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ABSTRACT: Three Ecopath models were built to reproduce 3 experimental treatments carried out
in earthen ponds located in Olhao, southern Portugal, to understand the energy transferred and
the ecosystem state in integrated multi-trophic aquaculture (IMTA). These earthen ponds behave
as simplified ecosystems or mesocosms, with well-defined borders, where the relationships
between trophic groups can be described through ecosystem modeling. Different combinations of
species were produced in these ponds, corresponding to the 3 treatments: (1) fish, oysters and
macroalgae (FOM); (2) fish and oysters (FO); and (3) fish and macroalgae (FM). The managed spe-
cies were meagre Argyrosomus regius, white seabream Diplodus sargus, flathead grey mullet
Mugil cephalus, Japanese oyster Crassostrea gigas and sea lettuce Ulva spp. The results showed
that the total amount of energy throughput was 15 to 17 times higher when compared with an
equivalent naturalized system. The high biomass and low recycling indicated an immature system
with low resilience and low stability that demands high rates of water renewal and aeration to
maintain good water-quality levels for finfish production. The addition of oysters and macro-
algae in the FOM treatment appeared to improve the water quality, since oysters controlled the
excess of phytoplankton produced in the ponds by ingesting a fair amount of the phytoplankton,
while the macroalgae helped in the absorption of excess nutrients and created a habitat for
periphyton and associated macroinvertebrates. Some ecosystem attributes of the FOM ponds
approached the values of the naturalized model, suggesting a possible path towards more sus-
tainable aquaculture.

KEY WORDS: Integrated multi-trophic aquaculture systems - IMTA - Earthen pond ecosystems -
Ecosystem energy transfer - Ecopath models - Sustainable aquaculture

1. INTRODUCTION species are gilthead seabream Sparus aurata and sea

bass Dicentrarchus labrax, reared under semi-intensive

Marine fish farming in coastal earthen ponds is one conditions (Valente et al. 2006, Anras et al. 2010). Pro-
of the main aquaculture systems used in southwest duction levels are low, at around 2 to 3 kg m~2 at
European countries. The most used commercial fish the end of the production cycle (Ferreira et al. 2010).
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Additionally, production costs are often too high to of-
fer sustainable economic activity (high labor, energy
and land costs). Since most farms are located in envi-
ronmentally sensitive areas, the adaptation of the prin-
ciples of integrated multi-trophic aquaculture (IMTA)
to the actual production may prove to be worthwhile
and commercially viable. Semi-intensive multi-trophic
polyculture in earthen ponds can guarantee an im-
portant competitive advantage for local holdings, in
particular, in terms of the diversification and appreci-
ation of their products, while maintaining the ecologi-
cal resilience of the ecosystems.

IMTA is under development all over the world for
use in sustainable seafood production (Soto 2009,
Chopin 2012, Rosa et al. 2020). Multi-trophic aqua-
culture refers to the incorporation of species from dif-
ferent nutritional levels in the same production sys-
tem (Chopin et al. 2008, Barrington et al. 2009). In
these systems, species with different trophic levels
are produced together either in the same or in sepa-
rated compartments, with the effluent cascading
between them (Bostock et al. 2010). The aim is to
increase profit while reducing organic and nutrient
loadings into the environment (Ren et al. 2012). Pri-
mary producers (macroalgae and/or phytoplankton)
will benefit from the excess nutrients introduced in
the system by artificially feeding on some of the spe-
cies, which will also enhance filter and detritus feed-
ers. Therefore, in these systems, besides the profit
from the commercial production of fed organisms,
there is also production of other non-fed organisms,
like detritivores, filter feeders and primary produc-
ers, that will help to clean up the system and to main-
tain good water quality (Granada et al. 2016, Rosa et
al. 2020), overall improving the sustainability of the
aquaculture system.

IMTA in earthen ponds is firmly within the objec-
tives of the ecosystem approach to aquaculture (EAA)
by integrating aquaculture within the wider ecosys-
tem and can be regarded as a strategy to make aqua-
culture contribute to sustainable development (Soto
et al. 2008). To be put into practice, such a strategy
requires an understanding of the major ecological
interactions involved with IMTA systems and the
possibility to predict consequences of the different
integration alternatives as well as management prac-
tices. Ecological models can be used to support this
step as far as ecological objectives are involved. Fur-
thermore, the evaluation of different scenarios can
be used towards assessing the carrying capacity and
optimizing IMTA.

One of several possible approaches is the use of
Ecopath with Ecosim (EwE) software. This is a tool

for constructing models of trophic interactions and
can be used to evaluate the ‘health’ of the whole sys-
tem (Christensen 1998). EWE modeling defines the
ecosystem components and parameterization where
energy or mass is assumed to be conserved; the
energy input to any group or species in the model
must equal the energy output from that group or spe-
cies (Christensen 2009). For all groups included in
the model, the sum of production, unassimilated food
and respiration equals the consumption; production
is further split into catch, predation, other mortality,
biomass accumulation and net migration (Chris-
tensen 2009).

Ecosystem modeling with EwE has been used to
describe and compare food webs, with a focus on
aspects such as complexity and energy transfer, or to
assess the effects of environmental changes or of
fishery pressure, and evaluate impacts of dredging or
of marine protected areas (e.g. Steenbeek et al. 2014,
Hyder et al. 2015). So far, >400 EwE models have
been published, applied to an extensive variety of
ecosystems, including polar regions and terrestrial
systems, and to a broad range of research topics,
comprising pollution, aquaculture and marine pro-
tected areas (Colléter et al. 2015). Comparisons be-
tween systems can help to determine the trophic
state or the development needs of the system con-
cerned (Brando et al. 2004 and references therein).
The application of an EwE model to a fishpond aqua-
culture system is of importance not only to interpret
the ecosystem functioning but also to recommend a
more suitable management approach (Zhou et al.
2015).

Earthen ponds behave as simplified ecosystems,
where the main trophic levels are primary pro-
ducers (feed included), and consumers, such as
zooplankton, benthic macroinvertebrates and fish.
In pond IMTA, some species are amplified (the
species produced) and others are excluded, such
as top predators like fish and birds. In these eco-
systems with well-defined borders, the relation-
ships between trophic groups can be observed and
tested through network analysis and simulations.
The ecosystem established within IMTA ponds is
highly artificialized, and we explore how IMTA
could be improved by comparing the ecosystem at-
tributes and energy transferred among the trophic
levels within 3 Ecopath models, corresponding to 3
experimental treatments: (1) fish, oysters and macro-
algae (FOM); (2) fish and oysters (FO); and (3) fish
and macroalgae (FM) (Cunha et al. 2019a,b), with
a more natural extensive pond system (Gamito &
Erzini 2005).
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2. MATERIALS AND METHODS
2.1. IMTA experiments

Three IMTA experiments were carried out in dupli-
cate earthen ponds of about 500 m? area and 1.5 m
depth, each located at the Aquaculture Research Sta-
tion of the Portuguese Institute of Sea and Atmos-
phere, southern Portugal (37°2'N, 7°49'W) (Cunha
et al. 2019a,b). The experiments lasted during 1 pro-
duction cycle (April to November 2016) and com-
prised the growth and production of 3 fish species
raised together with oysters and macroalgae (treat-
ment FOM) or raised without 1 of these last 2 groups
(treatments FO and FM).

The fish species were: meagre Argyrosomus regius
(Asso, 1801), white seabream Diplodus sargus (Lin-
naeus, 1758) and flathead grey mullet Mugil cephalus
Linnaeus, 1758. The oysters were triploids of Crass-
ostrea gigas (Thunberg, 1793), and the macroalgae
were mainly sea lettuce belonging to the genus Ulva.
Table 1 presents the initial number and the initial
and final mean weight of individuals introduced into
the ponds. Besides these organisms, there was phyto-
plankton that naturally develop in the ponds, and
also periphyton, which is a complex mixture of algae,
cyanobacteria, heterotrophic microbes and detritus,
which grow over all submerged pond surfaces
including the macroalgae (Azim et al. 2005). In the
FO treatment, macroalgae proliferation was con-
trolled weekly by harvesting the excess, while in the
FOM and FM treatments, the macroalgae were
partly removed every 2 wk.

Except for grey mullet juveniles, which had a wild
origin, all fish were produced at the Aquaculture
Research Station hatchery. Fish were introduced at
the end of March/beginning of April and a small
number were regularly sampled for length—-weight
measurements as a basis for estimating the feed size
and amount of ration to deliver daily. This amount
also took into consideration the water temperature in
the pond. Fish were fed a commercial fish diet (for
details on the feed composition, see Cunha et al.
2019b). Growth performance of fish was determined
at the beginning, middle and end of the experiment
by sampling 50 individuals of each species from each
pond.

Oysters were seeded in the middle of May. They
were farmed in traditional oyster mesh bags sus-
pended close to the pond surface which were air-
exposed every week for 24 h to avoid biofouling.
Oyster growth and mortality were monitored monthly
and dead individuals removed. Oysters were sorted

and re-distributed to new bags (1 bag divided in 2)
whenever the mesh bag attained 8 kg or oyster vol-
ume was 80 % of the mesh bag.

Macroalgae occurred naturally in the ponds, and to
control the proliferation in treatment FO, floating
macroalgae were harvested manually with a fishing
net every week. In the treatments FOM and FM, the
harvesting occurred every other week. After harvest-
ing, macroalgae were washed with clean saltwater to
remove most of the impurities and epibionts and
weighed after being hand-squeezed. Macroalgae
growing at the bottom were not removed to avoid
disturbances to the system (sediment resuspension
and fish stress).

Daily water renewal in the ponds varied between
40 and 100 % and was managed as a compromise to
maintain the water quality for the fish while still
retaining enough phytoplankton to feed the oysters
(Cunha et al. 2019b). Once a week, <1 % of the bot-
tom water was purged to prevent excess organic
matter from accumulating.

2.2. Model construction and parameterization
2.2.1. General structure

Ecopath basic data requirements are estimates of
biomass and production:biomass (P:B) and consump-
tion:biomass (C:B) ratios for each trophic group, and
the diet compositions (Christensen et al. 2005). Alter-
natively, 1 of the first 3 input requirements can be
estimated by EwE if ecotrophic efficiency (EE) or a
production:consumption (P:C) ratio of that group is
included (Christensen et al. 2005). EE that is usu-
ally estimated by the model gives the proportion of
the production that is harvested or predated upon
(Arreguin-Sanchez et al. 1993). The model should
include the main species and functional groups and

Table 1. Number and weight of fish and oysters introduced
into the 3 types of experimental pond. FOM: fish, oysters
and macroalgae; FO: fish and oysters; FM: fish and macro-
algae; meagre: Argyrosomus regius; seabream: Diplodus
sargus; mullet: Mugil cephalus; oyster: Crassostrea gigas

Initial Average  Average final
number initial weight (g)
per pond weight (g) FOM  FO FM

Meagre 1450 204.5 579.8 599.8 418.9
Seabream 850 51.5 188.5 159.5 174.4
Mullet 564 117.6 213.0 1599 193.1
Oyster 18000 0.5 53.3 64.7
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the trophic levels involved and relevant to the eco-
system under consideration (Heymans et al. 2016).

Following these guidelines, 3 Ecopath models were
built on data provided by each experimental treat-
ment involving trophic links and energy transfer
among 12 to 13 functional groups referred to in Table
2, which shows the input data to the EWE model built
for the FOM treatment. The first 3 functional groups
correspond to the produced fish species: meagre (car-
nivores), white seabream (omnivores) and mullets
(detritovores). Oysters (filter feeders) were included
as a 4™ group in the 2 models involving oyster cul-
ture. Macroinvertebrates were separated into Crus-
tacea, Gastropoda, Bivalvia and Annelida to allow
direct comparison with a previous model of a natural-
ized earthen pond (Gamito & Erzini 2005). The next 3
functional groups correspond to zooplankton, macro-
algae (together with periphyton) and phytoplankton.
The last functional group was the detritus group; the
software always includes this group in the models.
Feed (pellets) was defined as a detritus functional
group because it is neither a producer nor a con-
sumer, but supports the food web as a food source
(Bayle-Sempere et al. 2013), and was considered as
an import, following Ruddle & Christensen (1993).
All functional groups contribute to the detritus group
and the portion of the detritus that is not consumed is
exported out of the system or accumulated (Chris-
tensen et al. 2005).

The software enables the calculation of a pedigree
index—an index that evaluates the quality and un-
certainty of the input and output parameters included

Table 2. Input data for the fish, oysters and macroalgae (FOM) model. P: pro-
duction; B: biomass; C: consumption; U: unassimilated; Bold: values that were

kept equal in all models

in the 3 models. To estimate this index, parameters
assessed directly from experimental data, such as
biomass and P:B ratios of fish, were considered to
have high precision, while other parameters, such as
biomass and P:B ratio of phytoplankton, were classi-
fied as having low precision, since they were esti-
mated by indirect methods. The biomass in the IMTA
models used wet weight (WW) values for all func-
tional groups. Considering the small size of the
ponds and the period of time used (1 production
cycle = 8 mo), the units adopted throughout this work
weregmZ2and g m 28 mo.

2.2.2. Diet composition matrix and
estimation of production:consumption and
unassimilated:consumption ratios

Similar diet composition matrices were consid-
ered in the 3 models (FOM, FO and FM) (Table 3).
The fish diet was based on field observations and
on fatty acid and stable isotope analysis. Meagre
and seabream ate almost exclusively formulated
feed, while grey mullets ate a large variety of food
items. According to field observations, white sea-
bream was occasionally seen eating where macro-
algae/periphyton accumulate. Grey mullets were
frequently seen eating at the surface film and close
to the macroalgae surface, where periphyton and
associated macroinvertebrates develop and the
debris tend to accumulate. In the models, a large
percentage of the oyster diet (70%) relied on
phytoplankton availability. However,
some debris from uneaten feed,
together with detritus and suspended
particles, were also included in their
diet (Table 3). For the other func-

Functional Biomass in P:B C:B p:C U:C Detritus tional groups, the. dlet? included in
group habitat area (8 mo™) (8 mo™}) import Table 3 are explained in the next 2
(gm™?) (gm28mo?) subsections.
Since there was no data on the con-
1 Meagre 1116.875 1.011  2.989 0.2 0 : .
2 Seabream 204,624 1204 3181 0.2 0 §umptlon rates for grey mullets, macro
3 Mullet 186.447  0.578 0.2 0.4 0 invertebrates, oysters and zooplank-
4 Opyster 217.576  3.37 0.2 0.4 0 ton, no C:B ratios were introduced
5 Crustacea 4.416  4.93 0.2 0.4 0 for these groups. Instead, a P:C ratio of
6 Gastropoda L701 181 02 04 0 0.2 was assumed, while keeping the
7 Bivalvia 11.112 2.71 0.2 0.4 0 .
8 Annelida 25.091 5.4 0.2 0.4 0 same values in the 3 models (Table 2).
9 Zooplankton 0.918 60 0.2 0.4 0 A P:C ratio close to 0.3 represents
10 Macroalgae 45.019 27.972 0 consumption 3 times higher than pro-
and periphyton duction, which is common in smaller
11 Phytoplankton 12.405 250 0 .
12 Feed 18.879 4720 predators; lower P:C values imply
13 Detritus 19 0 higher relative consumptions (Chris-
tensen et al. 2005).
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Table 3. Input diet composition matrix. Columns state the diet of each functional

group. Column headings correspond to row headings

1 2 3 4 5 6 7 8 9
1 Meagre 0 0 0 0 0 0 0 0 0
2 Seabream 0 0 0 0 0 0 0 0 0
3 Mullet 0 0 0 0 0 0 0 0 0
4 Oyster 0 0 0 0 0 0 0 0 0
5 Crustacea 0 0.005 0.02 0 0 0 0 0.01 O
6 Gastropoda 0 0 0005 O 0 0 0 0 0
7 Bivalvia 0 0 0.01 0 0 0 0 0.01 O
8 Annelida 0 0 0.01 0 0 0 0 0.02 0
9 Zooplankton 0 0 0.1 0 0 0 0 0 0
10 Macroalgae 0 001 03 0 0.5 0.4 0 0 0
and periphyton
11 Phytoplankton 0 0 0 0.7 0.2 0 0.5 0.02 0.8
12 Feed 1 098 01 015 0.1 0.1 0.1 0.1 0.1
13 Detritus 0 0 0455 0.15 02 0.5 04 084 0.1
Import 0 0 0 0 0 0 0 0 0
Sum 1 1 1 1 1 1 1 1 1

Unassimilated food was estimated as the differ-

ence between consumption and production (Chris-
tensen et al. 2005). Those authors suggested a
default unassimilated:consumption ratio of 0.2 for
carnivorous fish, while for herbivores, such as some

zooplankton and macroinvertebrate
species, the proportion of unassimi-
lated food may be up to 0.4. Unas-
similated:consumption ratios of 0.4
were given to all functional groups
other than meagre and seabream
(Table 2).

2.2.3. Produced species: meagre,
white seabream, mullets and oysters

The average biomasses of meagre,
seabream, mullets and oysters were
estimated based on the equations pre-
sented in Tables S1 & S2 in the Sup-
plement at www.int-res.com/articles/
suppl/q012p457_supp.pdf, and the P:B
ratios were estimated as the sum of the
P:B daily ratios (see Text S1 for de-
tailed explanations of model develop-
ment). Meagre final production was
lower in the FM treatment and conse-
quently the P:B ratio was also lower
(Table 4). For the other 2 fish species,
some variations in production were
also observed, with lower production
in the FO treatment. The final fish pro-

duction was considered as total bio-
mass accumulation since they were
harvested only at the end of the exper-
iment (Table 4).

The amount of feed given varied
with the size of fish, the total fish bio-
mass in the pond, and the water tem-
perature. Since meagre and white
seabream fed almost exclusively on
formulated feed (Brito 2018, Nahon et
al. 2018), their C:B ratios were esti-
mated from the amount of feed given
(Table S3 & Text S2).

Grey mullets have a diversified diet,
eating only a small portion of the arti-
ficial feed, as found in fatty acids and
isotope analysis (Brito 2018, Nahon et
al. 2018). Since their diet is diversified,
it was not possible to estimate the C:B
ratio.

Opysters C. gigas were produced in suspended rafts

in 2 of the treatments (FOM and FO) and their
growth was followed throughout 191 d (Cunha et al.
2019a,b). Oysters were sampled regularly, and their
length and weight measured. Mortality was also

Table 4. Input parameters for the functional groups, based on experimental
data from each treatment. P:B: production:biomass ratio; C:B: consumption:bio-
mass ratio; FOM: fish, oysters and macroalgae; FO: fish and oysters; FM: fish
and macroalgae

Functional Treatment Average P:B C:B Total accu-
group biomass mulated biomass
(gm?) (gm28mo)
Meagre FOM 1116.875 1.011  2.989 1037.955
FO 1140.998 1.040 2.967 1085.117
FM 908.662  0.721  3.010 625.431
Seabream FOM 204.624 1.294 3.181 232.350
FO 182.847 1.150 3.295 189.121
FM 192,489 1.216  3.222 208.118
Mullet FOM 186.447  0.578 107.679
FO 156.459  0.305 47.703
FM 175.224  0.487 85.232
Oyster FOM 217.576  3.333 260.890
FO 131.064  1.800 200.833
Macroalgae FOM 45.019 27.972 331.3
and periphyton = FO 24.702 27.972 321.5
FM 43.015 27.972 294.0
Phytoplankton FOM 12.405 250
FO 15.125 250
FM 9.988 250
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evaluated. The daily biomass and production were
then calculated, as well as the average biomass and
P:B ratios (Table S1). The parameter estimations that
were included in the Ecopath models are summa-
rized in Table 4.

The initial biomass was similar for both treatments
(18 g m~2) but the final biomass in the FO treatment
was lower when compared to FOM (Table 2) because
mortality was higher. In both treatments, there was a
high increase in mortality when temperature rose
above 26°C (Cunha et al. 2019a). The final survival
rates were around 19 and 16 % in the FOM and FO
treatments, respectively.

2.2.4. Macroinvertebrates and zooplankton

Macroinvertebrate biomass was estimated based
on data from sampling carried out previously (May
2011 to September 2012) in the same ponds and sim-
ilar experiments (Machado et al. 2014). The inverte-
brate fauna was divided into 4 groups: Crustacea,
Gastropoda, Bivalvia and Annelida (Table 2). These
were the same groups considered previously in the
Ria Formosa (RF) model in Gamito & Erzini (20095)
and are used in the present paper for comparison.
The average density of each taxon (number of indi-
viduals m~2) was estimated and converted into bio-
mass (g m~2). For biomass estimations, the average
weights of each taxon and their P:B ratios were taken
from research carried out in RF (Sprung 1994, Gamito
1997), and conversion factors from dry weight (DW)
into WW were from Ruhmor et al. (1987) and Riccia-
rdi & Bourget (1998). Machado et al. (2014) did not
sample the invertebrates associated to macroalgae,
usually amphipods and isopods grazing on periphy-
ton, but also gastropods such as Peringia ulvae
(Winemiller 1996). These organisms were, however,
included in our macroinvertebrate functional groups,
not only in terms of biomass, by increasing the aver-
age biomass of the crustacean and gastropod groups,
but also in the diet relationships (Table 3). The same
biomasses and P:B ratios were adopted for the 3
treatments, as well as a P:C ratio of 0.20, as ex-
plained in Section 2.2.2 (Table 2).

The diet composition matrix (Table 3) for the
macroinvertebrates was built based on the feeding
relationship knowledge for the most abundant spe-
cies. The most abundant taxa sampled at the ponds
were the bivalves Abra segmentum and A. tenuis,
the polychaetes Hediste diversicolor and Capitella
sp. and the gastropod P. ulvae (Machado et al. 2014).
The bivalves Abra spp. are deposit feeders (Yonge

1949), but are considered to also be suspension feed-
ers depending on food availability (e.g. Sprung 1994,
Gamito 2008). Many deposit-feeding bivalves can
switch back and forth from suspension feeding and
deposit feeding, depending upon the conditions of
the environment (Dame 2012). H. diversicolor is
omnivorous, exhibiting a diversity of feeding modes:
carnivory, scavenging, filter feeding and deposit
feeding (Barnes 1994). Capitella sp. is a non-selec-
tive subsurface deposit feeder (Fauchald & Jumars
1979), feeding on micro-organisms, phytoplankton
and detritus. P. ulvae was considered to be a surface
deposit feeder, feeding primarily on microphyto-
benthos (mainly benthic diatoms) (Barnes 2003), and
a grazer, feeding on periphyton associated with sea-
grasses and macroalgae (Aratdjo et al. 2015 and ref-
erences therein). These feeding relationships were
included in the diet composition matrix (Table 3).

Zooplankton biomass was estimated from average
counts on species densities from previous trials in
similar cultured conditions. For each species, an
average volume and weight was calculated, based
on Wiebe et al. (1975), Uye (1982), Halliday (2001)
and Kigrboe (2013). A total biomass of 0.918 g m™
was estimated. Since there were no production esti-
mates, a P:B ratio of 60 (8 mo~!) was adopted, based
on Heip et al. (1995) and on preliminary simulations.
A P:B range of 45-150 yr‘l, for estuarine auto-
chthonous zooplankton, was reported by Heip et al.
(1995).

2.2.5. Primary producers: macroalgae and
periphyton; phytoplankton

Periphyton was aggregated with macroalgae in a
functional group, since it covered most of the macro-
algae tally and it was difficult to estimate their bio-
mass per se. Polynomial equation models were
adjusted to the biomass of macroalgae and periphy-
ton harvested during the experiments, to estimate
their average daily biomass (Table S4). According to
field worker observations, around 20 % of the macro-
algae remained in the ponds after harvesting. Like-
wise, all average estimated biomasses integrated in
the models were increased by 20%. In FO ponds,
although the total amount of macroalgae was similar
to the amount harvested in the other experiments,
the average biomass was lower than in the other 2
treatments (Table 4), due to frequent harvesting.

Evaluation of Ulva production was carried out in
treatments FOM and FM. This was done based on
the information from 6 rafts of 1 m? each (Favot et al.
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2019), giving an average P:B ratio of 27.972. This
value was included in all models.

Phytoplankton biomass was estimated based on
the monthly concentration of chlorophyll a (chl a) in
the ponds (Cunha at al. 2019a,b). The average con-
centration of chl a in the ponds varied between 13
and 20 pg 17!, or between 20 and 30 mg m2, taking
into consideration that each pond has an area of 500 m?
and a depth of 1.5 m. A conversion factor of 500 was
used to convert phytoplankton chl a to phytoplankton
biomass (WW) (Strickland 1966, Link et al. 2006,
Kasprzak et al. 2008), which resulted in phytoplankton
biomass varying between 10 and 15 g m™2 (Table 4).

A phytoplankton P:B ratio of 250 was estimated
using production values obtained in the same ponds
in 2011 and 2012. An average daily period of 7 h of
optimal light was assumed for the modeling period,
since in the Algarve there are a total of 9.75 day-
light hours per day from the end of March until the
end of November (www.temperatureweather.com/
mediterr/tempo/pt-tempo-na-portugal-faro.htm).

2.2.6. Formulated feed and detritus

The total amount of feed distributed to each pond
was about 1180 kg DW during the production cycle.
DW was converted to WW based on the factor of 1:2
obtained in laboratory observations. The total
amount of wet feed was then 2360 kg pond~!, which
corresponds to a total of 4720 g m™ 8 mo~! (Table 2),
and was included in the models as detritus import.
From the tendency function adjusted to the monthly
amount of food given per pond (Table S3), an aver-
age daily input of food was estimated as 18.834 g
m~2. Since no information on the biomass of natural
detritus was available, a value of 19 g m~2 similar to
the estimated biomass of artificial feed was assumed
(Table 2). The detritus biomass has no implications
for model balancing.

2.3. Model simulations and interpretation

The results of the simulations were compared to
previous results obtained for a model developed for a
naturalized earthen pond at RF due to the high rate
of water renewal and no artificial feed (Gamito &
Erzini 2005). The 2 sets of models were compared to
assess the effects of artificialization in the IMTA
ponds. Since the units used in the older model were
in DW, a rough conversion factor of 1:0.27 was used
to convert the old DW model into WW, the same con-

version factor adopted for fish in Gamito & Erzini
(2005). Except for the ratios, the system global statis-
tics were multiplied by 0.75, since the time of 1 pro-
duction cycle was 8 mo, instead of a year as used in
Gamito & Erzini (2005).

Some EwE statistics were selected to compare the
results of the different models, namely total system
throughput, net system production, average path
length, connectance index, system omnivory index,
ascendency, and Finn's cycling index. Total system
throughput is the sum of all flows in a system, and
includes the total consumption, total export, total res-
piration and total flows to detritus (Christensen et al.
2005). This parameter represents the size of the sys-
tem in terms of flow (Ulanowicz 1986) and therefore
is important for comparisons of networks (Chris-
tensen et al. 2005). Net system production is the dif-
ference between total primary production and total
respiration and will be large in immature systems
and close to zero in mature ones (Christensen 1995,
Christensen et al. 2005). The total primary produc-
tion:total respiration ratio approaches 1 in mature
systems, when the energy that is fixed is balanced by
the cost of maintenance (Christensen et al. 2005).
Average path length, connectance index, and system
omnivory index are related to food web organization.
The connectance index is the ratio of the number of
actual links to the number of possible links (Krebs
2013). Higher ratios would point to a more complex
web. Since this ratio is strongly affected by the level
of taxonomic detail used to represent prey groups, it
is recommended to use the system omnivory index to
characterize the web-like features (Christensen et al.
2005). This index is a measure of how the feeding
interactions are distributed between trophic levels,
being defined as the average omnivory index of all
consumers weighted by the logarithm of each con-
sumer's food intake (Christensen et al. 2005).

Ascendency, derived from information theory, is a
measure of the average mutual information in a
system, scaled by system throughput (Ulanowicz &
Norden 1990, Christensen et al. 2005). A rise in ascen-
dency would represent an increase in system size or
organization (Jergensen 2002). Finn's cycling index,
developed by Finn (1976), and expressed as a per-
centage, represents the fraction of an ecosystem's
throughput that is recycled (Christensen et al. 2005).

3. RESULTS

The final estimates of the 3 IMTA models are given
in Table 5. Fish species presented lower C:B ratios
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compared with the invertebrates, since their growth
rates and P:B ratios were also lower. The groups with
higher P:B ratios, such as invertebrates and zoo-
plankton, had a higher turnover rate and higher C:B
ratios.

The produced fish species had EE values close to 1,
since all biomass produced was accumulating in the
ponds until final harvesting (Table 5). For groups
with considerable predation, this parameter ap-
proaches 1, while low values mean that most of the
consumption is not consumed or explained by the
model (Christensen et al. 2005). Oysters had higher
EE in the FO treatment where the growth of macro-
algae was controlled. Crustaceans, such as small
amphipods and isopods, that grew preferentially
close to the surfaces of macroalgae and where the
periphyton was abundant, were consumed to almost
the limit in the FOM treatment, denoted by an EE
close to 1. The EE of gastropods, although lower,
showed a trend similar to that of the crustaceans. Bi-
valves and polychaetes had relatively low EEs. In
fact, in the models, few predators preyed upon these
groups. Zooplankton EE was close to 1 in the FOM
treatment due to the higher mullet biomass, defined
as its sole predator in the models. Even though they
were consumed by few groups, macroalgae and peri-
phyton were regularly harvested, which increased
the EE, and this was more evident in the treatment
FO where this practice was regular. In the FOM
treatment, the phytoplankton EE was close to 1, sug-
gesting that oysters were consuming most of the
phytoplankton production. The lower phytoplankton
EE values in the FM and FO treatments (0.13 and
0.31) indicates that most of the phytoplankton pro-

duction was not being consumed despite the pres-
ence of oysters in the FO treatment. In the FOM and
FO treatments, almost all formulated feed was con-
sumed. In the FM treatment, since meagre did not
grow well, the total amount of fish biomass was not
enough to consume all the distributed feed.

The estimated P:C ratios of meagre and seabream
varied between 0.24 and 0.41 (Table 5). Higher ratios
indicate lower consumption for the same production,
or a higher efficiency in converting feed into accu-
mulated biomass. In the FM treatment, meagre grew
less but had the same amount of available food and
a similar C:B ratio. The P:C ratio of meagre de-
creased to 0.24 in that treatment due to the signifi-
cant decrease in the final production of this species.

In the IMTA experimental ponds, the trophic web
was very simplified since the potential top preda-
tors were fed artificial pellets (Fig. 1). The highest
trophic levels were observed in the mullets and
annelids. Both groups fed on several items, com-
pared with meagre and bream, which only ate arti-
ficial feed. In the RF water pond model (Gamito &
Erzini 20095), the trophic food web had higher diver-
sity and a higher number of connections, when
compared to our IMTA models. The functional
groups were spread over several trophic levels,
from the lowest level, that included primary pro-
ducers and detritus, to the higher trophic levels of
3.4 attributed to the pelagic-benthic fish feeders,
and 3.2 and 3.3 attributed to Sparus aurata and
Spondyliosoma cantharus, respectively (Fig. 2). In
the IMTA ponds, the biomass accumulated in the
produced species (the 3 fish species and the oys-
ters), while in the natural system, it spread over the

Table 5. Basic estimates of integrated multi-trophic aquaculture (IMTA) Ecopath models, in bold. Non-bold numbers are input
values. FOM: fish, oysters and macroalgae; FO: fish and oysters; FM: fish and macroalgae

Functional Trophic —Consumption:biomass— Ecotrophic Production:consumption
group level (8 mo™?) efficiency (8 mo™?)

FOM FO FM FOM FO FM  FOM FO FM
Meagre 2 2.989 2.967 3.010 0.919 0.914 0.955 0.338 0.351 0.240
Seabream 2.005 3.181 3.295 3.222 0.881 0.899 0.889 0.407 0.349 0.377
Mullet 2.145 2.890 1.525 2.435  0.999 1.000 0999 0.2 0.2 0.2
Oyster 2 16.645 9.000 0.358  0.851 0.2 0.2
Crustacea 2 24.650 24.650 24.650 0.958 0.670 0.847 0.2 0.2 0.2
Gastropoda 2 9.050 9.050 9.050 0.876 0.387 0.693 0.2 0.2 0.2
Bivalvia 2 13.550 13.550 13.550 0.405 0.305 0.368 0.2 0.2 0.2
Annelida 2.041 26.20 26.20 26.20 0.140 0.118 0.131 0.2 0.2 0.2
Zooplankton 2 300.00 300.00 300.00 0.979 0433 0.775 0.2 0.2 0.2
Macroalgae and periphyton 1 0.445 0.628  0.402
Phytoplankton 1 0.912 0.306 0.133
Feed 1 0.974 0.912 0.744
Detritus 1 0.332 0.177  0.156
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FO and FM, but still 142 times higher
than the RF model. Total biomass
(excluding both detritus groups) was
much higher in the IMTA systems, 57
and 53 times more for the 2 treat-
ments that included oysters (FOM and
FO) and 43 times higher in the FM
treatment, when compared with the
RF model. The total primary produc-
tion:total respiration ratio was higher
than in the RF model, varying from

Zooplankton

L d
Detritus

Fig. 1. Food web structure in the fish, oysters and macroalgae (FOM) treat-

ment model. The 3D volume represented by each circle is proportional to the

average biomass of the functional group. Numbers = trophic levels. Blue: fish;

pink: oysters; red: macroinvertebrates; orange: zooplankton; green: primary
producers; grey: detritus groups
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Fig. 2. Food web structure at a Ria Formosa water pond, with comparable
environmental characteristics to the ones found at the lagoon tidal channels
(based on Gamito & Erzini 2005). Functional fish groups: pelagic and benthic
feeders, Spondyliosoma cantharus, benthic invertebrate feeders, Sparus aurata,
planktonic feeders, small pelagic-benthic feeders, detritivorous fish. Macro-
invertebrate groups: Crustacea, Gastropoda, Bivalvia and Annelida. The 3D
volume represented by each circle is proportional to the average biomass of
the functional group. Numbers = trophic levels. Colours as in Fig. 1. ff: feeder
fish; f: fish; b-p ff: pelagic-benthic feeder fish

1.51 to 1.58 in the FM and FO models,
while in RF it was 1.01. In the FOM
model, this ratio was 1.10, which ap-
proaches the value observed in the RF
model. Moreover, in the 3 IMTA
ponds, the total number of pathways
and the average trophic length were
much lower, which confirms a chain
food structure, compared to the web-
like structure of the RF, which had
>1300 connections and a higher aver-
age path length. All other indicators
included in Table 6 point to lower val-
ues in the IMTA models when com-
pared with the RF model, except for
ascendency, which was higher than
in the RF model. Ascendency was
around 50% in the 3 IMTA models
and 24 % in the RF model.

The connectance index was around
0.3 in the IMTA ponds and 0.4 in the
RF model, indicating a less complex
web in the IMTA system. Since this
ratio is strongly affected by the level of

different trophic levels, with high expression on the
primary consumers, the benthic invertebrates.
Total system throughput, which represents the
size of the system in terms of flow (Ulanowicz 1986),
was much higher in the IMTA systems with oysters
(Table 6). The total amount of energy throughput in
the 4 models could be compared after converting DW
into WW in the RF model. In that natural system, the
total system throughput was about 15 to 17 times
lower than in the IMTA models. Net system produc-
tion corresponds to the difference between total pri-
mary production and total respiration. Compared to
the natural system (RF), the FO and FM models in the
present study showed higher net system production
values, by more than 580 and 430 times respectively,
while in the FOM model it was much lower than in

taxonomic detail used to represent

prey groups (Christensen et al. 2005),
the system omnivory index was also used to charac-
terize the web-like features. The system omnivory
index varied between 0.019 and 0.025 in the IMTA
ponds and was 0.092 in the RF model. Both indexes
pointed to a more complex food web in RF then in the
IMTA ponds. Finn's cycling index, which represents
the fraction of an ecosystem's throughput that is
recycled (Christensen et al. 2005), varied between
2.5 and 4.5% in the IMTA ponds, and was 30% of
total throughput in RF.

The Ecopath pedigree is an index that evaluates
the quality and uncertainty of the input and output
parameters. All IMTA models had high data quality,
since most of the parameters are from observed real
data, which is reflected in a high pedigree index of
0.65 for the FOM and FO models (Table 6). In the FM
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Table 6. Summary statistics for the 4 Ecopath models. FOM: fish, oysters and
macroalgae; FO: fish and oysters; FM: fish and macroalgae; RF: Ria Formosa

tured and consumed. Consequently,
none of these species consumed other

natural pond (based on the model in Gamito & Erzini 2005)

fish or macroinvertebrates. The trophic

web was therefore very simplified, of a
FOM  FO FM RF linear type, with only 17 to 18 path-
B _ ways and an average path length of
Total system throughput (g m™ 8 mo™) 25845 24257 22601 1553 .

Net system production (g m™ 8 mo™) 406 1660 1256  2.86 2.6, when compared with the natural
Total biomass (excluding detritus) (g m™ 8 mo™!) 1827 1697 1374 31.88 RF pond, which has an estimated
Total primary production:total respiration ratio ~ 1.103  1.582 1.511  1.009 number of pathways of about 1300 and
Total number of pathways 18 18 17 1308 an average path length of almost 6
Average path length 2.611 2.611 2.647 5.964 (Table 6). Other organisms, such as

Connectance index 0.284 0.283 0.310 0414 !
System omnivory index 0021 0019 0025 0.092 the macroalgae, could be an important
Ascendency (%) 48.39 4920 50.36 23.76 resource of the multi-trophic ponds
Finn's cycling index (% of total throughput) 4.521 2588 2.483 30.09 and are an essential substrate for peri_
Ecopath pedigree 0.650 0650 0611 phyton and small invertebrate fauna.

model, the pedigree index was slightly lower. In this
model, one of the groups with precise estimates, the
oysters, was not included, which consequently in-
creased the effect of the groups with approximate
estimates.

4. DISCUSSION

The 3 IMTA treatments used a multi-trophic pro-
duction approach by introducing different trophic
groups into the same ponds in order to recycle the
introduced energy in the system. Wild meagre Argyro-
somus regius usually feed on other fish such as
atherinids, mugilids and clupeids (Costa 1991), having
an estimated trophic level of 4.29 (Froese & Pauly
2019). White seabream Diplodus sargus has a similar
feeding behavior to Sparus aurata, being considered
an omnivore that feeds on algae, shellfish and other
benthic invertebrates, with an estimated trophic level
varying between 3.24 and 3.38 (Rosecchi 1987, Sala
& Ballesteros 1997, Froese & Pauly 2019). These 2
fish species in the IMTA pond model reached a
trophic level of just 2 (Table 5), since they fed mostly
on artificial food. Nevertheless, the estimated P:C
ratio for meagre and bream was around 0.3, which
indicates they were consuming high-quality food.
These fish ate daily lower amounts of food biomass
than they would likely need to consume in the wild.

In these ponds, the macroalgae and oysters were
not consumed by any trophic group, although they
may also have been a profit source for the aquacul-
ture system. In a natural system, other organisms
would have consumed those groups. Furthermore,
most of the cultivated fish species had high-quality
food permanently available, which was easily cap-

Periphyton and associated fauna can

be an important feeding source for fish
such as mullets (Jana et al. 2004). The regular clean-
ing up of macroalgae may have a negative impact on
these invertebrates and possibly on fish that prey
upon them. Furthermore, macroalgae also help to
absorb and reduce the excess nutrients in the ponds,
and to oxygenate the water.

The ecotrophic efficiency (EE) values of the aqua-
cultured species were close to 1, indicating that the
ponds were close to the maximum capacity. The car-
rying capacity of the system was already artificially
raised by the addition of formulated feed and by
increasing water renewal rates and aeration periods.
Since the phytoplankton was not completely con-
sumed, the system could possibly have supported
more oysters, but that could cause a shortage of food
for zooplankton. In the ponds where the macroalgae
were not present in high abundances (FO model),
there was lower competition for nutrients and the
phytoplankton abundance increased, which may ex-
plain the lower EE in comparison to the FOM model.
In addition, the biomass of oysters was higher in the
FOM model. It is important to note, however, the
very low EE of the phytoplankton group in the FM
model, which indicates that the majority of this pro-
duction was not being used by the system. The detri-
tus group also showed low EE values, which indicates
that there were not enough organisms consuming it
and therefore it accumulated in the ponds. In fact,
once a week, the floor of the ponds was purged, to
allow the release of the accumulated organic matter
to the settling pond.

The net system production is usually high in early
developmental ecosystem stages and close to zero in
mature ones (Christensen 1995). According to this
author, systems with large imports may have a nega-
tive system production. However, in our IMTA ponds,
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the large quantities of artificial feed imported allowed
the development of high biomasses of all trophic
groups, including the primary producers, mainly of
phytoplankton, increasing the difference between
total primary production and total respiration, and
consequently of the net system production. In addi-
tion, the ratio between these 2 parameters (total pri-
mary production:total respiration) was >1, reflecting
the immature nature of these systems compared with
the RF model, or the degree of their artificialization.
In the RF pond, this ratio approached 1, which indi-
cates a '‘mature’ system, where the energy that is
fixed is approximately balanced by the cost of main-
tenance (Christensen et al. 2005, Gamito & Erzini
2005). In the FOM model, the ratio was lower than in
the other 2 IMTA models, approaching 1, which can
indicate an optimization of the resource utilization in
this treatment. Due to the large import of energy,
total biomass (excluding both detritus groups) was
much higher in the artificialized systems, when com-
pared with the RF model.

The higher value of the connectance index in the
RF model confirms a more mature system with a
web-like chain, compared to more simple and linear
trophic relationships among the functional groups in
the IMTA ponds. The food chain is expected to
change from linear to web-like as the system matures
(Odum 1969, 2004, Christensen 1995, Manickchand-
Heileman et al. 2004). The system omnivory index
confirms these conclusions. This index has larger val-
ues when the consumers feed on many trophic levels
(Christensen et al. 2005).

Ascendency was higher in the 3 IMTA models,
almost double the value observed in the RF model.
Ulanowicz (1980) defines ascendency as an index
that quantifies both the level of system activity and
the degree of organization with which material is
being processed in ecosystems. A rise in ascendency
corresponds to an increase in system size or organi-
zation (Jergensen 2002). However, more eutrophi-
cated systems, such as the IMTA ponds, may also
show higher ascendency values, due to an overall
increase of activity of the system that compensates a
decrease in its developmental stage (Ulanowicz
2000). Finn's cycling index was much higher in the
RF natural system, indicating a higher resilience to
external disturbances. This index indicates the frac-
tion of an ecosystem's throughput that is recycled
and is strongly correlated with system maturity, resil-
ience and stability (Christensen et al. 2005). There-
fore, the low values of Finn's cycling index, of about
2.5 to 4.5% of total throughput, in the 3 IMTA mod-
els, compared with the 30% observed in the RF

model, indicate very low organic matter recycling
and consequently low ecosystem maturity and low
resilience and stability.

Most of the data introduced in the models were of
high quality. There were precise estimates of bio-
mass and P:B ratios of most of the functional groups,
as well as of the diet composition. The pedigree
index—an index that evaluates the quality and
uncertainty of the input and output parameters—
was 0.65, a value comparable to other published
models. For example, Deng et al. (2015) estimated a
pedigree of 0.61, and Morissette et al. (2006) esti-
mated an average value of 0.651, values that both
groups of authors considered higher than the aver-
age. In fact, Morissette (2007), based on 50 ecosys-
tem models, estimated an average pedigree of 0.44.

The 3 IMTA models expressed the ecosystem state
differences of a multi-trophic semi-intensive system
from a naturalized ecosystem, due to the high intro-
duction of energy through the artificial feed added
and increased aeration necessary to sustain the ele-
vated biomass of the produced organisms. The FM
model had only 12 functional groups compared with
the 13 groups included in the other IMTA models,
since no oysters were produced. In this treatment,
the total biomass throughput was lower, although the
same amount of formulated feed was given. Some
resources were not used so intensively, notably the
phytoplankton, which is reflected by the lower EE of
this group (Table 5). In addition, phytoplankton con-
centration was lowest in this treatment.

EwE has been used to describe some aquaculture
systems such as the effect of cage aquaculture in
food web structure and fisheries (Bayle-Sempere et
al. 2013), the carrying capacity of shellfish culture
(e.g. Byron et al. 2011) or other IMTA aquaculture
systems such as the agro-ecological aquaculture
integration in a river delta in Vietnam (Phong et al.
2010) or in a mangrove polyculture system of Pearl
River Delta, China (Xu et al. 2011). In the present
IMTA experiments, it was possible to build EwE
ecosystem models, with information of high quality,
mostly derived from direct observations and sam-
pling in the experimental ponds. The comparisons of
the simulation from the IMTA models with the simu-
lations of a naturalized pond in the same lagoon sys-
tem, the RF, shows the effects of making the system
more artificial and of intensification of production. A
great quantity of energy is added to the system,
which allows a high production of fish and bivalve
biomass. The ecosystem is extremely simplified,
shifting from a food web to a food chain, and the re-
cycling of organic matter is low. The high concentra-
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tion of biomass and low recycling demands high
rates of water renewal and aeration to maintain water
quality.

Among the 3 treatments, the addition of oysters in
the multi-trophic system was an advantage, since
they consumed the high-density phytoplankton avail-
able. Furthermore, the maintenance of high con-
trolled densities of macroalgae and periphyton was
also an advantage, as it increased nutrient absorp-
tion but also created habitat for macroinvertebrates
which help to recycle organic matter and transfer
energy to higher trophic levels. In the FOM treat-
ment, with oysters and macroalgae, some ecosystem
attributes approached the values of the naturalized
RF model, suggesting a possible way towards more
sustainable aquaculture.
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