57+0.96

C22:503 1.25+0.68 1.81+1.34 1.48+1.24
C22:603 433+2.14 6.77 £ 3.27 6.09 + 3.27
PUFA 46.94+6.76  57.02+11.14  49.27+5.14
d13C -18.92+1.19 -19.65+1.1 -18.90 +0.90
315N 9.59+1.19 9.12 + 0.53 9.81 +0.52

tr indicates that fatty acids were found in trace amounts (< 0.10% of total fatty acids). SFA, MUFA and PUFA
are the sum of saturated, monounsaturated and polyunsaturated fatty acid, respectively. Letters indicate
significant differences between the treatments for fatty acid (permANOVA, p < 0.05) and stable isotope values
(KW, p £0.05).



Supplementary Table 3. Percentage of total fatty acid, 8*C and 8°N values (%o) of
macroalgae (Ulva flexuosa, mean £ SD, n = 6) in T1 (fish, oyster, phytoplankton and
macroalgae) and T3 (fish, phytoplankton and macroalgae). Only fatty acids superior to 0.10%
of total FA are presented.

T1 ponds T3 ponds

C12:0 tr tr
C14:0 1.47 £0.96 1.66+1.14
C15:0 0.14 £0.032 0.20 + 0.04°
C15:0is0 0.11 £0.062 0.36 +0.27°
C15:0 ante tre 0.20 + 0.06°
C16:0 28.72 £1.95 33.16 £5.28
C16:0is0 0.54£0.49 0.66 £ 0.48
C17:0 0.62 +0.13 0.67 £ 0.09
C18:0 0.22 £0.042 0.34 +0.05°
C20:0 tr tr
C22:0 0.64 £0.36 1.10+0.75
SFA 32,55+ 2,53 38.40 +5.81
Cl4:1w5 0.22 £0.08 0.22 £ 0.07
Cl5:105 tr tr
Clé6:105 3.00+0.30 2.95+0.93
Clé6:107 2.37+£0.38 2.72+0.59
Cl7:1o7 0.12 £0.07 0.10£0.03
Cl8:107 8.09+1.25 9.12+1.32
Cl18:109 0.50+0.11 0.66 £ 0.28
C20:109 tr tr
MUFA 14.33+1.43 15.82 +1.51
Cl6:204 0.20+0.05 0.21+0.05
Cl16:3w4 tr tr
Cl6:4m1 tr tr
Cl6:403 18.56 + 1.80° 15.49 + 2.4°
Cl18:2m6 3.26 +£0.34 3.08 +£0.39
Cl18:303 10.66 + 0.842 8.83+0.59°
Cl18:3w6 0.32+0.04 0.33+0.09
Cl18:4w3 18.42 £ 1.77 15.82 +2.78
C20:4m03 0.27 £ 0.08 0.26 +0.17
C20:503 0.15+£0.12 tr
C22:503 1.07£0.95 1.55+1.45
PUFA 53.10 £ 1.632 45,69 + 6.14°
sC -13.35+1.53 12.61+0.41
5'°N 8.25+0.31 7.90 £ 0.53

tr indicates that fatty acids were found in
trace amounts (< 0.10% of total fatty
acids). SFA, MUFA and PUFA are the
sum of saturated, monounsaturated and
polyunsaturated fatty acid, respectively.
Letters indicate significant differences
between the treatments for fatty acid
(permANOVA, p < 0.05) and stable
isotope values (KW, p <0.05).



Supplementary Table 4. Percentage of total fatty acid, 8*C and 8°N values (%o) of
macroalgae (Ulva spp., mean £ SD, n = 6) in T1 (fish, oyster, phytoplankton and macroalgae)
and T3 (fish, phytoplankton and macroalgae). Only fatty acids superior to 0.10% of total FA

are presented.

T1 ponds T2 ponds

C12:0 tr tr
C14:0 156 £0.77 2.08 £1.00
C15:0 0.19 £ 0.07 0.35+0.27
C15:0is0 0.24+0.11 0.32+0.14
C15:0ante 0.27£0.10 0.26 £0.04
C16:0 31.18 £ 3.09 3350+ 2.61
C16:0iso 0.62£0.35 0.38+0.38
C17:0 0.28 £ 0.04 0.31+£0.07
C18:0 0.34+£0.10 0.30+£0.18
C20:0 tr 0.24+£0.24
C22:0 0.44+£0.19 0.86 £ 0.88
SFA 35.24 £3.19 38.65 £2.31
Cl4: 105 0.24 £ 0.06 0.23 +0.08
Cl5:1w5 tr tr
Cl6:105 5.22 £0.45 4.01 +£1.36
Cl6:107 0.60+£0.16 0.58 =0.07
Cl7:107 tr tr
Cl8:107 5.01+0.43 557 £0.71
C18:109 0.80+£0.16 0.96 £0.11
C20:109 0.12+0.04 0.13 £ 0.06
MUFA 12.13+£0.52 11.64 +0.80
Cl16:2w4 tr tr
Cl6:304 tr tr
Cl6:4m1 tr tr
Cl16:403 18.05+1.18¢2 14.99 +2.67°
C18:206 4.63 +£0.85 4.81 +0.50
C18:3w3 15.67 £ 2.53 1474+£1.19
C18:3w6 0.90 £ 0.09 0.80+0.17
C18:403 10.51+£0.84 9.95+2.14
C20:2w6 tr tr
C20:3w6 0.16 £ 0.042 0.26 + 0.09°
C20:403 0.24 £ 0.05 0.37+£0.22
C20:406 0.47+£0.10 0.46£0.12
C20:503 0.88+0.18 0.68 £ 0.15
C22:406 tr 0.24 £0.34
C22:503 0.82 +0.38 161+171
C22:603 tr 0.55+£0.81



PUFA 34.58 +4.27 34.72 £5.27
¢ -13.43 £ 0.64 -14.25+1.09

515N 8.44 +0.39 8.20+0.33
tr indicates that fatty acids were found in trace amounts (< 0.10% of total fatty acids). SFA, MUFA and PUFA
are the sum of saturated, monounsaturated and polyunsaturated fatty acid, respectively. Letters indicate

significant differences between the treatments for fatty acid (permANOVA, p < 0.05) and stable isotope values
(KW, p <0.05).




Supplementary Table 5. Percentage of total fatty acid, *C and 8°N values (%o) of
macroalgae (Rhizoclonium riparium, mean = SD, n = 6) in T1 (fish, oyster, phytoplankton
and macroalgae) and T3 (fish, phytoplankton and macroalgae). Only fatty acids superior to

0.10% of total FA are presented.

T1 ponds T2 ponds

C12:0 tr tr
C14:0 0.94 £0.33 0.75+0.34
C15:0 0.23 £ 0.07 0.19+0.02
C15:0iso 0.13 +0.07 tr
C15:0 ante 0.19 £ 0.06 0.15+0.13
C16:0 29.19+£2.22 28.41+2.20
C16:0 iso 0.60 + 0.05° 0.53 +0.04°
C17:.0 0.35+0.08 0.36 £0.11
C18:0 0.50 £ 0.29 0.38 £ 0.06
C20:0 0.13+£0.08 0.15£0.02
C22:0 0.24+0.14 0.25+0.05
SFA 32.51 £ 2.67 31.27 £ 241
Cl5:105 tr 0.10 £ 0.06
Clé6:1w5 3.81+£0.48 3.03+0.16°
Cl6:107 1.29£0.59 0.91+0.20
Cl7:1w7 0.12 £0.05 0.12+£0.01
Cl8:107 6.38 + 0.56 6.25+0.48
Cl18:1m9 1.41+0.83 0.78 £0.20
C20:109 0.14+0.12 tr
MUFA 13.21 £ 1.532 11.22 + 0.87°
Cl6:204 0.23+0.12 0.15+0.06
Cl6:3w4 0.14 £0.12 tr
Cl6:4m1 tr tr
Cl6:4m3 14.68 + 3.07 15.96 + 0.86
Cl18:2m6 6.67 +0.99 6.67 £ 0.74
C18:3w3 17.94£1.70 19.06 £ 1.55
Cl18:3w6 0.93 £ 0.09? 1.03 +0.04°
Cl18:4w3 10.26 £1.35 11.79+1.31
C20:2w06 tr tr
C20:3w6 0.20 £ 0.05 0.19+£0.11
C20:4w3 0.23+0.05 0.28 +0.02
C20:406 0.67 £0.33 0.62 £ 0.09
C20:5w3 1.61+0.94 0.92+0.18
C22:5w3 0.56 £0.20 0.74£0.13
C22:603 tr tr
PUFA 54.28 + 3.90 57.51 £2.27
sC -15.70+£1.72 -14.91 +£1.93



SN 8.46 £0.72 7.29+0.47
tr indicates that fatty acids were found in trace amounts (< 0.10% of total fatty acids). SFA, MUFA and PUFA
are the sum of saturated, monounsaturated and polyunsaturated fatty acid, respectively. Letters indicate

significant differences between the treatments for fatty acid (permANOVA, p <0.05) and stable isotope values
(KW, p <0.05).




Supplementary Table 6. Percentage of total fatty acid, *C and 8°N values (%o) of
suspended particulate organic matter (SPOM, mean
phytoplankton and macroalgae), T2 (fish, oyster and phytoplankton) and T3 (fish,
phytoplankton and macroalgae). Only fatty acids superior to 0.10% of total FA are presented.

+

T1 ponds T2 ponds T3 ponds
C12:0 0.35+0.12 0.61+0.24 0.76 £ 0.47
C14:0 5.01+£051 5.89 £ 0.59 5.95+1.13
C15:0 1.69 £ 0.30 1.75+0.22 1.93+0.29
C15:0is0 2.49 £ 0.342 2.21+£0.052 1.86 +0.18°
C15:0 ante 1.49 £0.26 1.64 £0.31 1.06 £ 0.52
C16:0 33.18+£2.46 31.35+5.34 32.82+£5.14
C16:0iso 0.74+0.28 0.55+0.19 0.77+£0.19
C17:.0 1.32+0.38 1.12 +0.16 1.21+0.15
C18:0 1057+ 1.14 10.33 £1.88 9.90 + 2.67
C20:0 1.28+0.43 1.21+0.14 1.26 +0.27
C22:0 1.14£0.42 1.05+0.16 1.25+£0.27
SFA 59.26 £ 2.76 57.70 £ 2.95 58.76 + 5.04
Cl4:105 tr tr tr
Cl6:1w5 2.12+£0.80 2.03+£0.71 1.48 +0.52
Cl6:107 7.19+0.77 7.36 £1.90 7.61+0.62
Cl7:1w7 0.75+0.51 0.88+0.20 0.63+0.33
Cl8:107 6.77 + 0.602P 7.65+1.248 6.16 + 0.46°
Cl18:1m9 10.00 £1.16 9.14+£1.32 9.70 £ 0.96
C20:109 1.12+0.86 1.23+0.43 1.19 £0.63
C22:1m9 0.38 £0.47 037+0.40 0.20+0.26
MUFA 28.34+1.76 28.66+1.24 27.05+1.74
Cl6:204 0.32+£0.19 0.26 £0.28 0.52 £0.27
Cl6:304 0.14 +0.212 0.18 +0.25? 0.66 + 0.34°
Cl6:4m1 0.38+£0.40 0.43 £0.37 0.65 £ 0.47
C16:403 0.25+0.17 0.23 +0.26 0.31+0.38
Cl18:206 3.01+£0.38 3.60£0.42 2.96 £0.73
Cl18:303 1.68 £ 0.272P 2.25+0.512 1.48 £0.32°
Cl18:306 0.28 £0.19 0.24 £0.17 0.38+£0.22
Cl18:403 0.74 £ 0.60 0.62+0.24 0.82+0.21
C20:206 0.16 £ 0.15 0.32+£0.19 0.17+£0.12
C20:3w3 0.22+0.31 0.47 £0.19 0.24+0.28
C20:306 0.13+0.20 0.25+0.08 0.14£0.22
C20:4w3 tr 0.12+0.12 tr
C20:406 0.22+0.21 tr 0.14+£0.14
C20:5w3 1.26£0.31 1.12+1.14 1.88 £ 0.53
C21:503 tr 0.26 £ 0.09 0.16 £0.26
C22:2w6 0.63 £ 0.67 0.36 £ 0.17 0.24+0.14

SD, n = 6) in T1 (fish, oyster,



C22:4m06 tr tr tr
C22:5w3 1.29+0.42 1.19+0.24 1.27+0.34

C22:603 1.59+1.11 1.64+0.96 2.03+1.00
PUFA 12.40 + 2.80 13.63+3.21 14.19+ 3.81
d13C -21.06 £0.258  -23.05+1.22° -21.09 +0.43%
315N 6.25 +0.70% 3.02+0.48° 5.07 £ 0.56%

tr indicates that fatty acids were found in trace amounts (< 0.10% of total fatty acids). SFA, MUFA and PUFA
are the sum of saturated, monounsaturated and polyunsaturated fatty acid, respectively. Letters indicate
significant differences between the treatments for fatty acid (permANOVA, p <0.05) and stable isotope values
(KW, p £0.05).



Supplementary Table 7. Percentage of total fatty acid, 5°C and °N values (%o) of large
zooplankton (mean £ SD, n = 6) in T1 (fish, oyster, phytoplankton and macroalgae), T2 (fish,
oyster and phytoplankton) and T3 (fish, phytoplankton and macroalgae). Only fatty acids

superior to 0.10% of total FA are presented.

T1 ponds T2 ponds T3 ponds

C12:0 tr tr tr
C14:0 2.05+1.23° 1.99 +0.23? 4.41 +0.99°
C15:0 0.74 £ 0.072 0.67 £ 0.062 0.89 + 0.06°
C15:0iso 0.46 + 0.082 0.27 £ 0.162 0.85+0.35"
Cl5:0ante  0.18 +0.05% 0.15+0.142 0.31+0.06°
C16:0 26.19£1.80 26.62 £ 2.90 25.91 £ 253
C16:0 iso 0.23+0.06 0.20+0.13 0.18 +0.12
C17:.0 1.13+0.022 0.93 +0.05° 1.10+£0.05%
C18:0 8.47+1.72 7.86 £0.49 781+1.14
C20:0 0.35+0.05 0.32+0.12 0.29£0.16
C22:0 0.12+0.06 0.16 £0.10 0.31+0.29
SFA 40.00 £ 1.21 39.26 + 3.45 42,10 +£1.39
Cl4:105 tr 0.12+0.13 tr
Cl6:105 0.79 £ 0.07 0.53+£0.22 0.71+£0.12
Clé6:107 2.76 £ 0.62 2.39 £ 0.62 3.13+0.71
Cl7:107 0.24 +0.072 0.12 + 0.06° 0.20 + 0.052P
Cl8:107 5.09 + 0.952 3.71 £ 1.06%P 3.77 +£0.63°
Cl18:109 13.60 £ 2.142 16.64 £ 1.672 9.77 + 2.04°
C20:109 0.53+0.23 0.38 +0.08 0.42+0.04
MUFA 23.02+266% 23.89+0.45  18.00 +1.08°
Cl6:204 0.28 +0.092%P 0.38 + 0.082 0.20 £0.12°
Cl16:304 0.51+0.30 0.48 +0.06 0.49 £ 0.02
Cl6:4nl 0.22+0.12 0.20 £ 0.04 0.20 £ 0.07
Cl6:403 0.85+0.59 0.23+0.12 0.31+£0.03
Cl18:2m6 13.88+2.35%  21.26+5.21°  10.79 +5.022
Cl18:303 251+0.31 2.39+£0.63 2.19+£0.16
Cl18:3w6 0.28 + 0.042 0.24 +0.06%P 0.15+0.07°
Cl18:4m03 1.18 £0.23% 0.65 + 0.36° 1.53+0.02°
C20:2w06 0.79+0.23 0.68 +0.13 0.70+0.16
C20:303 0.16 +0.11 tr tr
C20:3w6 tr tr tr
C20:403 tr tr tr
C20:406 2.20 +0.23? 1.12 £0.20"  1.63 +0.542b
C20:503 7.48 +£0.812 469 +1.95 9.73 +2.242
C22:5w3 0.47 +£0.40 0.25 +0.27 0.45 +0.42
C22:6m3 6.12 +1.25° 410 +0.86° 11.51 +3.54°
PUFA 36.98 +1.80 36.82 +3.43  39.90 +2.03




d13C -21.32+0.58 -2211+1.28  -22.39+0.78

515N 10.13 + 0.522 7.25 + 1.80° 7.57 +£0.32°
tr indicates that fatty acids were found in trace amounts (< 0.10% of total fatty acids). SFA, MUFA and PUFA
are the sum of saturated, monounsaturated and polyunsaturated fatty acid, respectively. Letters indicate

significant differences between the treatments for fatty acid (permANOVA, p <0.05) and stable isotope values
(KW, p £0.05).




Supplementary Table 8. Percentage of total fatty acid, §*C and §*°N values (%) of meagre
(Argyrosomus regius, mean = SD, n =6) in T1 (fish, oyster, phytoplankton and macroalgae),
T2 (fish, oyster and phytoplankton) and T3 (fish, phytoplankton and macroalgae). Only fatty
acids superior to 0.10% of total FA are presented.

T1 ponds T2 ponds T3 ponds

C14:0 0.88+0.11 0.66 £ 0.07 0.69 £0.25
C15:0 0.24 £0.02 0.20£0.01 0.22 £ 0.04
C16:0 20.26 £ 0.97 18.32+1.43 19.43 £ 1.39
C17:.0 0.29 £0.01 0.28 £ 0.03 0.29 £ 0.04
C18:0 7.24+£0.79 7.83+0.42 8.08 £ 0.63
C20:0 0.11 £0.05 0.14 £ 0.04 0.12 £ 0.07
SFA 29.03+1.29 27.42 + 1.56 28.82 +1.78
Cl4:1w5 tre 0.15 + 0.06° 0.18 + 0.07°
Cl16:1w5 tr 0.19 £ 0.02 0.12 £ 0.09
Cl6:1w7 1.55+0.092 1.22 +0.15° 1.25 +0.25°
Cl8:1w7 1.64+£0.23 156 +0.17 156 +0.16
C18:1»9 1797 £1.25 17.09+£1.78 15.93+£1.61
C20:109 0.42 £ 0.06 0.45 £ 0.06 0.42 £ 0.08
MUFA 21.71 £1.67 20.66 * 2.06 19.47 £ 2.06
Cl6:2w4 0.34 £ 0.04 0.27 £ 0.06 0.29 £ 0.05
C16:3w4 0.35+£0.20 0.20 £ 0.04 0.41+£0.39
Cl6:4wl 0.23+0.17 0.11+0.17 tr
Cl6:4®3 0.31+£0.26 0.15+0.21 tr
C18:2w6  37.97 +0.66 38.60 £ 0.79 38.37+£1.73
C18:3w3 2.52£0.53 2.32+£0.29 2.27£0.30
C18:3w6 0.10+0.08 tr tr
C18:4®3 0.16 £0.20 tr tr
C20:2w6 0.20 £ 0.03? 0.27 +0.04° 0.24 +0.03°
C20:3w6 tr tr tr
C20:403 tr tr tr
C20:4w6 0.99 £ 0.218 1.23+£0.14° 1.37+0.18°
C20:5w3 0.76 £ 0.072 0.94 +0.08° 1.06 £0.17°
C22:5w3 tr 0.17£0.20 0.11+£0.17
C22:6w3 5.23+1.16% 7.54 +0.84° 7.32+0.92°
PUFA 49.26 + 0.75% 51.92 +0.70° 51.71+2.02°
d13C -20.64+0.15 -20.64+0.08 -20.59 +£0.12
SN 10.45 £ 0.19 10.40 £ 0.15 10.36 £ 0.15

tr indicates that fatty acids were found in trace amounts (< 0.10% of total fatty acids). SFA, MUFA and PUFA
are the sum of saturated, monounsaturated and polyunsaturated fatty acid, respectively. Letters indicate



significant differences between the treatments for fatty acid (permANOVA, p < 0.05) and stable isotope values
(KW, p £0.05).



Supplementary Table 9. Percentage of total fatty acid, 3**C and 5'°N values (%o) of white
seabream (Diplodus sargus, mean £ SD, n = 6) in T1 (fish, oyster, phytoplankton and
macroalgae), T2 (fish, oyster and phytoplankton) and T3 (fish, phytoplankton and
macroalgae). Only fatty acids superior to 0.10% of total FA are presented.

T1 ponds T2 ponds T3 ponds

C12:0 tr tr tr
C14:0 2.22 £0.49 2.15+0.40 2.74 £ 0.80
C15:0 0.39+£0.04 0.38 £ 0.06 0.45 +0.07
C15:0is0 tr tr 0.11 +0.02
C15:0 ante tr tr tr
C16:0 22.05+£0.71 21.30+£0.34 21.69+1.11
C16:0iso tr tr tr
C17:0 0.35+0.01 0.38 +0.06 0.37 £ 0.06
C18:0 4.23 £0.60 4.45+0.71 4.09 £ 0.54
C20:0 0.12 +0.022b trd 0.12 +£0.02°
C22:0 tr tr tr

SFA 29.50£0.72 28.98 + 0.43 29.67 + 1.55
Cl4:1o5 tr tr tr
Cl6:105 tr 0.10+0.05 tr
Clé:107 3.17+0.59 3.18+0.50 3.18+0.54
Cl7:107 0.19+0.35 tr tr
Cl8:107 1.88 + 0.05? 2.11+0.31° 2.15+0.18°
Cl18:109 21.72£1.28 21.57 £0.91 21.97 £0.93
C20:109 0.69 + 0.06 0.71+£0.11 0.82£0.13
C22:109 tr tr tr
MUFA 27.74 £ 1.57 27.76 £0.85 28.93+1.33
Cl6:204 0.27 £ 0.03 0.28 +0.06 0.28 + 0.06
Cl6:3w4 0.41+0.14 0.39 £ 0.04 0.43 £0.02
Cl6:4nl 0.15+0.04 0.16 + 0.07 0.17+£0.04
Cl6:403 0.17 £ 0.08 0.16 £0.16 0.26 £0.15
Cl18:2m6 30.71+£1.17 30.18+£2.10 28.67 £ 0.99
Cl18:3m03 3.19+0.32 3.22+£0.17 3.23+£0.39
Cl18:3w6 0.25+0.09 0.34 +0.08 0.28 +0.05
Cl18:4m03 0.32 £ 0.07 0.36 £ 0.08 0.47 £0.18
C20:2w06 0.54 +0.092P 0.61 + 0.042 0.72+0.51°
C20:303 0.14+£0.21 tr tr
C20:306 0.23+0.08 0.27 £ 0.05 0.22 +0.03
C20:403 0.16 £ 0.05 0.17 £ 0.03 0.18£0.10
C20:406 0.65+ 0.19 0.77 £0.39 0.71+0.28
C20:503 1.09+0.17 1.37+£0.48 1.43+0.37
C22:503 0.33+0.19 0.38 +0.29 0.39+0.21
C22:6m3 4,14 +1.40 471+1.18 3.90+1.13



PUFA 42.75+1.92 43.39+£0.79 41.40+1.97
¢ -20.96 +0.68 -20.78+0.70  -21.13+0.99
3N 11.48 +£0.82 10.98 + 0.30 11.02 + 0.57

tr indicates that fatty acids were found in trace amounts (< 0.10% of total fatty acids). SFA, MUFA and PUFA

are the sum of saturated, monounsaturated and polyunsaturated fatty acid, respectively. Letters indicate
significant differences between the treatments for fatty acid (permANOVA, p < 0.05) and stable isotope values
(KW, p £0.05).



Supplementary Table 10. Percentage of total fatty acid, 5*3C and 5'°N values (%o) of grey
mullet (Mugil cephalus, mean = SD, n =6) in T1 (fish, oyster, phytoplankton and macroalgae),
T2 (fish, oyster and phytoplankton) and T3 (fish, phytoplankton and macroalgae). Only fatty
acids superior to 0.10% of total FA are presented.

T1 ponds T2 ponds T3 ponds
C14:0 0.74 £ 0.35% 416+2.18° 1.58 £0.73¢°
C15:0 0.34+0.12 0.50 £ 0.09 0.42 £0.12
C15:0is0 tr2 0.13 +0.04° trab
C15:0 ante tr tr tr
C16:0 27.66 + 3.99 24.63+2.19 26.66 + 3.43
C16:0iso tr tr tr
C17:0 0.43 £ 0.042 0.31+0.03" 0.34 +0.04°
C18:0 8.57 + 0.592 5.22 +0.87° 6.94 + 2.63P
C20:0 0.10+£0.05 tr tr
C22:0 tr tr tr
SFA 38.25+4.71 35.25 + 3.66 36.38 + 4.98
Cl4:105 0.20+0.162 trap trd
Cl5:105 tr tr tr
Clé6:105 0.10+£0.05 0.15+0.06 tr
Cl6:107 1.25+0.56% 7.03 £3.97° 3.16 £ 1.47°
Cl7:107 0.20+0.28 tr 0.45+0.48
Cl8:107 1.43+0.312 2.40+0.18° 2.04 +0.40°
Cl18:109 9.85+1.62° 13.67 £2.03>  13.68 +3.51°
C20:109 0.33+0.08 0.48+0.10 0.40+0.16
MUFA 13.37+£2.29° 23.95+320° 19.84 +5.02°
Cl6:204 0.27 £ 0.082 1.06 + 0.64° 0.23+0.15%
Cl16:304 0.24 +0.192 1.04 +0.62° 0.28 £0.228
C16:403 0.30 £ 0.09 0.14+0.11 0.24+0.10
Cl6:4nl 0.34+0.09 0.49 £0.22 0.27£0.11
Cl18:2m6 20227 20.5+5.71 25.1+3.7
Cl18:3m03 1.12 +£0.242 1.75 +0.39° 1.75+ 0.672P
Cl18:3w6 0.33+0.01 0.40+£0.09 0.34 £ 0.07
Cl18:4m03 0.10 + 0.062 0.49 +0.21° 0.19+£0.102
C20:2w06 0.61+0.11 0.50+0.14 0.61 +0.08
C20:303 058+1.21 tr 0.11+£0.15
C20:306 0.12+0.03 0.10+0.06 tr
C20:403 trd 0.21 +0.06° tra
C20:406 3.60 +0.812 1.62 +0.41° 2.22 +0.95°
C20:5w3 3.06 +2.86 3.51+1.13 2.65+1.17
C22:406 0.14+0.13 tr tr
C22:503 1.86 £0.94 1.63 +0.41° 1.26 + 0.26°
C22:603 15.73 + 3.742 7.42 +3.05 8.65 + 3.03



PUFA 48.38 +5.56°  40.80 +£6.10° 43.78 + 1.87%F
¢ -19.51+059 -19.10+0.71  -19.40+0.51

515N 10.42 £ 0.72 10.07 £0.31 10.38 £ 0.52
tr indicates that fatty acids were found in trace amounts (< 0.10% of total fatty acids). SFA, MUFA and PUFA
are the sum of saturated, monounsaturated and polyunsaturated fatty acid, respectively. Letters indicate

significant differences between the treatments for fatty acid (permANOVA, p < 0.05) and stable isotope values
(KW, p <0.05).




Supplementary Table 11. Percentage of total fatty acid, 53C and §*°N values (%) of pacific
oyster (mean £ SD, n = 6, Magallana gigas) in T1 (fish, oyster, phytoplankton and
macroalgae) and T2 (fish, oyster and phytoplankton). Only fatty acids superior to 0.10% of
total FA are presented.

T1 ponds T2 ponds

C12:0 tr tr
C14:0 3.53+£0.232 6.66 +1.18°
C15:0 148 £0.122 1.74 +0.19°
C15:0iso 0.73+£0.05 0.68 £0.09
C15:0 ante 0.16 £ 0.03 0.14+£0.02
C16:0 3290+ 191 33.30 £ 2.57
C16:0iso 0.46 £ 0.03 0.48 + 0.06
C17:0 2.11+0.07 2.02+0.17
C18:0 3.95 + 0.30¢2 3.42+0.41°
SFA 4534 +2.18 48.44 + 3.01
Cl4:1o5 tr tr
Cl6:105 152 £0.072 1.41 +0.10°
Cl6:107 3.38£0.372 5.77 +0.58°
Cl7:107 0.16 £ 0.03? trP
Cl8:1w7 4.63 £ 0.25% 6.07 + 0.86°
Cl18:109 5.77 £ 0.60? 4.09 +0.24°
C20:109 0.36 £0.03? 0.26 + 0.05°
MUFA 15.89 +0.46  17.50 + 1.41°
C16:204 0.30 £ 0.042 0.62+0.13"
Cl6:304 0.54+0.11 0.59 £ 0.08
Cl6:4ol tr 0.10 £ 0.07
Cl16:403 1.94 +£0.40 1.81+£0.44
C18:2w6 8.22 £ 0.542 5.10 + 0.44°
C18:303 570+1.18% 2.18 +£0.24°
C18:3w6 0.31+ 0.032 0.45+0.12°
C18:403 3.16 £ 0.54 3.07+£0.28
C20:2w6 0.27 £ 0.042 0.14 +0.08°
C20:3w3 tr tr
C20:306 tr tr
C20:403 0.36 £ 0.06 0.29 £ 0.05
C20:406 1.94+£0.40 2.01+£0.43
C20:5w3 9.90 + 0.80¢° 12.23 +1.36°
C21:503 0.29+0.18 0.47 £0.06
C22:406 tr tr
C22:503 0.51+£0.19 0.37+£0.20
C22:6m3 5.07+1.29 4,31 +0.67
PUFA 38.77+2.18  33.81+260°




d13C -21.48 +0.74%  -22.69 +0.23P
315N 8.72 +0.49% 5.96 + 0.43°

tr indicates that fatty acids were found in trace amounts (< 0.10% of total fatty acids). SFA, MUFA and PUFA
are the sum of saturated, monounsaturated and polyunsaturated fatty acid, respectively. Letters indicate

significant differences between the treatments for fatty acid (permANOVA, p <0.05) and stable isotope values
(KW, p £0.05).



