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Editorial

Integrated Aquaculture and Monoculture of Low-Trophic
Species

Wagner C. Valenti 1,* and Eduardo Luis Ballester 2,*

1 Aquaculture Center, São Paulo State University (UNESP), Jaboticabal 14884-700, SP, Brazil
2 Aquaculture and Sustainable Development Post-Graduation Program, Federal University of Paraná,

Palotina 85950-000, PR, Brazil
* Correspondence: w.valenti@unesp.br (W.C.V.); elcballester@ufpr.br (E.L.B.)

Aquaculture is undoubtedly a critical sector for satisfying the needs of a growing
human population and meeting the Sustainable Development Goals of Agenda 2030. Nev-
ertheless, some current paradigms should be changed to match the sustainable production
of aquatic organisms. To improve sustainability, the linear economy model should move to
a circular economy, and low-trophic-level species should replace high-trophic-level species
monoculture.

Combining species with complementary ecosystemic functions and requirements in
the same culture allows for more efficient production systems. In this way, developing
integrated multi-spatial, multi-niche, or multi-trophic aquaculture (IMTA) may be a solu-
tion. Innovative systems associating autotrophic organisms, microbes, and suspension and
deposit feeders with manufactured-diet-fed species may improve the efficiency of using
natural resources and the circularity. In integrated systems, the co-products, frequently
classified as worthless wastes in monoculture, are used as supplies to produce other species
instead of being discarded into the environment.

On the other hand, farming low-trophic species (LTS) in monoculture and integrated
culture is more environmentally efficient than farming high-trophic-level ones. Low-trophic
species in aquaculture are defined as the primary producers (algae and aquatic plants),
primary consumers (herbivorous and detritus feeders), and other animals that feed mainly
on plankton and small benthic invertebrates. Many detritivorous species use more nutrients
from bacteria, fungi, algae, and invertebrates than from dead particulate organic matter.

This Special Issue introduces different insights into how aquaculture can benefit from
integrated systems, as well as the culture of low-trophic species. Freshwater prawns
and bivalve filtering mollusks have emerged as a great alternative to produce human
food using natural or cheap feed sources. However, the availability of seeds may be a
constraint. Vetorelli et al. (article 1) evaluated the intensification of hatchery systems for
the Amazon river prawn, Macrobrachium amazonicum, which has shown great potential
for monoculture or IMTA systems. The results showed that M. amazonicum tolerates high
intensification in the recirculating hatchery, which can boost seed production. Sühnel et al.
(article 2) evaluated different stocking densities and different algal diets in a fluidized bed
bottle nursery system for the oysters Crassostrea gasar and Crassostrea gigas. The results
demonstrated that the production costs and time to oyster growth can be improved in
this type of system. In addition, regarding seed supplies, Crisóstomo et al. (article 3)
evaluated the conditioning of Argopecten purpuratus broodstock; here, the seed quality
indicators used by the authors were slightly lower compared to the broodstock kept in the
natural environment. However, the study showed the importance of further optimizing the
broodstock conditioning aspects, allowing more predictable and sustainable production to
ensure permanent seed supplies.

The biofloc technology (BFT) used for LTS in both monoculture and integrated culture
was primarily investigated. In their first paper, Carvalho et al. (article 4) explored how
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the integration of different species in BFT can lead to more sustainable aquaculture; they
evaluated the growth and nutrient absorption of the macroalgae Ulva lactuca when culti-
vated in an integrated system with Penaeus vannamei and Oreochromis niloticus. The results
revealed an increase in macroalgae biomass, increased nitrate and phosphate removal, and
superior water-quality parameter maintenance, demonstrating the viability of macroalgae
cultivation integrated into BFT systems. These results were confirmed in a second study
conducted by the same team (Carvalho et al., article 5), in which they determined that
the concentrations of total suspended solids in an integrated culture of U. lactuta and
P. vannamei did not affect the macroalgae growth or shrimp performance, showing that
macroalgae may be used for nitrate absorption. In another study, Rind et al. (article 6)
evaluated using different carbon sources in BFT for Nile tilapia and determined that tapioca
flour improved the water quality, fish growth, the status of hematology, immunity, and the
antioxidants in fish juveniles. In addition, in a BFT system, Costa et al. (article 7) demon-
strated that the oyster Crassostrea gasar can act as a suspensivorous feeder; however, the
suspended solids must be kept at concentrations below 200 mg/L to achieve the best results.
All these studies demonstrated that even in intensive systems, such as BFT, combining
species with different functions can bring benefits and improve production sustainability.

Accessing circular economy practices, Checa et al. (article 8) used bioremediation
and efficiency indicators to evaluate the circularity performance of four IMTA trials in
three aquaculture facilities established in Ireland, Brazil, and South Africa. Salmon, white
shrimp, tilapia, abalone, and sea urchins were studied and cultivated together in various
combinations with several low-trophic species in these IMTA trials to evaluate the im-
provement in circularity compared with the corresponding monoculture conditions. The
results showed an increase in the circularity of up to 90% in terms of water recirculation,
as well as bioremediation, which was improved by 80–90%, providing evidence for the
potential role of IMTA in the circularity transition. To control biofouling in the cages of
IMTA systems, Montgomery et al. (article 9) examined the use of California sea cucum-
bers (Apostichopus californicus) on cages containing adult Chinook salmon (Oncorhynchus
tshawytscha) at a commercial farming operation. The results showed that the sea cucumbers
actively fed on the biofouling but preferred to consume uneaten feed/feces at the bottom of
the cages. Biofouling control in cages would likely be possible with a higher density of sea
cucumbers. These results may contribute to developing a management framework for sea
cucumber/salmon integrated multi-tropic aquaculture. Studying another bioremediator
species in integrated systems, Hou et al. (article 10) investigated the effects of farming the
snail Bellamya purificata at different stocking densities on the algal and fungal communities
in sediment. The results showed that B. purificata at a low stocking density might enhance
the resource utilization efficiency and minimize the environmental pollution.

Most of the freshwater fish farmed worldwide have a low-trophic status. Lima et al.
(article 11) explored the use of fertilization to supplement the diet of tambaqui (Colossoma
macropomum), the principal native fish farmed in South America. Their results showed
that tambaqui can thrive by alternating between natural food sources and commercial feed
without any growth change. This suggests that tambaqui is well-suited for farming in
restorative and integrated aquaculture systems as well as in intensive systems that rely on
commercial feed.

The culture of filtering mollusks is expanding in the West Hemisphere. Iitembu
et al. (article 12) explored regional variations in oyster production techniques, market
dynamics, and consumption patterns across seven Atlantic regions. The results showed
that Crassostrea gigas is farmed in most Atlantic regions, except the USA, and that the
financial challenges for small businesses, the ecological implications of seed production
techniques, the biosecurity risks, and public health considerations are critical areas for
attention. This study introduces valuable information for policymakers, aquaculture
practitioners, and stakeholders in optimizing global shellfish industry strategies.

We are sure that the contents of this Special Issue represent an essential contribution
to the culture of low-trophic species, mainly in integrated systems. This entails changes in
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the current paradigms, moving aquaculture toward a more conservative and restorative
production process. In addition, it allows aquaculture development according to the
circular economy model. In this way, aquaculture can contribute to reaching the Sustainable
Development Goals of Agenda 2030.

Conflicts of Interest: The authors declare no conflicts of interest.
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Intensification of Amazon River Prawn Hatchery

Michelle Pinheiro Vetorelli 1,*, Laurindo André Rodrigues 2, Janaina Mitsue Kimpara 3

and Wagner C. Valenti 4
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4 Aquaculture Center, São Paulo State University, Jaboticabal 14884-900, SP, Brazil; wcvalenti@gmail.com
* Correspondence: michellevetorelli@ufgd.edu.br

Abstract: The effects of the intensification on the performance of the Amazon River prawn hatchery
carried out in a simple recirculation system were investigated. Newly hatched larvae were stocked in
120 L tanks at 80, 100, 120 and 140 larvae L−1 in a closed recirculating system. The experiment used a
randomized block design with five replicates. An exponential equation was adjusted to express the
relationship between the stocking density and productivity (postlarvae L−1). The development, larval
quality, survival and postlarval (PL) dry weight did not significantly differ among the treatments
(p > 0.05). When 80 larvae were stocked, the productivity (54 ± 11 PL L−1) was lower than those
at higher densities (p < 0.05). Stocking 120 and 140 larvae L−1 resulted in higher productivities
(75 ± 18 and 80 ± 17 PL L−1, respectively) with a lower use of Artemia nauplii to produce each
postlarvae (~1200 Artemia nauplii PL−1). The maximum mean M. amazonicum postlarval production
estimated by the exponential model was 93 PL L−1. This means that despite the increase in stocking
density, productivity tends to stabilize. The results showed that M. amazonicum tolerates high
intensification in recirculating hatchery systems based on a crushed shell bed biofilter, and the
intensification optimizes Artemia use.

Keywords: stocking density; productivity; recirculation system; larviculture; Macrobrachium amazonicum;
Artemia nauplii

Key Contribution: M. amazonicum postlarvae can be produced in simple RAS systems stocked at
100 to 140 larvae L−1, and productivity may reach around 93 PL L−1 in about 20 days. As the culture
intensifies, the use of Artemia nauplii per production unity is reduced by ~20%.

1. Introduction

Aquaculture may play an essential role in reaching the Sustainable Development
Goals defined in Agenda 2030 [1]. Thus, more sustainable aquaculture systems should
be implemented as a form of nature-positive food production that serves the people and
the planet. The use of native low trophic species (LTSs) and integrated multitrophic
aquaculture (IMTA) systems has been considered more environmentally sustainable than
the culture of exotic or high trophic level species and monocultures [2]. Native species
showed a lower impact on surrounding biodiversity; LTSs generally fed on detritus and
small natural biota, recovering organic matter to trophic webs; and IMTAs use the wastes of
one species to feed others, according to the principles of the circular economy. The Amazon
River prawn, Macrobrachium amazonicum, is a LTS widely distributed in rivers and lakes of
South America [3–5]. This species has been primarily exploited by artisanal fisheries [6,7]
and has great potential for use in aquaculture [8,9]. The Amazon River prawn has been
demonstrated to adapt very well to IMTA systems [10–12]. There is a large local market for
M. amazonicum, mainly in the Amazon and northeastern Brazil [3,6].

Fishes 2024, 9, 82. https://doi.org/10.3390/fishes9030082 https://www.mdpi.com/journal/fishes4
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An essential constraint to producing native LTS organisms is the lack of seed availabil-
ity [13]. Therefore, developing hatchery technology to provide the postlarvae of M. amazon-
icum for sustainable grow-out farms is relevant. Prawn larviculture is generally performed
in recirculating aquaculture systems (RASs) [8]. These systems are more conservative of
water and heat, generate fewer effluents than flow-through systems and are less exposed
to climate changes. However, they are more expensive to set up and manage than most
aquaculture systems.

An RAS is an intensive aquaculture that uses about 1 to 10% of the water used in
conventional aquaculture systems and allows for the total control of water variables and
effluents [14]. Generally, intensification has been associated with unsustainable systems;
however, intensification may be a way to save financial and natural resources and decrease
the harmful effluents per unit of product. Additionally, job positions may be created if
planned accordingly. High productivity is essential to reduce unit production costs. The
challenge is finding the intensification level that maximizes productivity and increases job
positions while minimizing costs and the environmental impact.

Increasing intensification leads to an increasing stocking density. It depends on the
carrying capacity of the system [15] and the intrinsic characteristics of the cultured species.
High densities may increase the levels of ammonia and intraspecific competition, which
may result in low animal welfare, poor growth, survival and production. Low stocking
densities may result in lower productivity. Therefore, it is essential to know the effect of
the levels of intensification on the water quality and prawn development to define the best
stocking densities. Papers that have focused on the stocking densities of the freshwater
prawn M. rosenbergii in the larviculture phase were found in the literature [16–18]. However,
for M. amazonicum, intensification has only been studied in the nursery [19–21] and grow-
out [6] phases. Considering the above rationale, the objective of this paper was to evaluate
the effect of the intensification of an M. amazonicum hatchery performed using simple and
cheap recirculating aquaculture systems.

2. Materials and Methods

2.1. Experimental Conditions

Intensification was evaluated based on the increase in the larval stocking density in
the rearing tanks. This experiment was set up according to a randomized block design
with four treatments (stocking densities) and five replicates. The tested stocking densities
were 80, 100, 120 and 140 larvae L−1. The evaluated variables were the larval development,
larval quality, Artemia nauplii utilization, survival, metamorphosis rate, productivity, dry
weight and average maximum productivity.

The Macrobrachium amazonicum larvae were obtained from females maintained in
earthen ponds in a semi-intensive system. This stock was generated by animals from a
diadromous population captured in Pará State (01◦13′25′′ S, 48◦17′40′′ W) in 2001, and it
has been maintained for research purposes since then. Females with transparent eggs were
collected and placed into larval hatching tanks (70 female m−2). The water was maintained
at a salinity of ~5, a temperature of ~29 ◦C and with constant aeration.

After hatching, all the larvae were counted and transferred to rearing tanks at densities
of 80, 100, 120 and 140 larvae L−1. Larvae were reared in 120 L cylindrical tanks with conical
bottoms and under a closed recirculation aquaculture system (RAS) [8]. Crushed shell bed
biofilters with 30 L (25% of that of the rearing tanks), provided with a heater and intense
aeration were used for each tank. The water was moved via an air-lift pump and the recir-
culation rate was about 24 times per day. Larvae were fed beginning on the 2nd day with
newly hatched Artemia nauplii supplied “ad libitum” in the afternoon (17:00 h). A moist inert
diet (egg-custard-based; see Mallasen and Valenti [22] for composition) was supplied from
the 9th day after stocking twice a day (at 8:00 h and 11:00 h). The feeding rate was adjusted
daily and corresponded to consumption. The temperature (◦C), water recirculation rate
(% day−1), total ammonia nitrogen (TAN, mg L−1) and nitrite concentration (N-NO2 mg L−1)
were monitored daily. The dissolved oxygen (DO, mg L−1) and DO saturation (%), salin-
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ity and pH were monitored weekly. Nitrogen compounds were analyzed using colori-
metric tests. The dissolved oxygen was determined using a YSI Model 55 oxygen meter
(Yellow Springs Instruments Co., Inc., Yellow Springs, OH, USA), and the salinity and pH
were measured using a YSI Model 63 digital pH meter (Yellow Springs Instruments Co., Inc.,
Yellow Springs, OH, USA). The mean and standard deviation of the variables for each treat-
ment are presented in Table 1. The photoperiods were kept constant at 12:12 h (light:dark)
with ~1000 lux.

Table 1. Water data (means ± standard deviations) obtained during Macrobrachium amazonicum
larviculture at different stocking density treatments. The means did not significantly differ (p > 0.05).
TAN = total ammonia nitrogen; DO = dissolved oxygen.

Variables
Stocking Density (Larvae L−1)

80 100 120 140

Temperature (◦C) 29.8 ± 0.1 29.8 ± 0.1 29.9 ± 0.1 29.9 ± 0.1
Recirculation rate (% day−1) 22.4 ± 0.4 25.0 ± 6.0 21.5 ± 2.9 22.5 ± 3.5

TAN (mg L−1) 0.23 ± 0.02 0.23 ± 0.02 0.24 ± 0.07 0.25 ± 0.05
N-NO2 (mg L−1) 0.05 ± 0.01 0.05 ± 0.01 0.05 ± 0.03 0.04 ± 0.01

DO (mg L−1) 7.84 ± 0.17 8.08 ± 0.15 7.83 ± 0.60 7.84 ± 0.13
DO Saturation (%) 103.3 ± 4.0 106.3 ± 1.1 103.1 ± 4.6 106.8 ± 4.4

Salinity 10.2 ± 0.4 10.4 ± 0.5 10.1 ± 0.2 9.9 ± 0.4
pH 7.71 ± 0.56 7.71 ± 0.58 7.76 ± 0.56 7.75 ± 0.53

2.2. Larval Stage Index and Larval Condition Index

Samples containing 10 larvae were taken from each tank, and analyses of the larval
stage index (LSI) and larval condition index (LCI) were performed using stereomicroscopy
every two days. Larval stages were identified according to Guest [23]. The LSI was
determined using the weighted average method described by Manzi et al. [24]:

LSI =
(
∑ Si × ni

)
N−1, (1)

in which: Si is the larvae PL−1 stage (I = 1–10), ni = number of animals in stage Si, and
N = total number of animals observed.

The LCI was determined following the criteria developed by Tayamen and Brown [25]
for M. rosenbergii adapted to M. amazonicum. The criteria for determining the condition
index for evaluating larval quality were the gut fullness, gut lipid content, pigmentation,
body coloration, setation, muscle-to-gut ratio, abdominal muscle appearance, melanization,
fouling organisms, the photopositive response between stage I and V, and, between stage VI
and IX, swimming behavior was added. Each criterion was given a score, where 0 = poor,
1 = fair, and 2 = excellent.

2.3. Use of Artemia nauplii

The feed ratios are expressed as the Artemia nauplii density in the rearing water
(nauplii mL−1 day−1). The estimated use of nauplii mL−1 was obtained daily. Feeding was
monitored by estimating the concentration of nauplii mL−1 using a 5 mL pipette (mean
of five replicates). After 24 h, another estimation was conducted to quantify the amount
of remaining nauplii inside the tank. The daily Artemia consumption, in nauplii mL−1

concentration, was obtained by subtracting both these values for each treatment. The mean
value of the five samples was then multiplied by the volume of water in the tank to estimate
the total number of nauplii in the tank.

As we had a single cohort inside the tanks, no mass mortality was observed during
the experiment, and survival was high, it is reasonable to suppose that the mortality rate
was almost constant [26]. Thus, we can compute the instantaneous mortality rate (m), using
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the number of prawns stocked (N0) and harvested (NT), and the culture duration (T, in
days) as Equation (2):

m = ln(NT/N0)/T, (2)

Then, based on Wineliller and Dailey [27], we determined the populational decline
curve for each tank as Equation (3):

Nt = N0e−mt, (3)

in which: Nt = number of prawns inside the tank at time t (in days). This equation was
determined for each replicate and used to estimate the daily larvae quantity inside the tanks.

The individual use of prey (nauplii larval day) was obtained by dividing the total
number of nauplii consumed per day by the number of larvae in the tank on that day. The
number of Artemia nauplii per postlarvae (PL) was obtained by dividing the total number
of nauplii used per tank during the entire culture by the number of PLs produced.

2.4. Survival, Metamorphosis Rate, Productivity and Dry Weight

The end of the experiment occurred 21, 19, 20, 20 and 20 days after stocking in blocks
I, II, III, IV and V, respectively. All larvae and postlarvae (PL) were collected and counted
individually. The variables determined were the survival of the larvae and postlarvae (%),
metamorphosis rate in postlarvae (% PL), productivity in postlarvae (PL L−1) and postlar-
vae dry weight (mg).

To determine the postlarvae dry weight, PL samples from all replicates in each treat-
ment were taken, rinsed in distilled water, dried on filter paper and transferred to aluminum
cartridges at predetermined weights. The cartridges containing the PL were dried (60 ◦C)
for 24 h and kept inside the desiccator for at least two hours. Then, the cartridges were
weighed on an analytical scale (Mettler Toledo AT21, accuracy 1 μg). Ten replicates for each
tank were weighted.

To express the relationship between the stocking density and productivity, an expo-
nential Equation (4) was adjusted:

P = Pmax

[
1 − e−k(D−D0)

]
, (4)

where P = the productivity of postlarvae L−1, Pmax = the maximum average productivity
of postlarvae L−1 that can be obtained in this system, e = base of natural logarithms,
D = the stocking density, K and D0 = constants.

2.5. Statistical Analyses

The larval stage index, larval condition index, nauplii Artemia used by tank (nau-
plii mL−1 day−1), nauplii Artemia used by larvae and postlarvae (nauplii larvae−1 and
nauplii postlarvae−1), survival, metamorphosis rate, productivity (PL L−1) and weight
were expressed as the mean ± standard deviation. Percentage data were normalized via
arcsine transformation before statistical analyses. All data were subjected to normality
(Cramer–von Mises) and variance (Levene’s homoscedasticity test) tests. As no deviations
were observed, data were subjected to an analysis of variance (one-way ANOVA). When
significant differences (p < 0.05) were detected, treatment means were compared by the
Tukey–Kramer test. All the statistical analyses were performed based on Sheskin [28],
using a Statistical Analysis System (SAS Institute, Inc., Cary, NC, USA, version 9.0). The
regression between stocking density and postlarvae productivity was determined using
Excel® Version 2401/2023 (Microsoft Corporation, Redmond, WA, USA).

3. Results

The intensification of the M. amazonicum hatchery did not affect the larval development
or quality (p > 0.05). The LSI did not differ among the treatments with different stocking
densities during the rearing cycle (Table 2). The larval condition index (LCI) showed
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random variation throughout the rearing cycle above 1.6 and did not differ among stocking
densities. The mean LCIs were 1.70 ± 0.12, 1.71 ± 0.09, 1.72 ± 0.09 and 1.70 ± 0.09 for the
80, 100, 120 and 140 larvae L−1 treatments, respectively.

Table 2. Larval stage indices (means ± standard deviations) for larviculture of M. amazonicum at
different stocking densities. CV = coefficient of variation.

Rearing Time
(Days)

Stocking Density (Larvae L−1)

80 100 120 140 F-Value p-Value
CV
(%)

2 1.1 ± 0.1 1.4 ± 0.4 1.3 ± 0.5 1.1 ± 0.0 0.54 0.66 27.5
4 2.8 ± 0.2 2.8 ± 0.5 2.7 ± 0.1 2.7 ± 0.5 0.04 0.98 14.2
6 4.5 ± 0.3 4.4 ± 0.4 4.7 ± 0.2 4.5 ± 0.2 0.64 0.60 6.2
8 5.5 ± 0.3 5.2 ± 0.2 5.4 ± 0.4 5.5 ± 0.3 0.86 0.49 6.0
10 6.3 ± 1.0 6.5 ± 0.6 6.8 ± 0.4 6.6 ± 0.2 0.40 0.75 9.6
12 7.9 ± 0.3 7.6 ± 0.2 8.0 ± 0.3 7.8 ± 0.5 0.76 0.54 4.7
14 8.4 ± 0.2 8.3 ± 0.3 8.3 ± 0.4 8.3 ± 0.2 0.18 0.91 3.35
16 8.6 ± 0.3 8.6 ± 0.1 8.7 ± 0.4 8.5 ± 0.3 0.28 0.83 3.8
18 8.7 ± 0.2 9.0 ± 0.1 8.6 ± 0.2 8.6 ± 0.5 0.52 0.68 2.8

The average daily Artemia use ranged from 2 to 9 nauplii mL−1 and did not differ
(p > 0.05) among the treatments. However, the amount of Artemia used per larvae was
lower at high densities (p < 0.05), and the Artemia used per postlarvae produced was
greater at a density of 80 larvae L−1 (p < 0.05) (Table 3). Survival and metamorphosis
rates were not affected by culture intensification (Table 4). The productivity (PL L−1)
was lower for the 80 larvae L−1 density than for the other stocking densities (p < 0.05)
(Table 4). The postlarval dry weight was not significantly different among the tested
stocking densities (p > 0.05) (Table 4). The productivity of postlarvae L−1 curve as a
function of the stocking density showed that the average maximum productivity reached
in this system was 93 PL L−1 (Figure 1).
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Figure 1. Relationships between stocking density and productivity of Macrobrachium amazonicum
hatchery in recirculating aquaculture system. PL = postlarvae. The dotted line represents the
asymptotic maximum productivity, which is estimated by the exponential model.
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Table 3. Means ± standard deviations of the daily consumption of Artemia, measured in nauplii per
milliliter (mL) of water and in nauplii per larvae, and the total number of nauplii ingested per larvae
during culture to reach the postlarvae (PL) stage.

Rearing Time
(Days)

Stocking Densities (Larvae L−1)

80 100 120 140

Nauplii
mL−1

Nauplii
Larvae−1

Nauplii
mL−1

Nauplii
Larvae−1

Nauplii
mL−1

Nauplii
Larvae−1

Nauplii
mL−1

Nauplii
Larvae−1

2 1.6 ± 2.3 20 ± 29 1.3 ± 1.1 14 ± 11 1.9 ± 2.1 16 ± 19 3.0 ± 1.0 22 ± 7
3 3.6 ± 0.7 46 ± 14 1.8 ± 2.7 19 ± 29 3.7 ± 1.1 32 ± 10 4.3 ± 1.8 32 ± 14
4 4.5 ± 1.3 59 ± 26 4.6 ± 1.0 49 ± 11 5.0 ± 1.2 45 ± 11 4.2 ± 1.2 32 ± 9
5 5.0 ± 1.5 66 ± 15 5.1 ± 1.5 55 ± 16 5.7 ± 1.8 52 ± 15 5.5 ± 1.3 42 ± 10
6 5.1 ± 0.8 68 ± 8 5.0 ± 1.8 55 ± 20 5.5 ± 0.8 52 ± 12 5.7 ± 1.7 45 ± 13
7 5.9 ±1.0 79 ± 13 5.1 ± 1.1 57 ± 12 6.4 ± 1.7 61 ± 18 5.8 ± 1.6 47 ± 14
8 4.9 ± 1.9 67 ± 27 5.5 ± 0.6 63 ± 6 6.0 ± 2.7 57 ± 24 5.2 ± 0.9 42 ± 8
9 5.4 ± 2.1 74 ± 23 4.3 ± 1.9 49 ± 21 6.0 ± 1.5 58 ± 10 6.1 ± 0.9 50 ± 7
10 5.7 ± 2.9 80 ± 31 6.0 ± 1.6 71 ± 17 6.1 ± 0.9 61 ± 7 6.9 ± 1.9 57 ± 16
11 6.3 ± 4.5 91 ± 53 6.4 ± 1.3 77 ± 18 5.6 ± 1.2 57 ± 12 5.2 ± 1.1 44 ± 9
12 5.1 ± 2.3 75 ± 59 5.1 ± 2.3 62 ± 29 4.8 ± 1.1 51 ± 16 5.5 ± 0.7 47 ± 7
13 3.9 ± 0.8 56 ± 16 5.9 ± 3.1 74 ± 41 3.9 ± 1.8 42 ± 20 6.6 ± 2.3 57 ± 20
14 4.3 ± 1.9 63 ± 23 5.0 ± 1.3 63 ± 18 5.3 ± 2.4 60 ± 36 6.1 ± 2.2 54 ± 19
15 5.3 ± 2.0 79 ± 27 5.0 ± 1.4 65 ± 19 5.4 ± 2.5 59 ± 27 6.8 ± 1.9 60 ± 15
16 7.3 ± 5.0 110 ± 59 6.5 ± 1.6 85 ± 21 7.4 ± 2.5 80 ± 21 7.3 ± 3.0 67 ± 29
17 7.2 ± 1.6 108 ± 25 7.7 ± 1.6 101 ± 17 7.6 ± 1.6 88 ± 30 8.7 ± 1.9 80 ± 15
18 6.5 ± 2.0 9.4 ± 2.5 8.6 ± 2.7 6.1 ± 0.6

Nauplii PL−1 1559 ± 497 a 1237 ± 185 b 1230 ± 423 b 1206 ± 261 b

Letters indicate significant differences (p < 0.05) among treatments in the same line by an ANOVA followed by the
Tukey’s test.

Table 4. Variables of production (mean ± standard deviations) obtained in the larviculture of
M. amazonicum at different stocking densities. PL = postlarvae.

Variables
Stocking Densities (Larvae L−1)

80 100 120 140

Survival (%) 80 ± 5 72 ± 6 72 ± 15 75 ± 5
Metamorphosis rate (%) 67 ± 13 65 ± 7 62 ± 15 57 ± 12

Productivity (PL L−1) 54 ± 11 a 65 ± 7 ab 75 ± 18 b 80 ± 17 b
PL dry weight (mg) 1.29 ± 0.10 1.21 ± 0.20 1.15 ± 0.20 1.23 ± 0.30

Letters indicate significant differences (p < 0.05) among treatments in the same line by an ANOVA followed by the
Tukey’s test.

4. Discussion

Intensifying the M. amazonicum hatchery up to 140 larvae L−1 in a simple RAS did not
affect the water quality or larval development, well-being, growth or survival. On the other
hand, the intensification increased productivity, while decreasing the quantity of Artemia
used to produce each postlarvae. Consequently, it improved the efficiency of the rearing
system. Producing more PL per unit of water, using the same infrastructure may reduce
production costs and increase profitability and sustainability because it optimizes the use
of resources.

Water variables were kept within the range recommended for M. amazonicum larvae
at all stocking densities [3,6,29]. Therefore, intensifying the M. amazonicum hatchery up to
140 larvae L−1 does not interfere with the water quality in an RAS comprised of crushed
shell bed biofilters, dimensioned at 25% of the total rearing tank volume. This simple
system was effective in converting ammonia and nitrite to nitrate and maintaining the
temperature, dissolved oxygen, salinity and pH suitable for the culture of M. amazonicum.
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Larvae presented similar development indices when cultured from 80 to 140 indi-
viduals L−1 throughout the rearing cycle. In addition, the media larval condition index
obtained in this study was greater than 1.7 at all stocking densities. Therefore, larvae
reared at stocking densities up to 140 larvae L−1 exhibit suitable development and satis-
factory larval conditions, suggesting that larvae welfare was effective in accordance with
McKay et al., 2023 [30].

The survival and metamorphosis rates were similar for stocking up to 140 larvae L−1.
Barreto and Soares [31] reported that no correlation was observed between the stocking den-
sity and survival or metamorphosis when M. amazonicum is stocked from 10 to 75 larvae L−1.
However, a negative correlation between the larvae stocking density and survival was
found for the prawn M. rosenbergii [16,17,32] and for fish larvae production systems [33].
The authors attribute the survival reduction at higher stocking densities to cannibalism.
In other studies, M. rosenbergii larvae cannibalism was related to the stocking density
and feeding regime [16,34,35]. Authors recommend that the increase in stocking density
must be concomitant with an increase in feeding supply. Nhan et al. [16] suggest that
increasing the stocking density to 200 larvae per liter and the feeding frequency to three
times a day led to the highest production efficiency of M. rosenbergii. Following this man-
agement, productivity was 48 PL L−1, and the consumption of Artemia per postlarvae
produced was 7100 nauplii. David et al. [17] recommend stocking hatchery tanks with
80 to 100 larvae L−1 to ensure an optimal production of about 50 PL mL−1. Therefore, the
performance of M. amazonicum obtained in the present study was higher than that obtained
for M. rosenbergii in previous studies.

In the present study, larvae were fed “ad libitum”; therefore, the feed was not lim-
iting. There was no significant difference in the consumption of Artemia, measured as
nauplii mL−1, among the different stocking densities throughout the rearing cycle. How-
ever, nauplii consumption per larvae to reach the stage of postlarvae was higher at
80 larvae L−1 than in higher densities. Thus, larvae stocked at higher densities have a
lower predator–prey relationships. According to Barros and Valenti [36], the predator–prey
relationship influences consumption because it is associated with the highest number of
encounter opportunities. These findings were consistent with those of Maciel et al. [26]
for M. amazonicum, Gomes et al. [37] for Macrobrachium equidens and David et al. [17] for
M. rosenbergii, respectively.

The highest feeding of Artemia at the lowest density did not improve the larval
development, survival, metamorphosis rate or final dry weight. Therefore, the efficiency
of feed use increased at densities from 100 larvae L−1 on. This suggests the occurrence of
superfluous feeding in M. amazonicum larvae similar to M. rosenbergii (see David et al. [17]).
The intensification of the M. amazonicum hatchery optimized the Artemia cyst use by ~20%.
This may represent a substantial expense reduction because Artemia is up to 24% of variable
costs in freshwater prawn hatcheries [18].

Agonistic behavior and cannibalism were not quantified, but they were observed
especially at high densities (120 and 140 larvae L−1) during the last days of culture. This is
a common behavior in Macrobrachium species, as evidenced by Coyle [16,38], and may have
occurred due to the competition for space and a lack of shelters. However, the increase
in cannibalism was not enough to decrease survival at the highest stocking densities.
Cannibalism in a Macrobrachium amazonicum hatchery was also reported by Araujo and
Valenti [39] at a density of 80 larvae L−1. Therefore, this behavior does not seem to depend
on the farming density.

The maximum mean productivity found in this study was 80 PL L−1 when the stocking
density was 140 larvae L−1. Experimental studies on M. amazonicum hatcheries showed
mean productivities of 70–75 PL L−1 [26], 64 PL L−1 [40] and 59 PL L−1 [41], for a stocking
density of 80 larvae L−1 cultured during ~20 days, like in the present study. The most
farmed freshwater prawn in the world is the Macrobrachium rosenbergii. New ref. [42]
reported that commercial hatcheries of this species, operating in RASs, showed a mean
productivity of 50 PL L−1. Nhan et al. [16] observed a productivity of 48 PL L−1, stocking
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200 larvae L−1. David et al. [17] stocked 80 to 140 larvae L−1 of M. rosenbergii and obtained
a productivity from 42 to 52 PL L−1. The cycle of larviculture is about 22 to 35 days [17,42].
These data show that an M. amazonicum hatchery operating in an RAS may be more
productive than the hatcheries of M. rosenbergii, which have the solid hatchery technologies
used in different countries [8].

The model adjusted showed that the potential maximum mean productivity in the
studied system was approximately 93 PL L−1. Productivity stabilizes around this value
even with increasing stocking density. A similar study conducted with M. rosenbergii
showed the maximum theoretical mean productivity of 51 PL L−1 [17]. Changes in the
production system design or feeding regime may alter the carrying capacity of the system
and therefore affect the potential maximum productivity. Nevertheless, no limitation
from the feed or water quality was observed in the maximum stocking density tested in
the present study as well as in the study of David et al. [17], which was 140 larvae L−1.
Therefore, the results suggest that these limits are due to the intrinsic characteristics of the
species and probably that the space is the principal limiting factor.

5. Conclusions

In conclusion, an M. amazonicum hatchery may be intensified by at least 140 larvae L−1

using simple RASs. Productivity may reach around 93 PL L−1 in about 20 days of culture.
The use of Artemia nauplii per PL produced is reduced by ~20% as the culture is intensified.
Intensification may increase the profitability and sustainability of the system because
more PL is produced using the same quantity of water, space, energy and Artemia. These
experimental results should be confirmed in large commercial tanks. Sustainability and
economic studies should be performed to determine the best level of intensification for a
hatchery of M. amazonicum.

6. Patents

This study partially supports the Macrobrachium amazonicum hatchery technology
patented on the Brazilian patent basis #BR 10 2019 027248 1; 19 December 2019.
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Abstract: Crassostrea is the most farmed oyster genus worldwide and has significant economic and
social impacts with environmental benefits. Hatchery oyster seed production is a highly costly
phase, and a fluidized nursery system can help reduce this cost and reduce seed production time.
The present study evaluated the survival and growth of two oyster species (Crassostrea gasar and
Crassostrea gigas) in a fluidized bed bottle nursery system. With C. gasar, two experiments were
performed; one tested three stocking densities and the other three bialgae diets. With C. gigas, one
experiment with a bialgae and monoalgae in an initial bottle occupation of 8.8% produced more seeds
per bottle, but an initial bottle occupation of 2.2% produced bigger seeds. Also, the experiment with
C. gasar and with C. gigas tested diets did not affect seed survival, but the diets with bialgae I. galbana
and N. oculate promoted more seed growth. The fluidized bed bottle nursery system developed for
this study was adequate for the seeds of the oysters C. gasar and C. gigas in the nursery phase.

Keywords: mangrove oyster; Pacific oyster; microalgae; shellfish; spat

Key Contribution: The fluidized bed bottle nursery system developed for this study was adequate
for the oyster seeds of C. gasar and C. gigas in the nursery phase in the hatchery. All initial tested
stocking densities can be used with the C. gasar and C. gigas seeds. The oyster seeds of C. gasar and
C. gigas fed with a bialgae diet (I. galbana and N. oculate) showed high growth. The tested microalgae
in monoalgae or bialgae diet affect more seed growth than survival. The fluidization velocity used in
the present study for C. gasar and C. gigas showed a relationship with biomass in the bottle.

1. Introduction

The oyster genus Crassostrea (Sacco 1897) is the most cultured oyster group, with
economic, social, and environmental importance. Around 26 species are in the genus
Crassostrea [1] and according to FAO [2], Crassostrea gigas (Thunberg 1793) is the most
cultured oyster species worldwide. In 2021, Crassostrea spp. production was 6.0 million
tons, representing 33.1% of the world mollusk production in quantity [3] and 21.4% of
the world mollusk production in value [4]. Seed oyster production in hatcheries has an
important contribution to the large-scale culture of Crassostrea, especially of C. gigas, as in
China [5] and Brazil [6]. In Brazil, besides Pacific oyster production, another oyster species
farmed is the native oyster Crassostrea gasar (according to Ferreira et al. [7] the descriptor
for C. gasar is Dillwyn 1817; syn. Crassostrea brasiliana and Crassostrea tulipa), commonly
known as mangrove oyster, gasar oyster, and bottom oyster, among others.
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Oyster hatchery production involves at least six key points: water supply, broodstock
obtention and conditioning, larviculture, settlement and nursery, microalgae production for
feed larvae, seed (spat), broodstock, and skilled staff. Settlement, and especially the nursery
for early seeds, can be expensive. Depending on the culture system used, it requires a large
quantity of microalgae, large areas, and a lot of human labor effort.

The hatcheries’ seed culture system (nursery) starts after larvae metamorphosis [7].
Larvae metamorphosis is generally induced with neurotransmitters, such as epinephrine,
for single oyster hatchery production. When the metamorphosis is completed, the seeds
are transferred to the nursery systems, which include the upwelling or downwelling
systems [7]. Generally, the upweller and downweller use silos, which are containers with
mesh in the bottom to hold the seeds and to permit water flow ascendant (upweller)
or descendent (downweller), suspended in tanks. A combination of flow and seston
concentration (i.e., microalgae) can affect the optimal stocking density used in the culture
units [8,9], affecting oxygen and food availability and waste removal due to the water
movement through the oyster bed. The upweller-using bottles are known as fluidized
bed nurseries, generally used with oysters, and are capable of holding higher stocking
densities than standard upwelling systems (i.e., silos). In this fluidized bed nursery system,
oyster seeds are lifted by the flow [7] due to the fluidization of the bed. In high superficial
flow velocity, the oyster’s seeds can be transported by the fluid and washed out from the
culture unit. However, in intermediate velocities, each individual oyster is suspended in the
fluid [10], inside of the culture unit. Many commercial hatcheries are using a fluidized bed
system, but little has been published about the zootechnical performance of oyster seeds in
this system. The fluidized bed nursery system was evaluated with the oyster Crassostrea
virginica (Gmelin 1791) [10] and the clam Mercenaria mercenaria (Linnaeus 1758) [11].

Microalgae diets are another important aspect of the seed’s zootechnical performance
during the nursery phase. The biochemical composition of microalgae can vary among
species [12], where a combination of microalgae species in the diet needs to be considered
to provide more nutrients for the oyster seeds. Monoalgae (single-species diets) and
multialgae (mixed-species diets) diet have been studied for the oyster nursery phase, as
for example monoalgae diets for C. gigas [13,14] and Ostrea edulis (Linnaeus 1758) [15] and
bialgae diets for C. gigas [14], O. edulis [15,16], Crassostrea corteziensis (Hertlein 1951) [17],
and Saccostrea commercialis (Iredale & Roughley 1933) [18].

In this sense, the zootechnical performance, measured by survival and growth, of
oysters (C. gasar and C. gigas) in a fluidized bed bottle nursery system was evaluated. Two
experiments with C. gasar were conducted: one testing stocking density and the other with
bialgae diet; and one experiment with C. gigas testing bialgae and monoalgae diet in a
fluidized bed bottle nursery system.

2. Materials and Methods

This study was performed at the Laboratory of Marine Mollusks of the Federal Uni-
versity of Santa Catarina (LMM-UFSC), located in Florianópolis, Brazil (27◦35’06.35” S,
48◦26’27.05” W). Single oyster seeds of the mangrove oyster C. gasar and the Pacific oyster
C. gigas were obtained from the LMM-UFSC hatchery.

Three experiments were performed to evaluate oyster survival and growth (described
below) in a fluidized bed bottle nursery system in a closed aquaculture system (FBBN-CAS).
Two experiments were performed with the native mangrove oysters (C. gasar): the first
(experiment I) tested stocking density and the second (experiment II) tested diet. A third
experiment (experiment III) was performed with the Pacific oysters (C. gigas) to test the diet.

2.1. Fluidized Bed Bottle Nursery System in Closed Aquaculture System (FBBN-CAS)

Three identical fluidized bed bottle nursery (FBBN) systems in a closed aquaculture
system (CAS) were developed for this study. Each FBBN system (Figure 1) was composed
of cylinder-conical acrylic bottles (transparent; a total volume of 1.26 L with 0.9 L useful
volume; experimental unit = EU), each EU with a shut-off valve (SOV; glass marble in the

15



Fishes 2024, 9, 183

bottom of the bottle), two ball valve (BV) and one flowmeter (FW) coupled in the bottom,
and a drain in the top of each bottle (BDR); a wood rack to fix the bottles and a PVC
water drainer; a sump tank (SUMP; fiberglass; 664 L) with a magnetic pump (MP; Boyu,
5500 L·h−1); a distribution tank (Dtank; carboy; 20 L; steady head); and a feeding tank
(Ftank; fiberglass; 250 L) with a peristaltic pump (PP; Seko Tekna EVO803; 20–54 L·h−1).
The total volume of the system was 685 L. For the stocking density experiment (I), one
FBBN-CAS system with three EUs (n = 3) for each treatment was used, totaling nine EUs
randomly distributed in the FBBN-CAS system. For experiments with diet (II and III), three
identical FBBN-CAS systems were used, each with four EUs (n = 4) randomly distributed
in the system.

Figure 1. Fluidized bed bottle nursery in closed aquaculture system (FBBN-CAS) system used in
the experiments I, II, and III. (A), an overview of the FBBN; (B), a detail of the acrylic bottle and
flow control system used; and (C), a schematic drawing showing water direction movement in the
FBBN-CAS.
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Seawater (filtered at 1 μm and sterilized with UV) was pumped from the sump tank
to the distribution tank (highest level in the system) by gravity distribution through a
pipe (lowest level in the system) to the bottom of each bottle, creating an ascendant flow,
going from the bottom of the bottle, through the seeds, to the top drainers and returning to
the sump tank by gravity. The distribution tank has an overflow. Drain microalgae were
pumped (140 mL.min−1) from the feed tank by the peristaltic pump to the distribution
tank. The flow was regulated through a flowmeter to maintain the seeds in suspension
in the bottle. The flow of the inlet seawater in the bottles was fixed to be the same for all
treatments in each experiment and regulated according to the seed’s growth (Table 1).

Table 1. Mean and standard deviation of the temperature, salinity, pH, and residual algae; min-
imum and maximum temperature; and the experiment period in each experiment (I, II, and III),
and the range of inlet seawater flow in the bottle in the sump of experiment I and in each treat-
ment in experiments II and III, where Exp. = experiment; C = Crassostrea; D15 = 15 seeds·mL−1;
D30 = 30 seeds·mL−1; D60 = 60 seeds·mL−1; IC = 50% of Isochrysis galbana and 50% of Chaetoceros
muelleri; IN = 50% of I. galbana and 50% of Nannochloropsis oculata; RC = 50% of Rhodomonas salina
and of 50% of C. muelleri; I = 100% of I. galbana; N = 100% of N. oculata; Min = minimum; and
Max = maximum.

Exp. Specie Tested
Parameter

Temperature
(◦C)

Salinity
(ppt)

pH
Exp.

Period
(Days)

Flow
(L·h−1)

Fluidization
Velocity
(cm·s−1)

Residual Algae

(×104

cell·mL−1)
Mean Min Max

I C.
gasar

Stocking
density

26.9 ±
1.5 22.0 30.0 35.0 ± 0.0 8.4 ± 0.3 29

D15: 75 to 250
D30: 75 to 250
D60: 75 to 250

D15: 0.7 to 2.5
D30: 0.7 to 2.5
D60: 0.7 to 2.5

SUMP: 1.8 ± 1.2

II C.
gasar Diet 21.0 ±

1.5 12.7 23.8 35.0 ± 0.2 7.8 ± 0.3 29
IC: 50 to 225
IN: 50 to 250
RC: 50 to 225

IC: 0.5 to 2.5
IN: 0.5 to 2.5
RC: 0.5 to 2.2

IC: 9.4 ± 5.7
IN: 37.2 ± 33.8
RC: 9.6 ± 5.4

III C. gigas Diet 18.8 ±
2.7 9.5 22.4 35.1 ± 0.3 8.1 ± 0.2 21

I: 50 to 100
IN: 50 to 150
N: 50 to 125

I: 0.5 to 1.0
IN: 0.5 to 1.5
N: 0.5 to 1.2

I: 10.4 ± 10.6
IN: 97.4 ± 81.8

N: 157.6 ± 119.7

FBBS-CAS daily handling consisted of seawater (sump tank) and feed (feeding tank)
exchange. For that, first, the shut-off valve of each bottle was closed to avoid seed escape,
and then the pumps (magnetic and peristaltic) were turned off. The seawater from the sump
tank and the feeding tank were drained, and both tanks were cleaned with fresh water
before being refilled with seawater (sump tank) and microalgae (feeding tank). Before and
after seawater exchange, the temperature (infrared sensor; Figure 2), salinity (refractometer:
Kasvi), and pH (pHmeter; Alfakit AT-350) of the sump tank for each experiment were
registered (Table 1).
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Figure 2. Temperature (mean ± standard deviation) during the experimental period in experiments I,
II, and III where Exp. = experiment and T = time.
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2.2. Experiment I: Stocking Density (Crassostrea Gasar)

In experiment I, three initial stocking densities (D15, a stocking density of 15 seeds·mL−1

(20 mL of seeds; 2.2% of the total bottle volume occupation); D30, a stocking density of
30 seeds·mL−1 (40 mL of seeds; 4.4% of the total bottle volume occupation); and D60, a
stocking density of 60 seeds·mL−1 (80 mL of seeds; 8.8% of the total bottle volume oc-
cupation)) of C. gasar seeds (1.98 ± 0.31 mm of shell height) in FBBS-CAS were tested.
Each stocking density treatment was calculated as the percentage of the useful bottle vol-
ume filled with seeds. Experiment I lasted for 29 days, being T0 at the beginning of the
experiment (planting day) and 29 days at the end (T29).

The seed diet during the experimental period was composed of two microalgae species,
Isochrysis galbana (Parke 1949) (Iso) and Chaetocheros muelleri (Lemmermann 1898) (Cm),
with a ratio of 30: 70 (Iso: Cm). The microalgae concentration started at 12 × 104 cells·mL−1

(1 to 5 days of the experiment), and increased to 15 × 104 cells·mL−1 (6 to 17 days),
20 × 104 cells·mL−1 (18 to 22 days), and 22 × 104 cells·mL−1 (23 to 30 days) according
to the seed growth. The microalgae concentration was calculated using the total volume
system (685 L). The microalgae concentration used in this experiment was chosen for the
LMM protocol for C. gasar seeds maintenance. Daily, the residual microalgae concentration
in the outlet seawater from the bottles was monitored (Table 1).

2.3. Experiment II: Diet (Crassostrea Gasar)

In experiment II, C. gasar seeds (1.77 ± 0.12 mm of shell height) were used to test three
bialgae diets: IC, Iso, and Cm; IN, Iso, and Nannochloropsis oculata (Hibberd 1981) (N); and
RC, Rhodomonas salina (Hill & Wetherbee 1989) (R), and Cm; with the proportion 1:1 of each
microalgae species. The microalgae quantities in each treatment were calculated for 10%
of the total seed whole weight (fresh weight) [16]. Weekly, the total microalgae quantities
were adjusted to the total seed whole weight, maintaining the feed in 10% of the biomass.
Experiment II lasted for 29 days. Each experimental unit was planted with 10 mL of seeds
(7.5 seeds·mL−1). Daily, the residual microalgae concentration in the outlet seawater from
the bottles was monitored (Table 1).

2.4. Experiment III: Diet (Crassostrea Gigas)

In experiment III, C. gigas seeds (1.68 ± 0.14 mm of shell height) were used to test
three diets, two monoalgae diets (I: 100% of Iso; and N: 100% of N) and one bialgae diet
(IN: 50% of Iso and 50% of N). The microalgae quantities in each treatment were calculated
for 10% of the total whole weight of the seeds [16]. Weekly, the total microalgae quantities
were adjusted to the total seed fresh weight, maintaining the feed at 10% of the total seed
fresh weight. Experiment III lasted for 21 days. Each experimental unit was planted with
10 mL of seeds (7.5 seeds·mL−1). Daily, the residual microalgae concentration in the outlet
seawater from the bottles was monitored (Table 1).

The dried microalgae weight for I. galbana and R. salina used in the present study is
cited by Brown [14]; for N. oculata, we considered the dried weight of Nannochloropsis-like sp.
CS-246 cited by Brown [14], and for C. muelleri, the dried weight is cited by Helm et al. [7].

2.5. Data Collection and Statistical Analysis

For data collection (Table 2), the seed number (total live seeds in each EU of each
treatment) and survival (survival in each time in each EU of each treatment) in experiments
I and II were measured after 14 and 29 days (T14 and T29, respectively) and in experiment
III after 14 and 21 days (T14 and T21, respectively). For seed number quantification, the
total volume of seeds from each EU for each treatment was measured, and after that, the
seeds were sieved in four screen mesh (1, 2, 3, and 4 mm). Three samples (n = 3) from each
screen (0.5 mL for the seeds retained in the screen 1 mm and below 1 mm, and 2.5 mL for
the seeds retained in the screens 2, 3, and 4 mm) were taken. The sum of the number of
live seeds from each screen was calculated to obtain the total number of seeds per EU. The
seed survival (%) was quantified in each time sample (i.e., seed survival in T14 in relation
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to T0, seed survival in T29 in relation to T14 for experiments I and II, seed survival in T14
in relation to T0, and seed survival in T21 in relation to T14 for experiment III).

Table 2. Analyzed parameters in each experiment (I, II, and III) in each time sampling (T), where
C = Crassostrea; T = time; FV = fluidization velocity; TV = total volume of live seeds; IV = increase
in volume of seeds; PSS = percentage of seeds by screen; TWW = total seed whole weight; and
IWW = individual seed whole weight.

Exp. Specie
Tested

Parameter
Analyzed Parameter

T7 T14 T21 T29

I C. gasar Stocking
density

FV, survival, seed
number, TV, IV,

and PSS

FV and
shell height FV

FV, survival, seed
number, TV, IV,

PSS, and
shell height

II C. gasar Diet

FV, survival, seed
number, TV, IV,

TWW, IWW, and
specific weight

FV FV

FV, survival, seed
number, TV, IV,

TWW, IWW, and
specific weight

III C. gigas Diet

FV, survival, seed
number, TV, IV,

TWW, IWW, shell
height, shell length,
and specific weight

FV, shell height,
and shell length

FV, survival, seed
number, TV, IV,

TWW, IWW, shell
height, shell length,
and specific weight

For seed growth analysis in the experiment with stocking densities (experiment I), the
total volume (TV) of live seeds, the increase in the volume (IV) of seeds, and the percentage
of seeds by screen (PSS) were quantified. IV was defined as the increase in the total volume
of seeds in a container as a measurement of oyster growth. In the C. gasar diet experiment
(experiment II), the seed growth per treatment was analyzed with TV, total seed whole
weight (TWW) in each EU, and individual seed whole weight (IWW) at T14 and T29. For
C. gigas diet experiment (experiment III), the seed growth per treatment was analyzed with
TV, TWW, and IWW at T14 and T21, and shell height and shell length at T7, T14, and T21.

For TV per each EU in each treatment measurement graduated test tubes were used,
and IV, the increase in the total volume (times more volume) of seeds compared to T0, was
calculated according to Equation (1).

IV = TV ÷ iV (1)

where
IV: increase in volume (times more volume of seeds than in T0)
TV: total volume of seeds in each EU at each time (T14 and T29 for experiments I and

II and at T14 and T21 for experiment III; mL) for each treatment;
iV: initial volume of seeds planted at T0 (mL)
To analyze PSS, the following five size classes were used: (i) <#1: the seeds not retained

in the screen of 1 mm (seeds < 1 mm); (ii) #1–2: the seeds retained the screens of 1 mm
(seeds ≥ 1 mm and < 2 mm); (iii) #2–3: the seeds retained in between the screens of
2 mm (seeds ≥ 2 mm and < 3 mm); (iv) #3–4: the seeds retained in between the screens
of 3 mm (seeds ≥ 3 mm and < 4 mm); and (v) ≥#4: the seeds retained in the screen of
4 mm (seeds ≥ 4 mm). These five size classes were used to calculate seed growth in total
volume (TV). The percentage of seeds in each size class (<#1, #1–2, #2–3, #3–4, and ≥#4)
was calculated with the total seed number in each size class and the total seed number
per EU.

For TWW quantification, all animals from each EU were retained in a sieve (230 μm)
and dried for 1 h over napkins (napkins were changed every 15 min to continue retaining
water). They were then weighted (total whole weight) in an analytical balance (with a
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resolution of 0.001 g; Shimadzu, UX4200H). After weighing, seeds from each EU returned
to their own bottle to continue the experiment.

For seed shell height and shell length, a sample (n = 30) from each EU for each
treatment was tacked, and measurement was performed in microscopy (Leica; using
software LAZ EZ 3.0.0) and stereomicroscope (Leica 4D) according to the size of the seeds.

Fluidization velocity (FV; cm·s−1), defined as the velocity that promotes oyster seed
fluidization, was calculated for experiments II and III. According to Equation (2), the
fluidization velocity was calculated for each flow in each treatment at T0, T14, and T29
(experiment II) and at T0, T14, and T21 (experiment III). The fluidization velocity was used
for linear regression analyses.

FV = Q ÷ A (2)

where
FV: fluidization velocity (cm·s−1)
Q: flow (cm3.s−1) measured in the flowmeter
A: cross-sectional area of the bottle (cm2)
Seed specific weight (kg·m−3; Table 1) was calculated for each species using all data

from each EU for experiment II (data from T0, T14, and T29; n = 28) and for experiment III
(data from T0, T14, and T21; n = 36).

Seed number, survival, TV, IV, PSS, TWW, IWW, FV, shell height, and shell length
data were tested for the basic assumptions for analysis of variance (ANOVA) using the
Shapiro–Wilk test for the normality of residues and Levene’s test (for data with two factors)
and Bartlett’s test (for data with one factor) for the homogeneity of variance. Pairwise
comparisons of stocking density and sampling time means were carried out using Tukey’s
test (p < 0.05) for parametrical data, the Wilcoxon test, and the Permutation with t-test for
nonparametric data. The fluidization velocity was calculated and linear regression analysis
was performed to evaluate the relationship between FV (y-axis) and TWW (x-axis) using all
data at T0, T7, T14, T21, and T29 (experiment II) and at T0, T7, T14, and T21 (experiment III)
for each flow. All statistical tests were performed in RStudio. The data of specific weight
were not used for statistical analysis.

3. Results

3.1. Survival and Total Number of Seeds

The tested stocking density (D15, D30, and D60) did not significantly (p > 0.05) af-
fect oyster survival after 14 and 29 days, with the final survivals (T29) of 95.3 ± 2.1%,
91.3 ± 3.4%, and 90.2 ± 6.5%, respectively, for the treatments D15, D30, and D60. The seed
number in D60 was significantly (p < 0.05; Tukey’s test) higher than in D15 and D30 at T14
and T29 (Figure 2).

In experiment II, the diet did not significantly (p > 0.05) affect oyster survival and seed
number after 14 and 29 days, with a final survival (T29) of 88.9 ± 2.8%, 94.2 ± 4.5%, and
89.6 ± 4.9%, respectively, for the treatments IC, IN, and RC. The seed numbers showed no
differences between the treatments (Figure 3).

In experiment III, the diet showed a significant difference (p < 0.05; Tukey’s test)
between survival at T14 and T21 independent of the treatment with higher survival at
T14 (96.0 ± 5.7%) than at T21 (89.7 ± 7.9%). However, no differences were observed in
the survival between the diet treatments (I, IN, and N) independent of the time sampling.
No interaction was observed between the diets tested and time samplings in the survival.
The final survival (T21) was 90.2 ± 4.4%, 82.7 ± 8.9%, and 96.2 ± 1.0%, respectively, for
the treatments I, IN, and N. The seed numbers showed a significant difference (p < 0.05;
Tukey’s test) between T14 and T21 independent of the treatment, with a higher number at
T14 (22657 ± 1351 seeds) than at T21 (21169 ± 1874 seeds). However, no differences were
observed in the seed numbers between the diet treatments (I, IN, and N) independent of the
time sampling. No interaction was observed between the diets tested and time samplings
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in the seed numbers. The seed numbers at T14 and T21 showed no differences in all tested
treatments (I, IN, and N; Figure 3).

 

Figure 3. Seed number, total volume, and times more volume than in T0 (increase in volume; IV)
in experiment I (C. gasar; (A), (B), and (C), respectively) in each stocking density treatment (D15,
D30, and D60) at T14 and T29, in experiment II (C. gasar; (D), (E), and (F), respectively) in each diet
treatment (IC, IN, and RC, respectively) at T14 and T29, and in experiment III (C. gigas; (G), (H), and
(I), respectively) in each diet treatment (I, IN, and N) at T14 and T21, where, D15: 15 seeds·mL−1;
D30: 30 seeds·mL−1; D60: 60 seeds·mL−1; IC: 50% of Isochrysis galbana and 50% of Chaetoceros
muelleri; IN: 50% of I. galbana and 50% of Nannochloropsis oculata (N); RC: 50% of Rhodomonas salina
and of 50% of C. muelleri; I: 100% of I. galbana; N: 100% of N. oculata; and T = time. Different letters
indicate statistical differences in each time sampling ((A, B, D, E, F, and G): Tukey’s test; (C, H, and
I): Permutation t-test). The absence of letters represents that there were no significant differences
between the treatments.

3.2. Seed Growth
3.2.1. Experiment I

The total volume (TV) of the seeds increased significantly (p < 0.05; Tukey’s test) from
T14 (179.2 ± 50.9 mL) to T29 (275.8 ± 54.8 mL), independent of the density, and the density,
independent of the time sampling, also affect TV, being higher (p < 0.05; Tukey’s test) in
D60 (283.7 ± 49.5 mL) than in D15 (167.2 ± 58.7 mL) and both not being different from
D30 (231.7 ± 51.9 mL). No interaction was observed between the stocking density tested
and time samplings in the TV. The seed TV in D60 was significantly (p < 0.05; Tukey’s test)
higher than in D15, and both (D15 and D60), were not different from D30 (Figure 3) at T14
and T29.
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The increase in volume (IV) was significant (p < 0.05; Tukey’s test) from T14 (4.5 ± 1.5)
to T29 (7.3 ± 2.9) independent of the treatment. Also, the treatment affects IV independent
of the sampling time in D15 (8.3 ± 2.9) and D30 (5.8 ± 1.3), with no differences between
them, and both being higher (p < 0.05; Tukey’s test) than in D60 (3.5 ± 0.6). No interaction
was observed between the stocking density tested and sampling times in the IV. At T14
and T29, the seed IV showed no difference between the treatments (Permutation t-test)
(Figure 3).

Stocking density affected significantly (p < 0.05; Tukey’s test) the PSS in the size class
<#1, #1–2, #2–3, and #3–4, independent of the sampling time. Analyzing sampling time,
independent of the stoking density, a significant effect (p < 0.05; Tukey’s test) was observed
in the size class <#1, #1–2, and #3–4. The PSS in the size class >#1 was higher (p < 0.05) in
D30 compared to D15 and D60 at T14, and the PSS in D30 was higher (p < 0.05) than in D15
at T29. The PSS in the size class #1–2 was higher (p < 0.05) in D60 compared to D15, at T14
and T29, and compared to D30, at T29. The PSS in the size class #2–3 was higher (p < 0.05)
in D15 and D30 compared to D60 at T14 and T29, and PSS in D30 was not different from
in D60, at T14 and T29. The PSS in the size class #3–4 showed no differences between the
tested stocking densities at T14 but was higher (p < 0.05) in D15 compared to D30 and D60
at T29. No seeds were observed in the size class ≥#4 at T14 and T29, and no differences
were observed in the PSS between the tested stocking densities (Figure 4).

Figure 4. Percentage (%) of seeds (C. gasar) by size class in each treatment (D15, D30, and D60) at T14
(A) and T29 (B) in experiment I, where D15: 15 seeds·mL−1; D30: 30 seeds·mL−1; D60: 60 seeds·mL−1.
Different letters indicate statistical differences in each size class (A and B: Tukey’s test). The absence
of letters represents that there were no significant differences between the treatments.

3.2.2. Experiment II

In experiment II, the total volume (TV) of the seeds increased significantly (p < 0.05;
Tukey’s test) from T14 (41.9 ± 9.2 mL) to T29 (142.4 ± 52.1 mL), independent of the diet, and
the diet treatment independent of the time sampling also affect TV, being higher (p < 0.05;
Tukey’s test) in IN (132.1 ± 82.2 mL) than in IC (76.5 ± 41.7 mL) and RC (66.4 ± 30.4 mL).
Interaction (p < 0.05) between the tested diets and time samplings in the TV was observed.
At T14, no differences in TV were observed between the diets, but at T29, the seed TV in
the IN diet was higher (p < 0.05; Tukey’s test) than in the IC and RC diets, and both (IC and
RC) had no difference between them (Figure 3).

The increase in volume (IV) was significant (p < 0.05; Tukey’s test) from T14 (4.1 ± 0.9)
to T29 (14.2 ± 5.2) independent of the treatment. Also, the treatment affected IV indepen-
dently of the sampling time, with IN (13.2 ± 8.2) IV being significantly higher (p < 0.05;
Tukey’s test) than in IC (7.6 ± 4.2) and RC (6.6 ± 3.0), both showing no difference between
them. The interaction between the tested diets and time samplings in the IV was observed.
At T14, no differences were observed between the treatments, but at T29, the IV of the
diet treatment IN was higher (p < 0.05; Tukey’s test) than in IC and RC (Figure 3). The
differences (p < 0.05; Tukey’s test) between time sampling (T14 and T29) in each treatment
(IC, IN, and RC) were observed, and IV in each treatment at T29 was higher than at T14.
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TWW was different (p < 0.05; Tukey’s test) from T14 (35.7 ± 6.4 g) to T29 (115.7 ± 36.1 g)
independent of the treatment. Also, the diet treatment affected TWW independent of the
sampling time, with it being higher (p < 0.05; Tukey’s test) in the IN diet (103.5 ± 61.5 g)
than in IC (62.0 ± 31.5 g) and RC (61.4 ± 29.7 g). The interaction (p < 0.05) between the
tested diets and the sampling times in the TWW was observed. At T14 and T29, the seed
TWW in the diet IN were significantly (p < 0.05; Tukey’s test) higher than in IC and RC,
and both (IC and RC) showed no difference between them (Figure 5).

Figure 5. Seed total whole weight and individual whole weight in experiment II (C. gasar; (A) and (B),
respectively) in each diet treatment (IC, IN, and RC, respectively) at T14 and T29 and in experiment III
(C. gigas; (C) and (D), respectively) in each diet treatment (I, IN, and N) at T14 and T21, where IC: 50%
of Isochrysis galbana and 50% of Chaetoceros muelleri; IN: 50% of I. galbana and 50% of Nannochloropsis
oculata (N); RC: 50% of Rhodomonas salina and of 50% of C. muelleri; I: 100% of I. galbana; N: 100%
of N. oculate; and T = time. Different letters indicate statistical differences in each time sampling
((A,B,D): Tukey’s test; (C): Permutation t-test). The absence of letters represents that there were no
significant differences between the treatments.

The IWW of the seeds increased significantly (p < 0.05; Tukey’s test) from T14 (1.6 ± 0.2 g)
to T29 (5.2 ± 1.6 g), independent of the diet. The diet treatment, independent of the time
sampling, affected IWW, with it being higher (p < 0.05; Tukey’s test) in IN (4.7 ± 2.7 mg)
than in IC (2.9 ± 1.5 mg) and RC (2.8 ± 1.4 mg). The interaction (p < 0.05) between the
tested diets and the sampling times in the IWW was observed. At T14, no differences
in IWW were observed between the diets, but at T29, the seed IWW in the IN diet was
higher (p < 0.05; Tukey’s test) than in the IC and RC diets and both (IC and RC) showed no
difference between them (Figure 5).
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3.2.3. Experiment III

In experiment III, total volume (TV) showed no significant difference between T14
(56.4 ± 19.8 mL) and T21 (85.6 ± 53.7 mL), independent of the diet. However, the diet
treatment, independent of the time sampling, affected TV, with it being higher (p < 0.05;
Wilcoxon test) in IN (121.19 ± 40.42 mL) than in I (38.1 ± 3.4 mL) and in N (53.7 ± 3.8 mL)
diets and the TV of seeds in the diet treatment N being higher (p < 0.05; Wilcoxon test)
than in I diet. The interaction (p < 0.05; Tukey’s test) between the tested diets and the time
samplings in the TV was observed. The seed TVs at T14 and T21 were higher (p < 0.05;
Permutation t-test) in the IN diet than in the I and N diets, and in the N diet were higher
(p < 0.05; Permutation test) than in I diet (Figure 3).

The increase in volume (IV) showed no difference between time sampling T14 (5.6 ± 2.0)
and T21 (8.5 ± 5.4) independent of the treatment. However, the treatment affected IV
independent of the sampling time, with IV in IN (12.1 ± 4.0) being significantly higher
(p < 0.05; Tukey’s test) than in I (3.8 ± 0.3) and N (5.4 ± 0.4) and IV in N being higher
(p < 0.05; Tukey’s test) than in I. The interaction (p < 0.05; Tukey’s test) between the tested
diets and sampling times in the IV was observed. At T14 and T21, the IV of the diet
treatment IN was higher (p < 0.05; Permutation t-test) than in I and in N and IV in N was
higher (p < 0.05; Permutation t-test) than in I (Figure 3). Differences (p < 0.05; Tukey’s test)
between the time samplings (T14 and T21) in the diet treatments I and IN were observed,
being at T21 higher (p < 0.05; Permutation t-test) than at T14 for both treatments, and for
diet N, no differences in the IV between T14 and T21 were observed.

The seed TWWs showed no significant difference between T14 (37.3 ± 10.9 g) and T21
(58.5 ± 28.1 g), independent of the diet. However, the diet treatment, independent of the
time sampling, affected TWW, being higher (p < 0.05; Wilcoxon test) in IN (73.6 ± 24.4 g)
than in the I (28.8 ± 4.3 g) and in N (41.4 ± 4.6 g) diets and the TWW of seeds in the
diet treatment N being higher (p < 0.05; Wilcoxon test) than in I. The interaction (p < 0.05)
between the tested diets and time samplings in the TWW was observed. The seed TWWs
at T14 and at T21 were higher (p < 0.05; Permutation test) in the IN diet than in the I and N
diets, and in the N diet were higher (p < 0.05; Permutation test) than in the I diet (Figure 5).

The IWW of the seeds increased significantly (p < 0.05; Tukey’s test) from T14
(1.6 ± 0.5 mg) to T21 (2.8 ± 1.5 mg), independent of the diet. The diet treatment, in-
dependent of the sampling time, also affected IWW, being higher (p < 0.05; Tukey’s test)
in IN (3.6 ± 1.4 mg) than in the I (1.3 ± 0.2 mg) and N (1.8 ± 0.2 mg) diets, and the IWW
of the seeds in the diet treatment N being higher (p < 0.05; Tukey’s test) than in the I diet.
The interaction (p < 0.05) between the tested diets and sampling times in the IWW was
observed. The seed IWW at T14 was higher (p < 0.05; Tukey’s test) in the IN diet than in
the I and N diets, and in the N diet, it was higher (p < 0.05; Tukey’s test) than in the I diet
(Figure 5). At T21, the IWW of the seeds in the diet IN was higher (p < 0.05; Tukey’s test)
than in the I and N diets, and in both (I and N) diets, IWW were not significantly different
(Figure 5).

In the shell height and shell length analysis in experiment III, in the diet I, shell height
showed significant (p < 0.05; Wilcoxon test) growth from T7 to T14 and no difference
from T14 to T21, and shell length showed a significant (p < 0.05; Wilcoxon test) increase
in shell length from T7 to T14 and decrease in shell length from T14 to T21. In the diet
IN, the shell height and shell length showed significant (p < 0.05; Wilcoxon test) growth
from T7 to T14 and from T14 to T21. In diet N, the shell height and shell length showed
significant (p < 0.05; Wilcoxon test) growth from T7 to T14 and no difference from T14 to
T21. Analyzing the shell height and shell length in each time sampling (T7, T14, and T21),
high (p < 0.05; Tukey’s test) values were observed in the diet IN (Figure 6).

3.3. Fluidization Velocity, Specific Weight, and Linear Regression of FV and TWW

The fluidization velocity (FV) varies from 0.7 to 2.5 cm·s−1 in experiment I, from 0.5
to 2.5 cm·s−1 in experiment II, and from 0.5 to 1.5 cm·s−1 in experiment III (Table 1). The
general seed specific weight of C. gasar (experiment II) varies from 724.9 to 1004.2 kg·m3
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with a mean of 860.3 ± 72.7 kg·m3 and of C. gigas (experiment III) from 571.4 to 841.6 kg·m3

with a mean of 706.5 ± 73.7 kg·m3.

Figure 6. Shell height (A) and shell length (B) (C. gigas) at T0 (beginning of the experiment) and after
7, 14, and 21 days (T7, T14, and T21, respectively) in each treatment (I, IN, and N) in experiment
III, where I = diet with 100% of Isochrysis galbana; IN = diet with 50% of I. galbana and 50% of
Nannochloropsis oculata; N = diet with 100% of N. oculate; and T = time. Different lower letters indicate
statistical differences in each time sampling (T7, T14, and T21) comparing diets (I, IN, and N) (shell
height at T7: Tukey’s test; shell height T14 and T21 and shell length at T7, T14, and T21: Wilcoxon
test). Different capital letters indicate statistical differences in each diet treatment (I, IN, and N)
comparing time sampling (T7, T14, and T21) (shell height in the diets I, IN, and N and shell length
in the diet I and N: Wilcoxon test; shell length in the diet N: Tukey’s test). The absence of letters
represents that there were no significant differences between the treatments.

The linear regression analysis of TWW and FV was significant (p < 0.05) in both
experiments (II and III), with an R-squared of 0.8286 (adjusted R-squared of 0.8256) for
experiment II with C. gasar and of 0.8644 (adjusted R-squared of 0.8414) for experiment III
with C. gigas (Figure 7).

Figure 7. Cont.
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Figure 7. Regression of fluidization velocity (cm·s−1) and total whole weight (TWW; g) in experiment
II (C. gasar; A) and III (C. gigas; B) during the experiment period. Data of TWW and velocity used were
obtained from T0, T7, T14, T21, and T29 (experiment II) and from T0, T7, T14, and T21 (experiment
III) of all treatments and all experimental units.

4. Discussion

The seeds of oysters C. gasar and C. gigas showed high zootechnical performance in
the fluidized bed bottle nursery in closed aquaculture system (FBBN-CAS) system used
in the present study. The fluidized bed bottle system promotes faster oyster growth than
the downwelling system [19]. The FBBN-CAS system designed for this study and flow
used promote good conditions for seed development, where the seeds were constantly
exposed to feed, observed by the microalgae concentration in the FBBN system before daily
handling and by the constant biodeposits removed from the bottle observed in the outlet
promoted by the seawater flow.

The fluidization velocity of the upward flow used in this study maintained the seeds
fluidized in the bottle by visual analysis and demonstrated by the linear regression analysis
was significant (with R-square values up to 80%). In the present study, the seeds of C. gasar
with a shell height of 4.0 ± 1.7 mm (D60; experiment I) were fluidized with a velocity of
2.5 cm·s−1 and C. gigas with a shell height of 3.5 ± 0.4 mm (IN; experiment III) fluidized
with a velocity of 1.5 cm·s−1, respectively. In a study developed by Ver and Wang [10] with
C. virginica (6.5 mm of shell height), similar velocity (2 and 2.5 cm·s−1) was described as
velocity at minimum fluidization maintained oyster seeds fluidized. The standardization
of the FV by the seed TWWs in experiments II and III showed no variation between values,
corroborating that the fluidization velocity used in the present study was adequate for the
FBBN system tested.

The fluidization velocity of C. gasar and C. gigas in the FBBN system can be obtained
from the linear regression equation presented in the present study with the TWW of seeds
or by using specific weights to calculate TWW if the seed volume is known. The seeds
of C. gasar showed a higher specific weight than C. gigas. More studies are suggested to
evaluate the specific weight of this species in earlier seed stages and in different nursery
culture systems.

For C. gasar, the initial bottle seed volumes with all tested stocking densities (D15,
D30, and D60) can be feasible. The density of D60, which represents 8.8% of the total bottle
volume, produces more seeds per bottle compared to D30 and D15, which represent 4.4%
and 2.2% of the total bottle volume, respectively. Despite these higher seed numbers per
bottle and consequently the higher total volume of seeds in the initial stocking density
D60, oyster seeds in the density D15 showed more animals in the size class of #2–3 and
#3–4 than in D60, suggesting that animals after 29 days grew more with the initial bottle
area occupation of 2.2%. Both results are interesting for seed production, depending on the
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hatchery objective. If the aim is to produce a higher seed number or the hatchery has small
infrastructures, higher initial stocking densities can be used. However, if the proposal is to
produce a higher seed size, a low (2.2% of the bottle volume occupation) initial stocking
density is recommended.

Higher growth in lower densities can be related to algae availability and feeding
behavior in the bottle due to the relation between water flow and the number of seeds in
each bottle. According to James [20], flow is more critical for oyster growth than population
density. It could be possible that there was competition for food, even when residual
algae was observed after each management. That flow in the high density promoted the
fluidization of the seeds. Feeding rates and scope for growth analysis could help better
understand seed growth dynamic in the different stocking densities tested.

Bialgae and monoalgae diets tested in the present study showed no effects on the
seed’s survival and number, though these diets affected the seed’s growth. The bialgae diets
with microalgae N. oculata improved the total volume of the seeds and increased the volume
for both species (C. gasar and C. gigas). Seed growth of both oyster species with a bialgae
diet of I. galbana and N. oculata was also observed by the high seed weight (total whole
weight and individual whole weight) and shell height and shell length for both oyster
species (C. gasar and C. gigas). The seed growth of both oyster species (C. gasar and C. gigas)
observed in the bialgae diet of I. galbana with N. oculata can be related to the nutritional
contribution of N. oculata. Analysis of fatty acid of N. oculata retorted that it is a microalgae
rich in fatty acid, as in eicosatetraenoic acid (ETA 20:4n-3; [21]), eicosapentaenoic acid
(20:5n-3; [22]) and palmitic acid (C16:0; [22]). Ohse et al. [23] observed that N. oculata has
more total lipid content than C. muelleri, and Sühnel et al. [24] observed that I. galbana has
more total lipid content than C. muelleri.

The bialgae diet, compared to the monoalgae diet, is preferred for better bivalve
nutrition; however, even though feed was calculated by biomass as in experiment II, the
appropriate selection of microalgae species for algae combination is important for better
seed growth. Although Brown et al. [14] did not obtain good results using a monoalgae diet
of Nannochloropsis-like sp. for C. gigas spat diet, in the present study, the monoalgae diet
with the microalgae species N. oculate showed better zootechnical performance compared
to the monoalgae diet with I. galbana for C. gigas.

The diet of I. galbana with C. muelleri did not provide the same nutritional value for
the seeds to grow compared with N. oculata, as can be observed in seed weight growth
with C. gasar. Lagreze et al. [25] observed that different combination of microalgae species
in a bialgae diet promotes different survivals and shell growth of the clam Anomalocardia
brasiliana (Gmelin 1791) larvae.

The combination of I. galbana and N. oculata was shown to be appropriate for both
oyster species (C. gasar and C. gigas). Already for the clam A. brasiliana, Lagreze et al. [25]
suggest a combination of N. oculata with C. muelleri, Pavlova lutheri (Green 1975; syn
Diacronema lutheri) with C. calcitrans, and P. lutheri with C. muelleri. There is no one good
microalgae combination for all bivalve species, but for each species and life cycle stage,
this combination of two or more algae species in the diet needs to be evaluated. Diet of
I. galbana with C. muelleri (IC) and R. salina with C. muelleri was unsuitable for C. gasar, with
lower weight growth. However, if this microalgae species is the only species available, seed
survival will not be affected by these diets (IC and RC) but will grow lower. For C. gigas,
the monoalgae diet of I. galbana and N. oculata also promotes lower seed weight and shell
growth than the bialgae diet.

Seed growth showed an increase in volume for the seeds fed with N. oculata compared
to the seeds fed with I. galbana. However, the differences in seed volumes between both
treatments are very low, as both monoalgae diets are not recommended if the hatchery
objective is seed growth. However, if only one microalgae species is available, I. galbana
and N. oculata can be used as monoalgae diets without affecting seed survival.

The reduction in seawater temperature, caused by cold weather (wintertime), ob-
served from T14 to T21 in experiment III could explain the increasing residual algae in the
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treatments with N. oculata (IN and N). This fact can be related to the effect of temperature
on seed clearance rate. Casas et al. [26] observed a lower clearance rate for C. virginica at
10 ◦C, compared to 20 ◦C and 30 ◦C.

The high survival rates observed in the present study for C. gasar (from 88 to 95%)
and for C. gigas (from 82 to 96%) were also reported for other oyster species in the nursery
phase (i.e., C. gigas, from 75 to 98%; and O. edulis, from 82 to 87%; [27]). The growth rate
also demonstrated that the present configuration of the system is a good alternative for
hatchery operation, reinforcing that FBBN is recommended to reduce hatchery space and
optimize water use for oyster seed production. For C. gasar, the present study showed
that the initial stocking density of 8.8% can produce high seed numbers, and the diet of
I. galbana and N. oculate high seed growth for C. gasar and C. gigas in the nursery phase
using the FBBN-CAS system.

5. Conclusions

In conclusion, the FBBN-CAS system developed for this study promotes a high zootech-
nical development for the seeds of C. gasar and C. gigas. For C. gasar, an initial stocking
density of 8.8% of bottle occupation provides a higher seed number after 29 days of culture.
Still, at 2.2% of the initial bottle occupation, bigger seeds can be achieved. All tested diets
did not affect oyster seed survival, but the diet composition affects seed growth and the
better seed growth of C. gasar and C. gigas can be achieved with a bialgae diet with I. galbana
and N. oculata.
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Abstract: Obtaining viable Argopecten purpuratus seeds faces challenges, especiallyci the unpredictabil-
ity of the marine environment and high production costs in hatcheries. However, improving the
method of “Broodstock Conditioning In Hatcheries” is key to ensure permanent seed supplies by
minimizing the dependence on marine conditions and by maximizing economic viability in hatcheries.
In an effort to overcome these barriers, broodstock were conditioned into two different environments:
(a) Natural Environment: Natural marine conditions located in Bahía Inglesa, Atacama Region, Chile.
(b) Hatchery: Laboratory conditions to achieve gonadal maturation, spawning induction, fertilization
and larval development. The purpose of this research was to evaluate how the type of reproductive
conditioning affects the reproductive potential and nutritional quality of the progeny. Both methods
were successful at inducing the necessary maturity for reproduction, obtaining viable gametes and
larvae. On the other hand, it was observed that in the natural environment, the oocytes and D larvae
reached a greater size and nutritional value, being the most significant differences with (p < 0.05):
the size of the D larvae reached figures of 95.8 ± 3.1 μm and 91.2 ± 2.7 μm in the environment and
hatchery, respectively; the lipid content in dry mass was 25.2 ± 3.1 mg g−1 and 13.5 ± 1.9 mg g−1

for the natural environment and hatchery, respectively. Although quality indicators in hatcheries
were slightly lower compared to the natural environment, the possibility of conditioning A. purpu-
ratus broodstock independently of environmental variability highlights the importance of further
optimizing broodstock conditioning aspects in hatcheries that would allow more predictable and
sustainable production.

Keywords: reproductive conditioning; hatchery; broodstock; A. purpuratus

Key Contribution: This study makes a detailed contribution to the conditioning of A. purpuratus
broodstock to optimize gonadal maturation and facilitate effective spawning, presenting a carefully
designed technical strategy that aims to reach continuous improvement in reproduction and in the
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nutritional quality of oocytes and D-larvae, which is a key factor for the success and sustainability of
seed supply for the aquaculture of this species.

1. Introduction

The cultivation of A. purpuratus has been an important economic activity in the regions
of Coquimbo and Atacama for more than 30 years [1,2]. Nevertheless, the development
of this scallop has been subject to considerable production and commercial fluctuations,
which have prevented its consolidation [3,4]. An aspect that has been a constant problem
for this culture has been the variability of naturally captured juveniles (seeds), which has
always been the main source of seeds used for the farmingo of A. purpuratus [5]. An attempt
has been made to address this by using larval and juvenile crop systems under laboratory
(hatchery) conditions [6,7]. However, for these systems to be viable, it is necessary to have
sexually mature broodstock that can provide gametes of adequate quality for a successful
seed production [8].

To obtain mature broodstock of this species, two modalities were used: (a) Brood-
stock were maintained under natural or environmental conditions (natural environment)
until favorable environmental conditions, for adequate gametogenesis development, ex-
isted. (b) Broodstock were bred under laboratory conditions (hatchery) with temperature
controlled at 15 ± 1 °C. Both methods were used to produce seeds of A. purpuratus for
large-scale cultivation of this species [9]. The broodstock was provided with microalgae as a
food source [10]. Microalgae such as Isochrysis galbana var (t-iso) and Nannochloropsis oculata
were used, which are necessary for the sexual maturation of A. purpuratus broodstock, They
were supplied for the hatchery [9]; these microalgae thrive in a wide range of temperatures,
from 15 °C to 30 °C [11], and improve the survival of the scallop larvae during in the early
stages [12]. This scallop species inhabits semi-enclosed bays and is also cultivated there,
close to upwelling areas, where the subsurface water rises and generates sudden changes
in nutrients, temperature, and oxygen concentration levels [13–15]; thus, the variability and
unpredictability of natural environmental conditions tend to be the greatest disadvantage
of conditioning in the sea. In the case of laboratory conditioning, or the hatchery, the
main difficulties are related to the high cost of microalgae production, temperature main-
tenance, and obtaining filtered and sterilized seawater for the process. Temperature and
food availability are the most relevant environmental factors for the proper development
of gametogenesis (cell proliferation and vitellogenesis) in bivalves [11,16].

Temperature is considered a crucial factor in the regulation of bivalve reproduction,
and the seasonal changes it undergoes have often been correlated with gonadal growth [17].
In general, it has been argued that increased temperature, in the marine environment,
accelerates the gonadal maturation process in bivalves, since observations of the repro-
ductive cycles of several of these species indicate that the main spawning season occurs
during the spring–summer period [15,17] and the reproduction of A. purpuratus is only
viable at temperatures above 15 °C [18]. It has been found that under laboratory conditions,
gonadal maturation is more appropriate under stable conditioning temperatures, where
thermal stability would prevent the occurrence of partial spawning that delays the gonadal
development process. In general, conditioning with a specific temperature regime must be
analyzed in conjunction with other relevant factors of the process, as an individual analysis
of isolated factors may lead to erroneous conclusions [17,19,20].

Regarding food availability [21], it was observed that the recovery of gonadal function
was accelerated in Ostrea edulis broodstock and was also found that the larvae obtained
from them were better developed when feeding levels were increased [22–24]. They
also postulated that differences in gamete´s quality would depend on the environmental
conditions to which the parents were exposed to. In bivalves, ingested food accumulates
in the adductor muscle as energy reserve in the form of glycogen, a component that
can be used as an energy source for the gametogenesis process [25,26]. In terms of food
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quality, it has been observed that the number of eggs and larvae produced is directly
related to the nutritional value of the food provided during the parental reproductive
conditioning process [12,27]. Even if after parental food reserves have been depleted and
the larvae begin to consume exogenous food, growth and survival are positively affected
if gonadal maturation conditions are adequate. In this regard, oocyte size is a factor that
has been considered by several authors as a valid indicator of progeny quality [25,28,29].
While Working with O. edulis [21], it was found that maximum viability and survival in
larval crops are directly related to the lipid content of the broodstock; for this reason, the
diet is based on polyunsaturated fatty acids, such as docosahexaenoic acid (DHA), this
component is found in concentrations of 31.31 ± 2.92% in the microalgae N. oculata [30] and
eicosapentaenoic acid (EPA), which reaches 37.88 ± 0.66% in the microalgae I. galbana [31].
These microalgae complement each other and are used in aquaculture as an important
source of nutrients to stimulate the gonadal maturation of broodstock.

Interestingly, in [32], a similar result was obtained from Mercenaria mercenaria and
Crassostrea virginica larvae, where they found a high correlation between larval survival and
the initial amount of lipids present in the oocytes. Consequently, lipids play a fundamental
role both energetical and functionally, as they are not only the energy reserve source but
serve as precursors of hormones and are also the main component of cell membranes [33,34].

Based on the information presented above, this study aimed to examine the quality
of the offspring by using two methods of reproductive conditioning: natural (environ-
ment) and laboratory (hatchery) conditions. It is important to emphasize that the natural
condition is characterized by its constant variability and it is unpredictability, although
seed production does eventually occur. This contrasts sharply with the second method
(laboratory), where factors such as feeding and temperature are more stable, providing
a more regular environment for the continuous development and supply of seed. This
sustainable approach contributes to the viability of A. purpuratus farming.

2. Materials and Methods

2.1. Obtaining Biological Material

A total of 300 A. purpuratus oysters were collected at the (CIC-UDA) Coastal Research
Center at the University of Atacama marine concession, located in the “El Morro” sector,
Bahía Inglesa, in the Atacama Region of Chile, at 27°8′13′′ S latitude and 70°54′22′′ W
longitude, They were transferred to the (CIC-UDA) hatchery, located at 27°8′11′′ S latitude
and 70°54′18′′ W longitude. The oysters were kept in tanks with circulating seawater to
reduce the stress caused by transportation.

2.2. Experimental Design

To evaluate the influence of the two different environments on the reproductive
capacity of adult A. purpuratus and the nutritional quality of the offspring, 180 immature
broodstock with an average valve length of 8 ± 1 cm were selected from the biological
material previously described. The broodstock were evenly distributed into two treatments:
(environment) gonadal maturation in the natural marine environment, in suspended farms
such as lantern nets; (hatchery) conditioning in farming tanks in a controlled environment,
called as hatchery. Each treatment was replicated three times to estimate outcomes reliably.

2.2.1. Natural Maturation of A. purpuratus Broodstock in Marine Conditions

In this treatment (environment), 90 immature broodstock of A. purpuratus were se-
lected for gonadal maturation. Coming from the crop in three lantern nets at a rate of
30 individuals per lantern net, each of which represented a replica of the trial. The nets
were then submerged under a depth of 5 m below the ocean surface to facilitate optimal
exposure of the broodstock to the marine environment. During this stage, the gonadal
maturation process was observed every two weeks by SCUBA diving professionals at 5 m
in depth (Figure 1).
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In the last phase, the sexually mature broodstock of A. purpuratus were placed, tem-
porarily, in ponds of 7.2 m³ capacity until their spawning and fertilization were achieved;
after this, embryonic development was carried out in tanks until larva D was obtained to
estimate reproductive and production indicators.

Figure 1. (A) Photograph of a lantern-type net where immature broodstock of A. purpuratus were
placed for gonadal maturation, (B) diagram showing three replicates of the treatment (environment)
organized in three divisions, in each division, a density of 10 broodstock was placed due to the
reduced dimensions of the lantern net of 50 cm in diameter and 30 cm high, (C) photograph showing
the collection of a lantern net containing mature broodstock, which were transferred to the hatchery
of the (CIC-UDA), (D) figure showing three 7.2 m³ farming tanks in which the reproduction of scallop
was carried out. These tanks were operated by using the recirculatory aquaculture system (RAS).

2.2.2. Conditioning of Broodstock in the Hatchery

In a previous phase, to start the treatment (hatchery) and to feed the broodstock of
A. purpuratus in the hatchery, the intensive growing of two varieties of marine microalgae
was carried out: I. galbana (Tiso) and N. oculata. Two fiberglass tanks of 12 m in length, 2 m
in width, and 0.5 m in useful height, and with a capacity of 9.6 m³ were installed to ensure
the proper circulation of seawater, There was also an agitation system installed, consisting
of a vane driven by a three-phase motor was installed, generating a rotating flow of water
at a speed of 1.57 rad/s. It is also important to note that the operating water level was
0.4 m. Keeping the water temperature constant at 15 ± 1 °C (Figure 2).

Figure 2. Details of the size of the tank used for the cultivation of microalgae, and the configuration
of the propeller paddle used in the cultivation of live feed for the broodstock of A. purpuratus.
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To carry out the treatment (hatchery), the remaining 90 immature broodstock of A.
purpuratus from the cultivation lines of the marine concession (CIC-UDA) were conditioned
in three fiberglass tanks of 0.3 m³ capacity. These tanks were installed in the hatchery of the
(CIC-UDA), whose dimensions were 1.2 m long, 0.6 m wide and 0.6 m high. Each contained
thirty scallops and represented a replica. In these tanks, to achieve gonadal maturation,
continuous aeration was ensured, and a complete water change was carried out, including
cleaning every 48 h, so it was a static water management system, maintaining a constant
water temperature at 15 ± 1 °C thanks to a 24,000 BTU air conditioning system (Figure 3).

Figure 3. (A) Photo of tanks used to condition immature broodstock of A. purpuratus for gonadal
maturation. They were rectangular to facilitate feed distribution and improve oxygen exchange,
(B) Photo of the distribution of the culture tanks of the static system.

In a later phase, the gonadally mature broodstock were migrated to three fiberglass
crops tanks of 7.2 m³ capacity, 12 m long, 2 m wide, 0.75 m high, each tank representing
a replica that served for broodstock spawning, oocyte fertilization, embryogenesis, and
obtaining larva D of A. purpuratus. The pond was equipped with 2 mechanical water
propulsion systems (propeller vanes); the rotation speed of the vanes was set at 1.57 rad/s,
and the fluid level in the pond was 0.3 m high. In addition, a heater was installed to regulate
the temperature in a range of 18 ± 2 °C; this equipment had a power of 6 kW, voltage of
220 V, current of 16 A, three-phase power, seawater-proof housing, electronic panel for
temperature range, temperature sensors for upper and lower limit to prevent overheating
or cooling of the water. The culture system model was the Recirculatory Aquaculture
System (RAS), maintaining average velocities from 0.02 m/s near the walls to 0.18 m/s near
the pallet rotation´s sector. The average flow within the pond was 307 m³/h (Figure 4).

The three phases of hatchery conditioning are summarized in the following diagram,
where the first part of the procedure of microalgae farming is represented, the second phase
consists of the treatment (hatchery) through conditioning of immature broodstock of A.
purpuratus for sexual maturation. And the third phase consists of induction to spawn of
mature broodstock, fertilization of oocytes, embryonic and larval development, and to
measure the reproductive capacity and nutritional quality of the progeny (Figure 5).

2.2.3. Spawning, Fertilization, Early Larval Development and Sampling of Treatments

After 50 days of treatment, 5 mature broodstock (n = 5) of each replicate were sampled
to determine gonadal maturity by using the following reproductive parameters:

• The gonadosomatic index (GSI) was calculated by using the following formula: GSI =
(Gonad Weight/Total Body Weight) × 100;
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• Percentage of spawning assessed using the fertility calculation method: Spawning% =
(N° of fertilized eggs/N° of spawning broodstock)

• The number of oocytes per individual was counted in a Sedgewick-Rafter count-
ing chamber: N° of oocytes = (N° of oocyte cells counted/Area of the counting
chamber)×gram of gonadal tissue. According to the protocol used by [35]

Figure 4. Design of the culture tanks adapted for A. purpuratus mature broodstock. In this controlled
environment, the process of spawning, fertilization of oocytes, embryonic development, and obtaining
D. larvae was successfully accomplished.

Figure 5. (A) Photo of the production of microalgae for broodstock feed, (B) photo conditioning of
immature broodstock in hatchery, (C) spawning photo tank, oocyte/ embryo fertilization and larval
development D, (D) diagram of the phases of the conditioning treatment of the broodstock in the
hatchery (hatchery),where (*) is the number of treatment replicates.

Once the sexual maturation was verified, the broodstock of the two treatments were
placed into six cultive tanks with a capacity of 7.2 m³ (Figure 4), where controlled spawning
was induced in the hatchery, increasing the water temperature gradually until it reached
18 °C, triggering the spawning and fertilization reflex the eggs. After the reproduction
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process was completed, the broodstock of A. purpuratus were removed from the tanks. The
oocytes were maintained with light aeration and were not fed for 48 h, until they reached
the straight hinge stage of larval development D larvae. Subsequently, the water was
homogenized, and 20 mL were collected from each of the tanks to determine the following
production parameters:

• Percentage of fertilized oocytes, which were counted with the help of a 1 mL (50 ×
20 × 1 mm) Sedgewick-Rafter counting camera using a Leica MZ10 stereoscope. The
percentage of fertilized eggs was calculated with the following formula:
Percentage of Fertilized Eggs = (N° of Fertilized Eggs/(N° of Fertilized Eggs + N° of
Unfertilized Eggs) × 100

• Larval survival (a). The survival of the D larvae of A. purpuratus was determined 48 h
after fertilization by taking samples of 20 mL from each tank and using the volumetric
method: Larval survival = (N° of surviving larvae/N° of initial larvae) × 100

2.3. Feeding of the Broodstock

The microalgae diet was fed to the broodstock of A. purpuratus in the form of living
food, consisting of a 50:50 mixed diet by the number of I. galbana (T-iso) cells and N. oculata
cells, using the Neubauer chamber [36,37] through an automatic drip system. The amount
of food supplied was equivalent to 6% of the scallop’s body weight (shell plus flesh) [17].
The Maintenance of the broodstock at the hatchery ended when more than 80% of the
scallops had spawned.

2.4. Size Measurements and Survival

The fertilized eggs and 48 h old D larvae from the two reproductive conditioning
treatments were measured (n = 3)/They replicate using the Leica ICC50 W microscope
with LAS EZ 3.1.0 imaging software. Oocyte diameter and anteroposterior length of D
larvae were measured. The D larvae were counted and their survival was determined
according to the number of fertilized eggs from each treatment distributed in each 7.2 m³
incubation tank.

2.5. Proximal Biochemical Composition

The oocytes and straight-hinge larvae (“D” larvae) were analyzed to determine the
lipid [38], protein [39], and carbohydrate [40] contents.

2.6. Statistical Analyses

For the statistical analysis, homoscedasticity and normality were established, and
later a completely randomized design was applied, establishing two treatments, with
three replicates, consisting of the cultivation of A. purpuratus broodstock in two conditions:
natural (environment) and laboratory-controlled (hatchery). The variables studied were
the sexual maturation of A. purpuratus; the following were defined as response variables:
spawning, number of oocytes/embryo, fertilized eggs, larval size, survival, and progeny
quality (biochemical composition of larvae). All evaluated parameters were compared
between conditioning treatments by using Students’ t-test.

3. Results

3.1. Development of Gonadal Maturation

After 50 days of conditioning, both experimental groups indicated an increase in their
GSI during the conditioning period. The values obtained in both treatments reflected no
significant difference at the end of the process p < 0.05, (Table 1).

36



Fishes 2024, 9, 9

Table 1. Gonadosomatic index (GSI), percentage of spawning, and fecundity index (expressed
as the average number of released oocytes per scallop) of Argopecten purpuratus held in two diff-
erent conditions.

Treatments GSI Spawning (%) Number of Oocytes/ Ind.

Environment 27 ± 2.9 88 1,654,343
Hatchery 25 ± 2.5 82 1,534,576

Each value is a mean ± SD (n = 5).

3.2. Oocyte Evaluation

The size of the oocytes obtained from the spawning of broodstock conditioned in the
natural environment (Environment treatment) was significantly greater than those obtained
from the broodstock conditioned in the laboratory (Hatchery treatment) (p < 0.05, Table 2).
Despite this difference in size, the fertilization percentage did not present significant
differences (p > 0.05, Table 2).

Table 2. Size and fertilization success of oocytes from Argopecten purpuratus held in two diff-
erent conditions.

Treatments Fertilized Eggs (%) Oocyte Size (μm)

Environment 93.2 ± 3.3 65.9 ± 1.7 *
Hatchery 91.7 ± 2.8 61.4 ± 1.2

Each value is a mean ± SD (n = 3). * indicates significantly different values (t-test, p < 0.05).

Regarding the biochemical composition of the oocytes, the lipid content was signifi-
cantly higher in those obtained from broodstock conditioned in the natural environment,
and there were no significant differences with (p < 0.05) in the protein and carbohydrate
contents (Table 3).

Table 3. Biochemical components of oocytes from Argopecten purpuratus held in two different conditions.

Treatments
Proteins (mg g−1

Dry Mass)
Lipids (mg g−1

Dry Mass)

Carbohydrates
(mg g−1 Dry Mass)

Environment 356.7 ± 93.8 98.9 ± 8.3 * 39.4 ± 6.3
Hatchery 342.5 ± 85.7 41.6 ± 6.7 36.7 ± 7.1

Each value is a mean ± SD (n = 3). * indicates significantly different values (t-test, p < 0.05).

3.3. Straight-Hinge Larvae (“D” Larvae) Evaluation

The size of D larvae from the spawning of broodstock conditioned in the natural
environment (environment treatment) was significantly larger than those obtained from
broodstock conditioned in the laboratory (hatchery treatment) (p < 0.05, Table 4). Survival
showed no significant differences between both experimental groups p > 0.05 (Table 4).

Table 4. Size and survival of straight-hinge larvae from Argopecten purpuratus held in two different
conditions.

Treatments Larval Size (μm) Larval Survival (%)

Environment 95.8 ± 3.1 * 52.1 ± 2.5
Hatchery 91.2 ± 2.7 49.5 ± 3.3

Each value is a mean ± SD (n= 3). * indicates significantly different values (t-test, p < 0.05)

In relation to the biochemical composition of D larvae, the lipid and protein contents
were significantly higher in those from broodstock conditioned in the natural environment
(p < 0.05, Table 5). There were no significant differences in the carbohydrate content
p > 0.05, (Table 5).
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Table 5. Biochemical components of oocytes from Argopecten purpuratus held in two different conditions.

Treatments
Proteins (mg g−1

Dry Mass)
Lipids (mg g−1

Dry Mass)

Carbohydrates
(mg g−1 Dry Mass)

Environment 256.5 ± 21.1 * 25.2 ± 3.1 * 13.1 ± 3.3
Hatchery 198.8 ± 17.4 13.5 ± 1.9 11.3 ± 3.7

Each value is a mean ± SD (n = 3). * indicates significantly different values (t-test, p < 0.05).

3.4. Breeding Stock Conditioning in Hatchery

In the hatchery (hatchery), three tanks of 300 L each were installed to create an environ-
ment under controlled conditions. Inside these tanks, the broodstock were provided with
food using microalgae obtained from 50 L plastic containers. These containers contained
cultures of I. galbana and N. oculata, and constant aeration was maintained (Figure 1).

4. Discussion

Both treatments used for reproductive conditioning of A. purpuratus proved to be
viable. However, in regions where the temperature drops below 15 °C, it is essential to
carry out reproduction under laboratory conditions (hatchery). This helps to reduce the
uncertainties associated with natural conditions and ensures a steady supply of seed. It
is important to note that the second condition (hatchery) must be carefully calibrated to
replicate key aspects of the natural habitat conducive to reproduction. This includes the
provision of appropriate microalgal diets rich in essential fatty acids such as polyunsatu-
rated fatty acids (HUFA): C20:5n3 (EPA), C22:6n3 (DHA) and C22:5n6 (DPA). These fatty
acids are abundant in different microalgae species, such as I. galbana, with concentrations
of (EPA) at 37.38 ± 0.66% and 26.47 ± 0.55%, according to [31] and [12], respectively.
Similarly, N. oculata presents (EPA) levels of 30.77 ± 1.19%, according to [12], and (DHA)
levels that reach up to 31.31 ± 2.92%, according to [30]. It is important to highlight that
(DHA) is crucial, serving as a precursor for the synthesis of prostaglandins, which plays a
fundamental role in processes such as gametogenesis, vitellogenesis, and spawning [41]

In this study, by feeding the broodstock with the microalgae I. galbana and N. oculata,
spawning rates of 88% and 82% were achieved in the natural environment and in hatchery
conditions, respectively. Similar results were obtained with [42]: on a high-protein diet,
scallops achieved 83.9% reproductive efficiency; on a standard diet, this dropped to 62.6%,
and a low-protein diet resulted in suboptimal growth and reproductive performance. In
contrast to the lower spawning percentage, [17] achieved 70% under similar laboratory
hatchery conditions, maintaining a stable temperature of 15 °C and providing a mixed diet
of microalgae, including I. galbana Chaetoceros gracilis. Other researchers, such as [43,44],
fed broodstock of A. purpuratus by using three different treatments. The first diet consisted
of a mixture of microalgae species, including Isochrysis galbana (T-Iso clone), Tetraselmis
suecica, Pavlova lutheri and Chaetoceros gracilis. The second was microalgae supplemented
with an emulsion rich in 22:6n-3 (DHA), which resulted in spawning occurring 5 to 7 h
earlier than those fed only by microalgae or microalgae supplemented with EPA. The
third treatment consisted of microalgae supplemented with 20:5n-3 (EPA), which resulted
in a 2% higher lipid content found in the oocytes than in the previous treatments, and
Nannochloropsis sp. [45]. It appears that gonadal maturation responses are linked to the
lipid and protein content of the diet of the purple scallop A. purpuratus [46].

Similarly, for oocytes, a larger diameter was observed in the natural condition (en-
vironment), indicating a positive correlation between oocyte diameter and subsequent
larval viability [12]. Even an increase in oocyte diameter can imply an increase in yolk
content [19]. Therefore, the larger oocyte size observed in the natural state is associated
with a high accumulation of energy reserves, especially lipids [38,43,46,47], such as polyun-
saturated fatty acids (HUFA), which are part of the matrix and cell membranes [10,48]. In
this study, significant differences were found in the lipid content of the oocytes with values
of 98.9 ± 8.3 mg g−1 dry mass and 41.6 ± 6.7 mg g−1 dry mass in the natural (environment)
and (hatchery) conditions, respectively. In contrast, proteins and carbohydrates showed no
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significant differences, suggesting that lipids have a significant effect on fertilization and
oocyte survival. This conclusion is supported by the findings of [49], who indicated that
lipids contributed the greatest percentage (46.7%) of the energy required for embryogenesis,
followed by proteins and carbohydrates, which contributed 43.5% and 9.8%, respectively.
A diet rich in a variety of microalgae, particularly diatoms and green algae, is essential to
produce high-quality oocytes and to improve the reproductive performance of scallops in
hatcheries [50]. Regarding the size of “D” larvae, there were significant differences between
the two treatments —natural environment and hatchery conditions— with sizes reaching
95.8 ± 3.1 μm and 91.2 ± 2.7 μm, respectively. In another similar work [51], in which the
bivalve Gari solida was cultivated in a hatchery, the D-type larvae of the bivalve reached a
size of 78 ± 4.7 μm, depending exclusively on microalgae. The ability of phytoplankton
to accumulate endogenous reserves in “D” larvae depends on the quality and quantity of
proteins, which are essential for larval development [19]. Other authors indicate that lipids,
proteins, and carbohydrates contribute up to 47.6%, 44.9%, and 7.5%, respectively, of the
energy expended during larval shell formation in the prodissoconcha I phase of the species
Patinopecten yessoensis [49,52].

As a result, early embryonic and larval development requires a significant amount of
lipids and proteins that are rapidly consumed during the formation of new larval structures
such as the larval shell and velum [10,29]. In addition to being the primary source of
energy during the early stages of development, lipids provide essential polyunsaturated
fatty acids that are crucial for the formation of cell membranes [29,45,47]. Therefore, a
higher content of lipids stored in the oocytes would increase the developmental rates of
the early larvae [10,53], explaining the larger size achieved by the “D” larvae from the
naturally conditioned broodstock [45]. Demonstrating that the diet consumed by oysters
in the natural environment during reproductive conditioning provides high levels of
polyunsaturated fatty acids, suggesting that the resulting larvae have cell membranes with
elevated levels of EPA (22:6 n-3), positively influencing their development and survival.
However, these contributions would depend on the quality and availability of certain
phytoplankton species containing high concentrations of polyunsaturated fatty acids [54],
whose presence depends on the prevailing environmental conditions, which are highly
variable in upwelling areas [13,14,31].

During the study period, the environmental conditions in the Bahía Inglesa were fa-
vorable for the reproductive process of A. purpuratus, with recorded phytoplankton blooms
that enhanced the conditioning process. However, these conditions are not always present,
which limits the availability of high-quality broodstock. Therefore, it is necessary to resort
to conditioning of broodstock under laboratory conditions (hatchery) because of the success
of the spawning events and the high survival rate of the larvae at 48 h of development,
and like that demonstrating the feasibility of conditioning under controlled conditions.
Nevertheless, significant advances could be made in this process by identifying native
microalgae present in marine phytoplankton with high levels of lipids (polyunsaturated
fatty acids) and proteins that can be cultivated in the hatchery to replace or supplement
commercial microalgae diets, such as (I. galbana var T-iso, Chaetoceros calcitrans, N. oculata,
Pavlova lutheri) diet. Ultimately, these improvements will increase production and eco-
nomic benefits for mariculturists [8]. Furthermore, this practice will promote sustainability
by reducing dependence on natural resources and mitigating the environmental impacts
associated with overexploitation of marine resources [14].

5. Conclusions

This study demonstrates the effectiveness of broodstock conditioning for A. purpuratus
seed production, both under natural marine (environment) and (hatchery) conditions.
Nevertheless, certain indicators of oocyte (size and lipid content) and larval (size, lipid, and
protein content) quality were found to be lower in laboratory-conditioned broodstock in
the hatchery than in the natural conditions. However, the successful spawning and robust
survival of ‘D’ larvae at 48 h of development underlines the feasibility of conditioning
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under controlled conditions. This opens up the possibility of becoming less dependent
on the vagaries of the marine conditions (environment) and represents a significant step
towards sustainable A. purpuratus seed production.
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Abstract: Different fertilization regimes in biofloc systems influence the predominance of distinct
bacterial populations, impacting water quality and organism performance. This study evaluates
the growth and nutrient absorption of the macroalgae Ulva lactuca when cultivated in an integrated
system with Penaeus vannamei and Oreochromis niloticus in chemoautotrophic and heterotrophic
systems. The experiment lasted 45 days and comprised two treatments, each with three replicates:
chemoautotrophic—utilizing chemical fertilizers; heterotrophic—employing inoculum from mature
biofloc shrimp cultivation, supplemented with organic fertilizers. Each treatment consisted of
three systems, each containing a 4 m3 tank for shrimp, 0.7 m3 for tilapia, and 0.35 m3 for macroalgae,
with continuous water circulation between tanks and constant aeration. Water quality analyses were
carried out during the experiment, as were the performances of the macroalgae and animals. The
data were subjected to a statistical analysis. Results revealed an increase in macroalgae biomass
and the removal of nitrate (57%) and phosphate (47%) during cultivation, with a higher specific
growth rate observed in the chemoautotrophic treatment. Nonetheless, the heterotrophic treatment
exhibited higher levels of protein in the macroalgae (18% dry matter) and phosphate removal rates
(56%), along with superior maintenance of water quality parameters. Tilapia performance varied
across treatments, with a higher final weight and weight gain recorded in the heterotrophic treatment.
The recycling of water from an ongoing biofloc cultivation with organic fertilization demonstrated
viability for macroalgae cultivation within an integrated system involving shrimp and fish.

Keywords: nitrate; phosphate; growth; biocompounds; water renewal

Key Contribution: The use of macroalgae in an integrated system with different fertilizations showed
a high rate of nitrate and phosphate removal. The use of partial harvests promoted high biomass
production with a high protein content.

1. Introduction

Numerous recent studies have explored marine macroalgae as a source of human
food, bioactive compounds, and supplements for marine organisms [1,2]. According
to Chopin [3], macroalgae cultivation can be deemed sustainable due to their minimal
need for feed, reduced land footprint, and bioremediation capabilities. The genus Ulva
exhibits a global distribution, with the morphology and composition adapting to the
environmental variables of the production site, rendering it a feasible and intriguing option
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for cultivation [4]. The cultivation of macroalgae integrated with other aquatic organisms
has gained traction in aquaculture, referred to as Integrated Multitrophic Aquaculture
(IMTA) [5]. Resende et al. [6] demonstrated the feasibility of incorporating macroalgae
for nutrient absorption and biomass production in open cultivation systems with Sea
bream Sparus aurata and European sea bass Dicentrarchus labrax. In addition to macroalgae
serving as inorganic consumers, the IMTA system also includes organic consumers to
consume the solids produced in the system. The tilapia Oreochromis niloticus, known for
its ease of handling and feeding habits, has been utilized in integrated systems, showing
positive results in solid filtration [7,8]. Due to its robustness, tilapia can also be produced
in brackish water without negative effects on its zootechnical performance [9]. Both species
could bring benefits when integrated into the cultivation of a main species, as in the
farming of the Pacific white shrimp Penaeus vannamei, the most cultivated shrimp in the
world, especially because it is an euryhaline [10], easy to manage and adapt [11], and
holds significant economic interest [12], which has been employed as a primary species in
integrated systems.

In conjunction with integrated systems, the utilization of biofloc technology has
intensified production by improving the utilization of accumulated waste in cultivation.
Studies by Brito et al. [13], Legarda et al. [14], and Morais et al. [15] have reported positive
results from the production of shrimp, tilapia, and macroalgae in an integrated biofloc
system. In general, biofloc technology offers enhanced biosecurity with reduced water
exchange, facilitates water quality control through microbial activity, and serves as a
supplementary food source for cultivated species [16]. Various fertilization approaches
promote the growth and dominance of distinct bacterial groups within the system, including
heterotrophic bacteria, chemoautotrophic bacteria, or a combination of both in mixed or
mature systems [17]. The bacterial groups play a crucial role in nitrogen consumption
and oxidation within the system, contributing to the maintenance of water quality for
the organisms. Heterotrophic bacteria are favored by daily carbon source fertilization,
typically at a ratio of 15 g of carbohydrate per gram of available nitrogen in the system [18].
Ammonia consumption by heterotrophic bacteria leads to bacterial biomass production,
increasing the total suspended solids concentration in the water, which should ideally be
maintained within the range of 100 to 350 mg L−1, as suggested by Gaona et al. [19] to
avoid adverse effects on animal performance.

Another significant bacterial group comprises chemoautotrophs, which, according
to Ebeling et al. [18], oxidize nitrogen within the system, converting ammonia to nitrite
and eventually to nitrate, a less toxic final product for organisms. Chemical fertilization
is utilized for system establishment, requiring approximately 30 to 45 days of chemical
fertilization prior to cultivation initiation to maintain low concentrations of ammonia and
nitrite [17]. Unlike heterotrophic bacteria, chemoautotrophic bacteria generate fewer solids
in the system and consume less oxygen. However, they utilize more inorganic carbon,
requiring alkalinity adjustments to maintain levels above 150 mg of CaCO3 L−1 [20].
Nitrate accumulates as the final nitrogen product in this system’s oxidation process, posing
toxicity risks to cultivated organisms at high concentrations [21], and, when discharged
untreated, can lead to diseases such as methemoglobinemia in humans [22]. Another viable
option is to utilize a biofloc inoculum from an ongoing cultivation, providing enhanced
stability in nitrogen control and greater sustainability through water reuse [17]. This
approach results in a mixed system containing both heterotrophic and chemoautotrophic
bacteria, aimed at regulating water quality by promoting bacterial biomass production and
nitrification [23]. Organic fertilization is typically employed at the onset of cultivation to
expedite the stabilization of ammonia until nitrifying bacteria become established [24].

The biofloc system is complex and subject to variations based on the fertilization
strategy utilized, which can impact water quality, production costs, and animal perfor-
mance. Brandão et al. [23] reported greater shrimp growth in mixed systems compared
to heterotrophic systems. Conversely, tilapia performance was negatively impacted in
chemoautotrophic systems due to low organic matter loads [8]. However, limited informa-
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tion exists regarding macroalgae performance within these systems. High concentrations
of solids produced by heterotrophic bacteria may accumulate on macroalgae, hindering
photosynthesis and affecting their performance [25]. Additionally, elevated nutrient con-
centrations present in the chemoautotrophic system can induce stress in macroalgae and
trigger reproductive events [26]. Choosing the right cultivation system can provide better
growing conditions and biomass production for the macroalgae. In addition to growth
and nutrient absorption, the specific physical and chemical variables inherent to each
cultivation system also influence the nutritional composition of macroalgae [27]. The pro-
duction of biomass with enhanced nutritional value can offer economic advantages for the
system through the generation of valuable by-products. For instance, utilizing the biomass
of macroalgae cultivated in the integrated system as a food source for shrimp and fish
could prove beneficial for aquaculture [2]. Therefore, the objective of this study was to
evaluate the growth performance, nutrient absorption, and bioactive compounds of the
macroalga Ulva lactuca when cultivated in an integrated system with Pacific white shrimp
Penaeus vannamei and tilapia Oreochromis niloticus using two biofloc fertilization strategies:
a chemoautotrophic system and a heterotrophic system.

2. Materials and Methods

2.1. Location and Origin of the Animals

The experiment was conducted in an agricultural greenhouse situated at the Marine
Station of Aquaculture (EMA), Institute of Oceanography, Federal University of Rio Grande
(IO-FURG), located on Cassino Beach, Rio Grande, Rio Grande do Sul. The greenhouse
was devoid of shading, and aeration within the tanks was provided by a blower through
continuous air injection via micro-perforated hoses (aerotubes).

2.2. Animal Materials

The shrimp originated from a biofloc cultivation system within a grow-out greenhouse
at EMA, with an initial weight of 7.13 ± 0.18 g. Tilapia were sourced from a recircu-
lation system grow-out cultivation, starting with an initial weight of 412.33 ± 72.58 g.
The macroalgae were cultivated in a greenhouse in a 1 m3 tank containing water with
35.1 ± 2.74 mg L−1 of nitrate and 2.24 ± 1.2 mg L−1 of phosphate.

2.3. Experimental Design

The experiment, which spanned 45 days, was conducted on six experimental produc-
tion systems. Each system comprised a 4 m3 tank for shrimp (350 shrimp m−2), a 0.7 m3

tank for tilapia (10 fish per m3), and a 0.35 m3 tank for macroalgae cultivation (0.1 g m3

of the useful volume of the entire system). A submerged pump circulated the system,
transferring water into the macroalgae tank, which then flowed by gravity into the shrimp
tank before returning to the tilapia tank (Figure 1). The macroalgae were contained within
the tank using a circular structure with a diameter of 0.60 m positioned near the surface,
constructed from polyethylene netting with 5 mm mesh openings.

2.4. Treatments

Two treatments were employed, each with three replicates: chemoautotrophic—a
system utilizing chemical inorganic fertilization; heterotrophic—a system supplemented
with organic fertilizer. Inoculum preparation for the chemoautotrophic system involved
maintaining water with a salinity of 20 ppt in an 8 m3 tank. Over 35 days, daily fertilization
with sodium nitrite (Neon Comercial, São Paulo, SP, Brazil) and ammonium chloride (Neon
Comercial, São Paulo, SP, Brazil) was conducted to achieve a concentration of 1 mg L−1

for each compound in the water. To establish bacterial populations in the system, six
pillow-like structures containing biological media were placed in the main tank and then
distributed among the replicates. The tank was continuously aerated and devoid of light,
and no heaters were utilized to simulate greenhouse cultivation conditions.
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Figure 1. Design of the experimental system, consisting of a shrimp tank, a fish tank, and a macroalgae
tank, with water recirculating between them.

Once the ammonia and nitrite concentrations stabilized and were converted into
nitrate, the experiment started. Chemoautotrophic treatment replicates were prepared by
blending 40% inoculum with water of salinity 20, up to a useful volume of 5 m3. At the onset
of the experiment, the water parameters were as follows: a temperature of 26.0 ± 0.4 ◦C,
dissolved oxygen of 7.2 ± 0.5 mg L−1, pH of 8.18 ± 0.3, alkalinity of 170.0 ± 2. 0 mg
CaCO3 L−1, total ammonia nitrogen of 0.02 ± 0.02 mg L−1, nitrite of 1.5 ± 0.2 mg L−1,
nitrate of 64.0 ± 1.7 mg L−1, phosphate of 1.2 ± 0.4 mg L−1, and total suspended solids of
160.0 ± 5.8 mg L−1.

The tanks designated for the heterotrophic treatment were prepared with 40% mature
biofloc inoculum and seawater at a salinity of 20 ppt, up to a useful volume of 5 m3. The
biofloc inoculum was sourced from a shrimp cultivation system with a useful volume of
237 m3, a density of 184 shrimp m−2, and an average weight of 7.1 ± 1.2 g, cultivated for
68 days. The initial water quality parameters in the shrimp production tank before the
experiment were as follows: a temperature of 25.6 ◦C, dissolved oxygen of 5.4 mg L−1, pH
of 7.47, alkalinity of 215.0 mg CaCO3 L−1, total ammoniacal nitrogen of 0.20 mg L−1, nitrite
of 0.20 mg L−1, nitrate of 147.0 mg L−1, phosphate of 4.0 mg L−1, and total suspended
solids of 700.00 mg L−1.

2.5. Chemical and Physical Water Parameters

Water quality analyses were conducted on samples collected from the shrimp tanks,
considering water homogenization due to the circulation within the systems. Temper-
ature and dissolved oxygen were measured twice daily using a Pro-20 model (YSI Inc.,
Yellow Springs, OH, USA), and pH was measured daily with a bench pH meter (Seven2Go
S7 Basic, Mettler Toledo, São Paulo, SP, Brazil). Salinity was assessed twice a week using a
Pro-20 model (YSI Inc., OH, USA), and, if necessary, fresh water was added to maintain
salinity at 20. Alkalinity (mg CaCO3 L−1) was monitored twice a week following the APHA
methodology [28], with calcium hydroxide added to both treatments when alkalinity fell
below 150 mg CaCO3 L−1, as per Furtado et al. [20] recommendation.

Total ammoniacal nitrogen (mg L−1) and nitrite (mg L−1) were initially measured daily
and then twice a week after nutrient stabilization, according to UNESCO methodology [29].
Nitrate (mg L−1) and phosphate (mg L−1) were measured twice a week, according to the
method proposed by Aminot and Chaussepied [30]. Total suspended solids (mg L−1−TSS)
and settleable solids (ml L−1−SS) were quantified twice a week, using the methodology
described by Baumgarten et al. [31] and APHA [28], respectively. For the heterotrophic
system, organic carbon (molasses) was added when the total ammoniacal nitrogen exceeded
1 mg L−1 to promote nitrogen uptake through heterotrophic bacteria growth, as proposed
by Wasielesky et al. [32]. In the chemoautotrophic system, inorganic carbon (calcium
hydroxide) was added when ammonia and nitrite concentrations exceeded 1 mg L−1 and
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5 mg L−1, respectively. In this treatment, alkalinity was maintained at 300 mg CaCO3 L−1

for optimal nitrifying bacteria performance, as recommended by Furtado [20].

2.6. Macroalgae Growth and Biochemical Analysis

Macroalgae biomass was weighed every 15 days. Before the weighing process, the
macroalgae were gently shaken inside the holding structure to eliminate any solids adhering
to the surface. Subsequently, the circular holding structure was removed from the tank
and set aside to air-dry for 10 min to remove excess water before weighing. The initial
weight of macroalgae in each replicate was 502.7 ± 0.5 g. After each weighing, the extra
macroalgae biomass was removed, ensuring that the initial weight of the macroalgae was
maintained. The following formula was used to calculate the macroalgae specific growth
rate (SGR) [33]:

SGR (% d−1): 100 × [ln (final weight (g)/initial weight (g))/(final time − initial time)] (1)

The nutrient absorption efficiency (NRR) of the macroalgae was calculated using the
following formula [33]:

NRR (%): 100 × [(nutrient concentration at initial time (mg L−1) − nutrient concentration
at final time (mg L−1))/nutrient concentration at initial time (mg L−1)]

(2)

At the conclusion of the experiment, random samples of macroalgae were collected
from each replicate. Wet samples were weighed and then subjected to drying in an
oven at 60 ◦C for 24 h after obtaining the dry weight. To determine the concentration
of chlorophyll-a, chlorophyll-b, and carotenoids, 500 mg of the dry sample was macerated
and then incubated in 5 mL of methanol in the dark for 60 min at 4 ◦C. After that, the
solution was centrifuged (12,000× g, 10 min), and the supernatant was used to quantify
the pigments. The wavelengths of 664 and 647 ηm were used to calculate chlorophyll a
(Chla = 11.75 × A664 − 2.35 × A647), chlorophyll b (Chlb = 18.61 × A647 − 3.91 × A664),
and carotenoids (Car = (1000 × A470 − 2.27 × Chla − 81.4 Chlb)/227), according to the
methodology of Lichtenthaler & Wellburn [34].

Protein quantification was conducted using the Bradford method. An extract was
obtained from the dried macroalgae, following the protocol of Barbarino & Lourenço [35],
with the addition of 1 mL of sodium hydroxide and centrifugation. The extract and TCA
(25%) were added in a ratio of 2.5:1 (v/v) to precipitate the protein and kept in an ice-cold
bath for 30 min. The solution was then centrifuged and washed with dilutions of TCA
(10 and 5%), removing the supernatant, until the protein pellet was formed. To the pellet
suspension, 0.5 mL of sodium hydroxide (0.1 N) was added, and 20 μL of the solution was
combined with 1 mL of the total protein kit for the final analysis procedure.

2.7. Feed Management and Performance of the Animals

Shrimp were fed twice daily with 1.6 mm feed (Guabi aqua QS 1–2 mm, Guabi
Nutrition and Animal Health S.A., Campinas, São Paulo, SP, Brazil), and weekly biometrics
were conducted to adjust feed quantities following the method proposed by Jory et al. [36].
The tilapia were fed twice a day with commercial feed containing 40% protein (Guabi Tech,
Guabi Nutrition and Animal Health S.A., Campinas, São Paulo, SP, Brazil) at a rate of
1% of the biomass to encourage biofloc consumption. To evaluate shrimp performance,
measurements were taken at the beginning, middle, and end of the experiment. Fish
biometrics were conducted at the beginning and end of the experiment. The animals’
performance was assessed using the following formulas:

− Final average weight (g): final biomass of live animals (g)/total number of animals;
− Weekly weight gain (g week−1): weight gain (g)/number of weeks;
− Final biomass (g): ∑ final weight of all live animals (g);
− Feed conversion rate (FCR) = ∑ feed offered (g)/(biomass gain (g));
− Survival (%) = (final number of animals/initial number of animals) × 100;
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− Yield (kg m−3): (final biomass (kg)/tank volume (m3);
− Weight gain rate (%) = 100 × [(final mean weight − initial mean weight)/initial mean weight].

2.8. Statistical Analysis

The data mean (±standard deviation) values are presented in Tables 1–3. Data nor-
mality and homoscedasticity were assessed using the Shapiro–Wilk and Levene tests,
respectively. Upon meeting these assumptions, a Student’s t-test was employed to compare
treatment differences. In cases where the assumptions of the Student’s t-test were not met,
the non-parametric Kruskal–Wallis test was utilized. Additionally, a one-way ANOVA
followed by a Tukey post-hoc test was conducted to evaluate nitrate and phosphate con-
centrations over time in each treatment. A significance level of 5% (p ≤ 0.05) was applied
to all analyses. The tests were carried out using the PAST 4.03 2020 software [37].

3. Results

3.1. Physical and Chemical Parameters

During the 45-day trial period, there were significant differences (p < 0.05) observed in
pH, alkalinity, and calcium hydroxide consumption between the treatments. The chemoau-
totrophic system exhibited the highest values, along with higher consumption of calcium
hydroxide (Table 1).

Regarding nutrient levels, the chemoautotrophic system demonstrated higher concen-
trations of ammonia and nitrite, reaching maximums of 3.1 and 20.0 mg L−1, respectively.
Conversely, the heterotrophic system exhibited higher concentrations of total suspended
solids and settleable solids (Table 1). Significant nitrate and phosphate removal (p < 0.05)
was observed in both treatments, although the heterotrophic treatment displayed a higher
phosphate removal rate compared to the chemoautotrophic system.

Table 1. Water quality parameters (mean ± standard deviation) (maximum–minimum) of chemoau-
totrophic and heterotrophic biofloc systems during the 45 days of integrated cultivation of Ulva
lactuca with Oreochromis niloticus and Penaeus vannamei.

Treatments

Parameters Chemoautotrophic Heterotrophic

Temperature (◦C) 22.82 ± 0.30 (27.4–15.5) 22.67 ± 0.38 (27.3–14.9)
DO (mg L −1) 7.06 ± 0.04 (9.9–5.3) 6.96 ± 0.06 (9.7–5.2)

pH 8.15 ± 0.02 a (8.9–7.7) 7.89 ± 0.04 b (8.1–7.5)
Salinity (g L−1) 20.20 ± 0.26 (22.1–19.1) 21.83 ± 0.76 (23.3–20.3)

Alkalinity (mg CaCO3 L−1) 280.00 ± 8.19 a (365.0–155.0) 189.58 ± 7.02 b (230.0–150.0)
TAN (mg L−1) 0.95 ± 0.07 b (3.1–0.0) 0.18 ± 0.08 a (1.9–0.0)

N—Nitrite (mg L−1) 7.96 ± 1.16 b (20.0–0.0) 0.86 ± 0.60 a (5.2–0.0)
N—Nitrate (mg L−1) 26.41 ± 2.72 (68.0–10.0) 26.04 ± 4.03 (75.0–15.0)

P—Phosphate (mg L−1) 1.04 ± 0.25 (2.0–0.3) 1.19 ± 0.21 (2.2–0.4)
SS (ml L−1) 0.39 ± 0.21 a (3.0–0.0) 8.44 ± 2.91 b (15.0–3.0)

TSS (mg L−1) 189.22 ± 26.02 a (270.0–70.0) 335.38 ± 47.92 b (452.5–175.0)
Calcium hydroxide (g L−1) # 0.29 ± 0.02 b (0.32–0.28) 0.08 ± 0.03 a (0.10–0.04)

Water exchange (m−3) & 2.0 ± 2.0 a 0.0 ± 0.0 a

Removal rate
Nitrate (%) 56.47 ± 4.93 57.00 ± 7.00

Phosphate (%) 47.75 ± 4.75 b 56.14 ± 1.14 a

DO (dissolved oxygen); TAN (total ammonium nitrogen); SS (settleable solids); TSS (total suspended solids).
# Use of calcium hydroxide during cultivation. & Volume of water used for renovations. Different letters in the
same line represent significant differences (p ≤ 0.05) between treatments after Student’s t-test.

Over the weeks of cultivation, there was a reduction in the concentration of nitrate
and phosphate (Figures 2 and 3). The highest nitrate concentrations were observed at
the beginning of cultivation, with a decrease from day 14 onward in both treatments
(Figure 2). Similarly, phosphate concentrations were higher during the initial week, after
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which they stabilized in the heterotrophic treatment. In contrast, the chemoautotrophic
treatment exhibited a decrease in phosphate concentration until the first week, followed by
stabilization and a subsequent increase in the final week (Figure 3).

Figure 2. Average weekly nitrate concentrations (mg L−1) during the experimental period in the
chemoautotrophic (chemical fertilization prior to stocking) and heterotrophic (use of an inoculum
from an ongoing biofloc shrimp cultivation) treatments in an integrated cultivation of Ulva lac-
tuca with Oreochromis niloticus and Penaeus vannamei. Capital letters show differences between the
chemoautotrophic treatments over time. Lowercase letters show statistical differences over time in
the mature treatment.

Figure 3. Weekly average phosphate concentrations (mg L−1) during the experimental period
in the chemoautotrophic (chemical fertilization prior to stocking) and heterotrophic (use of an
inoculum from an ongoing biofloc shrimp cultivation) treatments in an integrated cultivation of Ulva
lactuca with Oreochromis niloticus and Penaeus vannamei. Capital letters show differences between the
chemoautotrophic treatments over time. Lowercase letters show statistical differences over time in
the mature treatment.

Total suspended solids exhibited significant differences (p < 0.05) between treatments
during most of the experimental weeks. High concentrations of solids reaching 452 mg L−1

were observed in the heterotrophic treatment, in contrast to maximum concentrations of
270 mg L−1 in the chemoautotrophic treatment (Figure 4).
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Figure 4. Average weekly concentrations of total suspended solids (mg L−1) during the experimental
period in the chemoautotrophic (chemical fertilization prior to stocking) and heterotrophic (use of an
inoculum from an ongoing biofloc shrimp cultivation) treatments in an integrated cultivation of Ulva
lactuca with Oreochromis niloticus and Penaeus vannamei. An asterisk (*) means a statistical difference
on the same day between treatments.

3.2. Macroalgae Growth and Biochemical Analysis

There was an increase in macroalgae biomass in both treatments, with higher con-
centrations of protein in the macroalgae tissue in the heterotrophic treatment (p < 0.05).
However, no significant differences (p ≥ 0.05) were found in biomass gain, chlorophyll-a,
chlorophyll-b, or carotenoids between the treatments (Table 2).

Table 2. Performance and biochemistry of the macroalgae (mean ± standard deviation) in the
chemoautotrophic and heterotrophic treatments at the end of 45 days of an integrated culture of Ulva
lactuca with Oreochromis niloticus and Penaeus vannamei.

Treatments

Chemoautotrophic Heterotrophic

Initial mean weight (g–FW) 502.76 ± 0.65 502.64 ± 0.44
Biomass gain (g–FW) 964.63 ± 290.57 708.11 ± 141.70

Protein (%) 15.13 ± 0.56 b 18.49 ± 0.56 a

Chlorophyll-a (mg g−1) 2.20 ± 0.02 2.18 ± 0.06
Chlorophyll-b (mg g−1) 3.28 ± 0.02 3.26 ± 0.08
Carotenoids (mg g−1) 0.06 ± 0.00 0.04 ± 0.02

Different letters in the same line represent significant differences (p ≤ 0.05) between treatments after
Student’s t-test.

The specific growth rate indicates that the growth of macroalgae in the chemoau-
totrophic treatment remained consistent throughout the entire experiment, with no signifi-
cant difference (p ≥ 0.05) observed between weighings. In contrast, for the heterotrophic
treatment, the highest growth rate was recorded on day 21, followed by a subsequent
decrease in growth rate. Notably, a significant difference in growth rate was only detected
in the last weighing among the treatments (Figure 5).

3.3. Performance of the Animals

Shrimp performance remained unaffected by the different biofloc strategies, with no
discernible differences observed between treatments. However, the performance of the fish
exhibited a significant difference (p < 0.05) between treatments, with a higher final weight,
weight gain, and weight gain rate recorded in the heterotrophic treatment compared to the
chemoautotrophic treatment (Table 3).
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Figure 5. Macroalgae specific growth rate (% day−1) in the chemoautotrophic (chemical fertilization
prior to stocking) and heterotrophic (use of an inoculum from an ongoing biofloc shrimp cultivation)
treatments in an integrated cultivation of Ulva lactuca with Oreochromis niloticus and Penaeus vannamei.
An asterisk (*) means a statistical difference on the same day between treatments. Capital letters
mean differences in the same treatment between sampling days.

Table 3. Animal performance (mean ± standard deviation) in the chemoautotrophic (chemical
fertilization prior to stocking) and heterotrophic (use of an inoculum from an ongoing biofloc
shrimp cultivation) treatments at the end of 45 days of an integrated cultivation of Ulva lactuca with
Oreochromis niloticus and Penaeus vannamei.

Treatments

Chemoautotrophic Heterotrophic

Shrimp
Final mean weight (g) 9.60 ± 0.60 10.75 ± 0.49

WWG (g week−1) # 0.41 ± 0.10 0.60 ± 0.08
Final biomass (kg) 10.02 ± 0.43 10.79 ± 0.60

FCR ## 2.16 ± 0.38 2.36 ± 0.24
Survival (%) 84.71 ± 4.50 84.08 ± 5.22

Fish

Final mean weight (g) 447.55 ± 1.05 b 456.25 ± 3.25 a

WWG (g week−1) # 5.93 ± 0.18 b 7.38 ± 0.55 a

Final biomass (kg) 2.89 ± 0.54 2.98 ± 0.25
FCR ## 1.03 ± 0.10 1.18 ± 0.02

Survival (%) 90.48 ± 16.50 95.24 ± 8.25
WGR (%) ### 8.63 ± 0.25 b 10.74 ± 0.79 a

# WGW (weekly weight gain); ## FCR (food conversion rate); ### WGR (weight gain rate). Lowercase letters mean
differences between treatments.

4. Discussion

It is widely acknowledged that the utilization of biofloc technology, compared to
conventional cultivation methods, leads to reduced water consumption and enhanced
control over water quality parameters [16]. The various fertilization strategies employed
in this experiment resulted in differences in water quality maintenance, organism perfor-
mance, water usage, and inputs. The chemoautotrophic system utilizes more inputs, such
as sodium hydroxide, compared to the heterotrophic system. This variance is necessary
to maintain optimal alkalinity values. In the chemoautotrophic system, the optimal func-
tioning of nitrifying bacteria occurs at values maintained at around 300 mg CaCO3 L−1,
consequently resulting in higher pH values [20]. As a result, there is a more frequent
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application of sodium hydroxide to correct these values and stimulate the growth of nitri-
fying bacteria with higher alkalinity. Furthermore, differences in nutrient concentrations
were observed between the adopted systems, which play a crucial role in macroalgae
development. According to Messyasz et al. [38], most marine Ulva species thrive in envi-
ronments with high concentrations of ammonia or nitrate. Ammonia, originating from
waste feed and animal excretion, is the primary nitrogenous compound formed in the
system and can be lethal to cultivated organisms at low levels [39]. In both systems in this
study, an initial increase in ammonia concentration was observed due to animal stocking.
Wasielesky et al. [32] suggest that the use of organic carbon fertilization could promote the
growth of heterotrophic bacteria in the system, which consume produced ammonia and
generate bacterial biomass. For the chemoautotrophic system, only inorganic fertilization
with calcium hydroxide was employed to encourage the growth of nitrifying bacteria with
higher alkalinity [20]. However, the slow establishment of nitrifying bacteria resulted in
maximum values of 3.1 mg L−1 of ammonia in the system, which were higher than those
found in the heterotrophic system. Nevertheless, according to Lin & Chen [39], the values
obtained in our study were not toxic to the organisms.

The produced ammonia is oxidized into nitrite by ammonium-oxidizing bacteria and
subsequently into nitrate by nitrite-oxidizing bacteria. However, the observed increase in
nitrite levels in the chemoautotrophic treatment suggests that the nitrite-oxidizing bacteria
were not fully established in the system to facilitate this transformation. Despite the
use of artificial substrate in this experiment, it is likely that the bacterial population was
insufficient to oxidize the nitrite produced following the stocking of shrimp. The use of
artificial substrate in the system is necessary for bacterial adherence and to increase their
numbers [40]. According to Lin & Chen [41], the safe level for nitrite at a salinity of 25 is
15.2 mg L−1, and concentrations exceeding this limit can be lethal to shrimp. Consequently,
in our experiment, we carried out partial water exchange, and a reduction in shrimp and
fish feeding was necessary to control nitrite levels in the system, resulting in higher water
usage than in the heterotrophic system and the dilution of nutrients.

In biofloc systems, elevated concentrations of nitrate and phosphate are common
in long-term production due to low water exchange rates and high animal densities,
providing an advantageous environment for macroalgae development. Carneiro [42] noted
that when macroalgae inhabit eutrophicated environments, they tend to absorb significant
nutrient concentrations initially for storage, serving as a precautionary measure in case of
sudden nutrient depletion. Additionally, Hanisak et al. [43] suggested that a constant high
nitrogen availability in the environment does not necessarily result in increased removal,
as macroalgae nitrogen absorption capacity saturates quickly at high concentrations. This
phenomenon may have occurred in both treatments in our study, resulting in a substantial
reduction in nitrate and phosphate concentrations at the onset of cultivation. Following the
second week, nutrient stabilization occurred. It is documented that 57% of nitrogen is lost
from the water daily, with an increase over time [44], suggesting that the stabilization of
these nutrients in the experiment may be attributed to the continuous absorption carried out
by the macroalgae. Studies such as Massocato et al. [45] have demonstrated that 85% of the
nitrate from a fish cultivation was absorbed within the first five days of algae cultivation.

Phosphorus is also another compound accumulated in the system and produced daily
through waste feed [44]. It is an important element in photosynthesis and the transfer of
energy from macroalgae [46], which shows the advantage of integrating macroalgae into
closed systems. Phosphorus absorption is connected with nitrogen absorption, with an ideal
ratio of 30:1 (nitrogen:phosphorus), so that phosphorus or nitrogen are not limiting [47].
The higher removal rate found in the heterotrophic treatment may be linked to the pH
values. According to Rathod et al. [48], higher phosphate absorption occurs at pH levels
below neutrality. The maintenance of high alkalinity and pH in the chemoautotrophic
treatment may have negatively impacted phosphate absorption.

The utilization of macroalgae as a biofilter has advanced due to their excellent per-
formance in nutrient absorption, ease of management, and high biomass production [49].
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Alencar et al. [50] demonstrated that the macroalgae Ulva lactuca absorbed 94% of the
ammonia concentration in an integrated cultivation with shrimp. Conversely, the impact
of the organic load generated in macroalgae cultivation remains poorly understood. Due
to the intensive production of bacterial biomass, the heterotrophic system in this study
exhibited higher concentrations of total suspended solids and settleable solids. In contrast,
the chemoautotrophic system, with its use of inorganic fertilizers and water exchange,
exhibited a lower organic load, with a maximum of 270 mg L−1. Similar outcomes were
reported by Ferreira et al. [17] in their study of the two biofloc systems. Despite the ab-
sence of a significant difference in macroalgae biomass gain between the treatments, a
higher growth rate was observed toward the end of cultivation in the chemoautotrophic
treatment, potentially attributable to the lower solids content in the system compared
to the heterotrophic system. The accumulation of microbial biomass and waste in the
heterotrophic system intensified toward the end of cultivation, likely directly affecting
macroalgae growth. Carvalho et al. [51] demonstrated that the presence of macroalgae in
the heterotrophic system led to solid deposition due to the formation of a physical barrier,
reducing light exposure for the macroalgae and consequently impacting their performance.

Despite the lower concentration of solids in the chemoautotrophic system, they still
accumulated on the surface of the macroalgae, representing one of the challenges of biofloc
systems. Studies like Resende et al. [6] reported significantly higher growth rates, with a
maximum growth rate of 15.33 ± 2.87% day−1 when macroalgae were cultivated freely in
tanks with fish farm effluent, characterized by minimal solids concentrations. The results
found in our experiment are in agreement with studies by Martins et al. [52], who observed
a growth rate of 3.0 ± 0.6% day−1 with the macroalga Ulva ohnoi in a biofloc system. Studies
with red algae in biofloc have also been carried out, showing a maximum growth rate of
1.19 ± 0.04% day−1 [53], similar to those observed in our heterotrophic treatment results
in the last weeks of cultivation. However, unlike studies such as Carvalho et al. [25] and
Legarda et al. [14], which did not observe macroalgae growth in biofloc systems, our use
of partial harvests might have reduced macroalgae density in the cultivation structure
and minimized shading, resulting in improved biomass production. Biancacci et al. [54]
showed that the use of partial harvests in the cultivation of the macroalga Macrocystis
pyrifera promoted greater biomass gain, a lower incidence of epiphytes, and a change in the
macroalgae biochemical composition.

In addition to serving as a bioremediator, macroalgae possess economic value, as the
biomass they produce can be utilized in the pharmaceutical and food industries [55], thereby
fostering sustainability and profitability in production. Macroalgae serve as vital sources
of nutrients and vitamins and possess antioxidant and immunostimulant properties [56].
The higher protein values observed in macroalgae from the heterotrophic system may be
attributed to reduced luminosity in the system due to the gradual accumulation of solids
over the cultivation period. Ganesan et al. [57] showed a correlation between high pigment
concentrations in low-light and salinity environments in their study on the macroalga
Ulva fasciata, indicating potential adaptations to environmental conditions. The observed
high values of chlorophyll-a and chlorophyll-b in our study compared to those reported
by Silva et al. [58] may be linked to the necessity of increasing pigment concentrations in
macroalgae to maximize photosynthesis, likely due to reduced light penetration caused by
suspended particles in a biofloc system. Similar trends were noted by Fillit et al. [59], who
reported increased pigment concentrations during periods of low light availability.

In the integrated system, all species must have productivity in cultivation and eco-
nomic potential [60]. Despite the elevated nitrite concentrations in the chemoautotrophic
system, shrimp and fish performance was not affected. However, growth outcomes and sur-
vival in both treatments were lower than those reported by Ferreira et al. [17] in their study
on shrimp cultivation in chemoautotrophic, heterotrophic, and mature systems. This can
be attributed to temperature differences between the studies. The minimum temperature
recorded in our experiment was 14.9 ◦C, directly impacting the survival of the organisms.
Furthermore, the overall average temperature in our study (22.0 ◦C) was lower compared
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to studies conducted with shrimp and fish [61], which also influenced the growth of the
animals due to their decreased metabolism. Fish performance in terms of weight gain was
superior in the heterotrophic system compared to the chemoautotrophic system, possibly
due to the higher availability of suspended organic matter. The reduced feed supply aimed
to induce floc consumption in the system, as demonstrated by Holanda et al. [7], with floc
serving as a supplementary food source for organisms [62]. Hence, the higher concentration
of total suspended solids in the heterotrophic system might have positively influenced
fish weight gain. Similar results were reported by Poli et al. [8], who observed lower fish
growth in an integrated system with chemoautotrophic floc.

The use of integrated multi-trophic systems aims to balance system productivity with
sustainability, ensuring that all organisms adapt to the cultivation conditions. According to
Khanjani et al. [63], the utilization of integrated systems has been consistently increasing,
highlighting potential species for inclusion in the system, with crustaceans being among
the most commonly produced target species. Zimmermann et al. [64] discuss the future of
tilapia production, emphasizing multitrophic cultivation and biofloc technology as promis-
ing systems for maximizing production, considering greater sustainability, biosecurity, and
increased density. However, the integration of macroalgae into biofloc systems has not
yet been fully stabilized. The inclusion of macroalgae in biofloc systems has presented
challenges due to their low productivity [14,15,25], but their role as bioremediators in
nutrient absorption has shown promise, as demonstrated by the data presented in this
study. Furthermore, the production of macroalgae biomass with an increase in nitrogen
content in tissues, as reported by Legarda et al. [14] and Carvalho et al. [25], adds value to
the product and enhances its applicability. The incorporation of macroalgae produced in
integrated systems into fish and shrimp feed has yielded significant results, as evidenced by
Marinho et al. [65] and Valente et al. [66]. Improved methods for managing the incorpora-
tion of macroalgae into biofloc systems are needed to enhance production and sustainability
in intensive production systems.

5. Conclusions

The use of macroalgae in an integrated system with organic fertilization proved to be
viable for increasing biomass production and nitrate and phosphate absorption, improving
the system’s sustainability. The use of a system with a low concentration of solids, as in
the chemoautotrophic system, promoted better growth rates for the macroalgae. However,
the use of an inoculum from a heterotrophic system intensified the removal of phosphate
and nitrate and increased the protein content of the macroalgae. A better maintenance of
water quality was found in the heterotrophic system with the use of organic fertilization,
without the need for water renewal. Finally, the heterotrophic system contributed to the
better performance of the tilapia, with an increase in weight gain and a higher average
final weight.
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Abstract: A biofloc system is rich in nutrients, which favors the cultivation of macroalgae, but
the influence of the system on the performance of macroalgae is unknown. The objective of this
study was to analyze the feasibility of introducing the macroalgae Ulva lactuca into the culture of
Litopenaeus vannamei in a biofloc system. The first experiment evaluated the influence of 400 mg L−1

and 30 mg L−1 solids concentration of the system in biofloc and von Stosch culture medium on
macroalgae growth. In the second experiment, the densities of 1, 2, and 3 g L−1 of U. lactuca were
cultivated in an integrated system with shrimp and monoculture treatment. Both experiments
had 35 days of cultivation. There was no significant difference in macroalgae growth between the
treatments with biofloc and von Stosch culture medium. In the integrated culture, the density of
1 g L−1 showed better nutrient absorption. Shrimp performance was not affected by macroalgae
cultivation. In conclusion, the solids did not affect the growth of the macroalgae, and it could be
cultivated in a biofloc system for nitrate uptake in integrated culture with shrimp.

Keywords: nutrients; Ulva lactuca; shrimp; density; bioremediation

1. Introduction

Shrimp production using biofloc technology (BFT), normally carried out without water
renewal, results in the accumulation of nutrients in the system [1]. This occurs due to the
action of microorganisms that transform shrimp excreta and food remains into protein and
inorganic nutrients [2]. Chemoautotrophic and heterotrophic bacteria grow during the
culture. The first group of bacteria works in the oxidation of ammonia to nitrite and later
to nitrate, which is accumulated in the system, along with phosphorus from the feed [3].
Heterotrophic bacteria participate in the conversion of ammonia into bacterial biomass and,
together with the accumulation of feces and feed remains, increase the concentration of total
suspended solids in the system. The production of waste is constant during cultivation,
and when it is not properly disposed of or treated, it can generate problems in the water
quality in the production system and environmental problems in the release of effluents
without treatment [4].

The total suspended solids are important in the water quality of the system and must
be maintained between 100 to 300 mg L−1 [5]. In addition to water quality, microbial
flocs function as a complementary source of natural food within the crop [6]. Azim and
Little [7] nutritionally described biofloc containing 38% protein and 3% lipid in dry matter,
showing a high nutritional value, which may depend on the carbon source used in the

Fishes 2023, 8, 163. https://doi.org/10.3390/fishes8030163 https://www.mdpi.com/journal/fishes58



Fishes 2023, 8, 163

system. Wasielesky et al. [8] showed that it is possible to reduce the feeding frequency of
shrimp L. vannamei when cultivated in a biofloc system.

Despite the benefits of microbial flocs in the shrimp culture system, its effect on
macroalgae growth is unknown. As macroalgae are photosynthetic organisms, the concen-
tration of solids can interfere with the light capture that is essential for their growth. Brito
et al. [9] showed the deposition of solids on macroalgae, which may have a negative effect
on its growth. However, the nutritional value of macroalgae can also change when grown
in biofloc. Legarda et al. [10] showed an increase in nitrogen, phosphorus, chlorophyll a,
and carotenoids when macroalgae were cultivated in an integrated system in biofloc.

One way to take advantage of the nitrogen and phosphorus accumulated in the system
is integration with other species of different trophic levels in production, as proposed by
Chopin [11] in an integrated multi-trophic aquaculture (IMTA). In the system, residues
are reused by different species, increasing the final productivity of the cultivation and
sustainability. The IMTA system is composed of a species fed with commercial feed, such
as shrimp or fish, and then a species capable of absorbing inorganic compounds dissolved
in the water, such as macroalgae, and a species that consumes organic compounds, such as
oyster, is inserted into the system, which will feed on suspended particles in the culture [12].

Considering the precepts in the IMTA and associating them with the biofloc, the
presence of macroalgae in integrated cultures with shrimp can promote the absorption
of nutrients from the culture, such as ammonia, nitrate and phosphate. Thus, the use of
cultivation effluents for the cultivation of macroalgae or integrated cultivations can be an
alternative with lower financial and environmental costs, bearing in mind that enrichment
culture media, such as von Stosch, have a high cost due to expensive chemical compounds
including essential vitamins that make their use unfeasible for large-scale production [13].

The choice of species for the composition of the systems can be a limiting factor for the
success of the production. Macroalgae have rapid growth due to the efficiency on converting
solar energy into biomass, due to their simple cellular structures compared to terrestrial
plants [14], generating large biomasses in a short time. Alencar et al. [15] showed that the
use of effluents from a shrimp culture provided a relative growth rate of 8.8% day−1 of the
macroalgae U. lactuca and an absorption efficiency with an average of 90% for ammonium
(NH4

+) and orthophosphate (PO4
−3). Ramos et al. [16], analyzing integration of another

macroalgae, U. fasciata, with the cultivation of Pacific white shrimp (L. vannamei) with
sedimentation and filtration systems by oysters, showed that the combination of systems
enabled improvements in several aspects of water quality, using macroalgae in the removal
of dissolved nutrients in the system.

Another factor to be considered is the commercial importance of the macroalgae
cultivated in the system. Seaweed cultivation is economically viable due to the presence of
high-value compounds in algae cells, which are extracted and used for the manufacture of
cosmetics, pharmaceuticals, and chemical compounds. El-baz et al. [17] showed that among
species of red and green algae, U. lactuca had a higher lipid concentration and inhibitory
actions on viral and bacterial activities. In industry, macroalgae have wide applicability,
with them being a good nutritional alternative and having a good acceptability, as shown
by Turan and Tekogul [18].

The use of macroalgae as bioremediators has been widely used and has been shown to
be efficient. Copertino et al. [19], carrying out a study with U. chlatrata recirculating water
from a L. vannamei culture, showed a maximum relative growth rate of 20% day−1 and an
uptake of 90% of total ammonia nitrogen (TAN) of the system, demonstrating the feasibility
of this integration. However, depending on the area and dispersion of the effluent, large
macroalgae biomasses are necessary and may be unfeasible [20]. There has been an attempt
to adjust the proportion of macroalgae in the crop so that the absorption of nutrients is
still effective. Alencar et al. [15] found better growth and nutrient absorption results with
a density of 3 g L−1; this high density is convenient in small volumes of water. Del Río
et al. [21], using U. rigida as a biofilter for fish tanks, found that the results are good at
densities between 1.5 and 2.5 g L−1. However, in shrimp farming in a biofloc system with
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high organic load and nutrients, little is known about the ideal density for the maintenance
of the system and on the performance of macroalgae in cultivation in a biofloc system
and alternatives to optimize nutrient absorption. Therefore, the objective of this work
is to evaluate the influence of the seaweed Ulva lactuca in the cultivation of the shrimp
Litopenaeus vannamei in a biofloc system.

2. Materials and Methods

2.1. Study Location and Origin of the Animals and Macroalgae

The experiments were carried out at the Marine Aquaculture Station (EMA), Institute
of Oceanography of the Federal University of Rio Grande (IO-FURG), located at Cassino
Beach, Rio Grande, Rio Grande do Sul, Brazil. Two experiments were carried out with
the macroalgae U. lactuca. Macroalgae were collected at Cassino Beach (32◦17′52.30′′ S–
52◦15′59.80′′ W), Rio Grande, RS, Brazil. After collection, the algae samples were taken
to the laboratory for removal of epiphytes and acclimatized until the beginning of the
experiments. The shrimp used in the second experiment came from cultivation in a
greenhouse at the Shrimp culture Laboratory, Marine Aquaculture Station (EMA).

2.2. Lab-Scale Experiments

This experiment aimed to evaluate the growth of macroalgae U. lactuca with different
concentrations of solids from a cultivation in a biofloc system compared with a specific
culture medium.

2.2.1. Experimental Design and Facilities

The experimental design was carried out with three treatments in triplicate, namely:
(1) BFT: cultivation of U. lactuca in effluent from shrimp cultivation in a biofloc system,
with 400 mg L−1 of TSS; (2) DEC: cultivation of U. lactuca in effluent from shrimp culture in
a biofloc system, after a period of decantation of solids, with 30 mg L−1 of TSS; (3) VS: culti-
vation of U. lactuca in standard von Stosch enrichment solution [22] at a concentration of
10 mL L−1 (Table 1) and sea water, without the presence of TSS.

Table 1. Composition of von Stosch enrichment medium modified and adapted by Guiry and
Cunningham [22].

Chemical
Compounds

Medium Solution
(g·L−1 dH2O)

Concentration Used
Concentration in the
Final Medium (M)

Na2
β-glycerophosphate 5.36 10 mL 2.48 × 10−4

NaNO3 42.52 10 mL 5.00 × 10−3

FeSO4·7H2O 0.28 10 mL 1.00 × 10−5

MnCl2·4H2O 1.96 10 mL 1.00 × 10−4

Na2 EDTA·2H2O 3.72 10 mL 1.00 ×10−4

Vitamins - 10 mL

Vitamins

Thiamine HCl - 200 mg 5.93 × 10−6

Biotin 0.1 1 mL 4.09 × 10−9

Cyanocobalamin 0.2 1 mL 1.48 × 10−9

Five litter transparent plastic containers (or carboys) with 3 L useful volume and an
area of 0.13 m−2 exposed to light were used for lab cultivation of the macroalgae. After
algae were transferred into the culture units, the top of the containers was covered with a
transparent PVC film to prevent water evaporation and contamination.

The experiment was carried out for 35 days under controlled conditions of a temper-
ature of 26.58 ± 0.05, with 12:12 h light/dark photoperiod, 3013.89 ± 107.64 LUX light
intensity, and total light per day of 2.39 ± 0.09 micromole day−1. Constant aeration was
provided using a blower (3900 L hour−1) that directed air through a porous airstone of
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15 cm in length in each experimental unit. To carry out the experiment in the laboratory, a
density of 2 g L−1 [21] of macroalgae was used.

2.2.2. Biofloc Effluent and Culture Medium

For the treatments with biofloc, an effluent from a shrimp culture in a BFT system in
a greenhouse was used, which lasted 43 days, at a density of 400 shrimp m3. The water
quality of the system was measured with 66 mg L−1 of nitrate, 5.6 mg L−1 of phosphate
and 400 mg L−1 of total suspended solids (TSS), indicating that the system was mature [3],
and with an acceptable solids concentration for the cultivation of shrimp in biofloc [5].

This effluent was placed in natura in the BFT treatment for the macroalgae culture,
with a concentration of 400 mg L−1 of total solids in suspension. For the DEC treatment,
the effluent underwent a decantation process for 30 min, so that the denser solids could
settle and be removed from the water. This resulted in a concentration of solids lower
(30 mg L−1) than that found in the shrimp tanks (400 mg L−1).

For the control treatment, a 10 mL L−1 von Stosch enrichment solution modified by
Guiry and Cunningham [22] was used. None of the treatments were renewed in order
to maintain a standard. Therefore, the von Stosch solution was only inoculated into
the experimental units at the beginning of the experiment. To prepare the von Stosch
enrichment solution, 940 mL of filtered seawater was used and 10 mL of each solution
made was added (Table 1). To prepare the vitamins, 950 mL of filtered and sterilized water
was used, the Thiamine HCl was dissolved, and 1 mL of the other solutions produced was
added (Table 1). The initial concentrations of nutrients in the treatment von Stosch solution
were 0.0 ± 0.0, 0.0 ± 0.0, 5.0 ± 0.0, and 1.2 ± 0.0 mg·L−1 of total ammonium nitrogen,
nitrite, nitrate, and phosphate, respectively.

2.3. Experiments in Greenhouse Conditions

The experiment was carried out in a greenhouse structure unit with the objective of
evaluating the optimum density of the macroalgae, U. lactuca, in the integrated culture with
the shrimp L. vannamei, to optimize the absorption of nutrients from the system during the
35 days of the experimental period.

2.3.1. Experimental Design and Facilities

Four treatments with three replications were applied as follows: IMTA 1 treatment:
integrated shrimp culture with U. lactuca (1 g L−1); IMTA 2 treatment: integrated shrimp cul-
ture with U. lactuca (2 g L−1); IMTA 3 treatment: integrated shrimp culture with U. lactuca
(3 g L−1); and MONO C treatment: monoculture of shrimp without U. lactuca.

A total of 12 shrimp tanks with 300 L of total capacity with a base diameter of 0.81
m and a height of 0.53 m and 150 L of useful volume for each tank were used for this
experiment. Six rectangular floating structures (40 × 30 × 5 cm) were used as U. lactuca
cultivation units. Each shrimp tank contained a single floating structure for the macroalgae;
they were placed close to the surface, by using a rectangular structure (40 × 30 × 5 cm)
made of sponge and a 5 mm polyethylene mesh, covering an area of 0.12 m−2 of the tank
surface, and were subject to a daily light intensity of 28.68 ± 8.53 moles day−1 (Figure 1).

The water exchange was not applied, and the aeration was maintained by a blower
(4 CV) that injected air into three 20 cm-long micro-perforated hoses per tank. The density
used in all the experimental treatments was 300 shrimp m3 according to Krummenauer
et al. [23].

2.3.2. Biofloc Effluent

To carry out the experiment in a greenhouse, water from shrimp cultivation in a biofloc
system in progress (inoculum) was used. The experimental units were filled with 120 L of
seawater (80%) and 30 L (20%) of inoculum from a shrimp biofloc culture.

The inoculum had 45 days of culture, with a well-established bacterial community
according to Ferreira et al. [3], showing 70 mg L−1 of nitrate, 4 mg L−1 of phosphate, and
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650 mg L−1 of total suspend solids (TSS). The concentrations of total ammonia nitrogen,
nitrite, nitrate, phosphate, and total suspended solids were measured as 0.8 ± 0.1, 0.1 ± 0.0,
14.0 ± 0.0, 0.7 ± 0.1 and 127.5 ± 23.8 mg L−1, respectively.

 

Figure 1. The rectangular floating structure used for U. lactuca cultivation in the shrimp tank.

2.4. Physical and Chemical Parameters

For water quality, parameters such as temperature (◦C), salinity (‰), dissolved oxygen
(DO, mg L−1), and pH were measured daily in all of the experimental tanks, with the aid
of a multiparameter probe (YSI, model Pro-20, USA) and a benchtop pH meter (Mettler
Toledo, FEP20, Brazil). Salinity was measured weekly using a multiparameter (YSI, model
Pro-20, USA). Water samples were collected from near the surface and near the aeration
points from each experimental tank and the water samples were kept in plastic containers
and taken for analysis immediately. The daily total ammonia nitrogen (or TAN, mg L−1)
and nitrite (NO2, mg L−1) were analyzed according to the methodology of UNESCO [24]
and Bendschneider and Robinson [25]. When the concentration of total ammonia nitrogen
(TAN) was greater than 1 mg L−1, molasses was used in ratio 6:1 carbon: nitrogen to
control water quality [26]. Nitrate (NO3, mg L−1) and phosphate (PO4, mg L−1) were
analyzed using the methodology described by Aminot and Chaussepied [27] and they were
monitored three times a week. Turbidity (NTU) was measured by a portable turbidimeter
(Hach®, 2100P, Portugal) and total suspended solids (or TSS, mg L−1) were quantified by
filtration and gravimetry according to the methodology described by Baumgarten et al. [28].
Turbidity and TSS were determined weekly. The total alkalinity (mg CaCO3 L−1) was
monitored according to the methodology presented by APHA [29] and it was measured
weekly in the lab-scale experiments and twice a week in the pilot-scale experiments in
greenhouse conditions. To maintain CaCO3 above 150 mg L−1, calcium hydroxide was
used [30]. Weekly sedimentable solids (or SS, ml L−1) were measured by using the Imhoff
cone method [29] in the pilot-scale experiments conducted under greenhouse conditions.

2.5. Growth and Nutrient Absorption by U. lactuca

Initial and final algal biomass yields were measured. In order to determine the wet
(or fresh) biomass, Ulva thallus was first collected by hand from the rectangular floating
structures. The excess water was removed by using a hand centrifuge, followed by using
paper towels. The samples were weighed in a Digital Balance machine (MARTE® BL3200H,
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SP Labor, São Paulo, Brazil) to determine their wet weight. The following equations were
used to calculate the relative growth rate (RGR) [31]:

RGR (% day−1): [in (final weight (g)/initial weight (g))/(final time/initial time) × 100]. (1)

The nutrient absorption efficiency [32] of U. lactuca was calculated as follows:

Nutrient removal rate—NRR (%): [(concentration of nutrient in the initial time (mg L−1) − concentration
of nutrients in the final time (mg L−1))/(concentration of nutrient in the initial time (mg L−1)) −1] × 100.

(2)

2.6. Protein Analysis in U. lactuca

Random algal samples with three replicates for protein analysis were hand-collected
from each experimental unit, washed under running tap water, and rinsed with distilled
water at the beginning and at the end of the experiments. The excess water was removed by
using a hand centrifuge, followed by drying with paper towels. The samples were weighed
to determine the wet weight and placed in an oven at 60 ◦C for 24 h and weighed again to
obtain the dry weight. Subsequently, the samples were ground to powder by using a coffee
bean grinder machine (Cadance®, Belo Horizonte, Brazil).

The nitrogen content of the algae was determined by using the Kjeldahl titration
method according to AOAC [33] at the Laboratory of Nutrition of Aquatic Organisms-
LANOA (EMA, FURG, Rio Grande, Brazil). The following formula used for converting
nitrogen to protein was:

Protein (% of dry weight) = [(0.1 × Vol × 0.014/Sample) × 5.45] × 100 (3)

where Vol is the volume spent on titration and Sample is the dry weight of the sample [32].

2.7. Performance of the Shrimp

After shrimp storage, weekly biometrics were made to adjust the amount of feed
offered. At the end of the experiment, all of the animals were weighed and counted.
The performance variables collected at the end of the experiment were final average
weight (g), final biomass yield (g) survival (%), feed conversion rate (FCR), specific growth
rate (g week−1), and productivity (kg m−3).

The performance of the shrimp was analyzed from the weekly biometric measurements
that included the following equations:

1. Final average weight (g): final biomass of live animals (g)/total number of animals;
2. Final biomass yield (g): final weight of all live animals (g);
3. Survival (%) = (final number of animals/initial number of animals) × 100;
4. Feed conversion rate (FCR) = feed offered (g)/(final biomass (g) − initial biomass (g));
5. Specific growth rate (g week−1): weight gain (g)/number of weeks;
6. Productivity (kg m−3): [(final biomass (kg) − initial biomass (kg)) × 100]/tank volume (L).

2.8. Statistical Analysis

The normality and homoscedasticity of the data were verified using the Shapiro–Wilk
and Levene tests, respectively. Once the assumptions were met, ANOVA was performed
followed by Tukey’s post-hoc test or t-test. When ANOVA’s assumptions were not satisfied,
the Kruskall–Wallis nonparametric test was used. A minimum level of significance of 5%
(p ≤ 0.05) was applied in all analyzes.

3. Results

3.1. Lab-Scale Experiments

The final weight of the algae was higher (p ≤ 0.05) then the initial weight of the algae
at the beginning of the experiment. However, there was no significant difference (p ≤ 0.05)
in the final weight of the algae between the treatment groups, showing only an increase in
the relative growth rate (RGR) in all treatments (Table 2).
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Table 2. Initial and final biomass, relative growth rates, and protein contents (% of dry weight)
(mean ± standard deviation) of U. lactuca growth in the treatments of BFT (in shrimp culture effluent
with 400 mg L−1 of TSS), DEC (in effluent from shrimp culture after the settling period, with
30 mg L−1 of TSS) and VS. (cultivation of U. lactuca in standard von Stosch enrichment solution at a
concentration of 10 mL L−1) during the 35 days of the experimental period.

Parameters
Treatments

BFT DEC VS

Initial weight (g) 6.2 ± 0.1 6.2 ± 0.1 6.3 ± 0.1
Final weight (g) 9.1 ± 2.2 7.9 ± 1.1 8.3 ± 1.8
RGR (% day−1) 1.0 ± 0.7 0.7 ± 0.4 0.8 ± 0.6

Protein content (%) 18.4 ± 0.5 a 19.6 ± 1.4 a 10.8 ± 2.4 b

a, b = Different letters represent a significant difference (p ≤ 0.05) between treatments after one-way ANOVA with
Tukey’s post-hoc test. RGR: relative growth rate.

The protein concentrations were evaluated at the end of cultivation and showed a
significant difference (p ≤ 0.05) between the treatment groups. The lower protein value was
recorded in the experimental group where the algae were grown in von Stosch enrichment
solution (Table 2).

The water quality parameters in the treatment groups are summarized in Table 3. The
results show that the water temperature, dissolved oxygen, pH, salinity and alkalinity
did not show any significant difference between the treatments (p ≤ 0.05) (Table 3). The
total suspended solids (TSS) concentrations were significantly lower (p ≤ 0.05) in the DEC
treatment where U. lactuca was cultivated in the shrimp effluent water with 30 mg L−1 of
TSS. Turbidity, however, showed similar results between the DEC (with 30 mg L−1 of TSS)
and BFT groups (with 400 mg L−1 of TSS).

Table 3. Water quality parameters (mean ± standard deviation) in the treatment groups where
U. lactuca was cultivated in different shrimp effluent concentrations (BFT: with 400 mg L−1 of TSS;
DEC: with 30 mg L−1 of TSS; and VS: cultivation of U. lactuca in von Stosch enrichment solution at a
concentration of 10 mL L−1) during the 35 days of the experimental period.

Parameters
Treatments

BFT DEC VS

Temperature (◦C) 26.6 ± 0.8 26.6 ± 0.8 26.5 ± 0.7
D.O (mg L−1) 7.6 ± 0.2 7.8 ± 0.2 7.8 ± 0.2

pH 8.3 ± 0.1 8.4 ± 0.1 8.4 ± 0.1
Salinity (‰) 29.2 ± 2.9 29.1 ± 3.0 29.3 ± 2.3

Turbidity (NTU) 30.3 ± 37.4 a 3.3 ± 1.4 a 1.0 ± 0.4 b

Alkalinity (mg CaCO3 L−1) 145.8 ± 6.0 140.3 ± 6.8 Nd
TSS (mg L−1) 228.0 ± 109.8 b 22.5 ± 6.8 a Nd
TAN (mg L−1) 0.1 ± 0.0 a 0.1 ± 0.0 a 0.1 ± 0.0 a

Nitrite (mg L−1) 0.2 ± 0.1 a 0.2± 0.1 a 0.0± 0.0 b

Nitrate (mg L−1) 64.3 ± 4.6 a 62.2 ± 4.6 a 10.3 ± 2.9 b

Phosphate (mg L−1) 4.5 ± 0.8 a 4.0 ± 0.7 a 0.9 ± 0.2 b

a, b = represent a significant difference (p ≤ 0.05) between treatments along the same lines, after one-way ANOVA
with Tukey’s post-hoc test. Nd: not determined.

The turbidity values did not differ statistically (p ≤ 0.05) between the initial and final
concentrations in the VS treatment where U. lactuca cultivation took place in von Stosch
enrichment solution at a concentration of 10 mL L−1. For the biofloc treatments (DEC
and BFT), there was a decrease (p ≤ 0.05) in turbidity concentration on the fourth day of
sampling and throughout the experiment (Figure 2). There was no significant difference
(p ≥ 0.05) with the vs. treatment at the end of cultivation.
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Figure 2. Weekly turbidity values in the DEC (with 30 mg L−1 of TSS), BFT (with 400 mg L−1 of TSS),
and vs. (with von Stosch enrichment solution at a concentration of 10 mL L−1) treatment groups
during the 35 days of the experimental period. a, b, c = Different letters on the same day represent a
significant difference (p ≤ 0.05) between the treatments after one-way ANOVA with Tukey’s post-hoc
test.

3.2. Experiments in Greenhouse Conditions

The macroalgae biomass yields decreased in all the treatment groups compared to the
initial biomass values and the difference was significant (p ≤ 0.05). However, at the end
of the experiment there was no significant difference (p ≤ 0.05) in fresh biomass values
between the treatment groups (Table 4).

Table 4. Relative growth rates (% day−1) of U. lactuca (mean ± standard deviation) in the IMTA 1
(with 1 g Ulva L−1), IMTA 2 (2 g Ulva L−1), and IMTA 3 (3 g Ulva L−1) treatment groups during the
35 days of cultivation.

Parameters
Treatments

IMTA 1 IMTA 2 IMTA 3

Initial fresh weight (g) 150.5 ± 0.3 a 300.5 ± 0.4 b 450.6 ± 0.4 c

Final fresh weight (g) 88.5 ± 31.6 120.9 ± 18.8 195.8 ± 69.8
RGR (% day−1) −1.7 ± 1.2 −2.6 ± 0.4 −2.5 ± 0.9

a, b, c = indicate significant differences (p ≤ 0.05) on the same line between the treatments after one-way ANOVA
after Tukey’s post-hoc test. RGR: relative growth rate.

There was a significant difference (p ≤ 0.05) in the protein content of U. lactuca in the
initial samples compared to the final samples taken from different treatment groups after
35 days of culture (Table 5). However, there was no significant differences between the
treatments with biofloc in the protein content of U. lactuca.

Table 5. Initial and final protein concentration (% of dry weight) (mean ± standard deviation) of
U. lactuca in the IMTA 1 (with 1 g Ulva L−1), IMTA 2 (2 g Ulva L−1), and IMTA 3 (3 g Ulva L−1)
treatment groups during the 35 days of cultivation.

Initial Protein Content Final Protein Content

IMTA 1 IMTA 2 IMTA 3

U. lactuca 11.8 ± 0.0 b 20.1 ± 0.7 a 20.1 ± 1.3 a 20.1 ± 1.0 a

a, b = Different lowercase letters represent significant differences (p ≤ 0.05) between the initial and final values
after one-way ANOVA after Tukey’s post-hoc test.
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During the 35 days of cultivation in non-climatized greenhouse conditions, the water
quality parameters, such as temperature, dissolved oxygen, pH, salinity, phosphate, and ni-
trite showed no significant difference (p ≥ 0.05) between the treatments (Table 6). However,
the introduction of U. lactuca into the shrimp cultivation system resulted in significantly
lower mean values of nitrate, turbidity, and settleable solids for treatments IMTA 1 (with
1 g Ulva L−1), IMTA 2 (2 g Ulva L−1), and IMTA 3 (3 g Ulva L−1), compared to those found
in MONO C (with no Ulva) (Table 6, Figures 3 and 4).

Table 6. Water quality parameters (mean ± standard deviation) of treatments: the MONO C (with
no Ulva), IMTA 1 (with 1 g Ulva L−1), IMTA 2 (2 g Ulva L−1), and IMTA 3 (3 g Ulva L−1) treatment
groups during the 35 days of the experiment.

Parameters
Treatments

MONO C IMTA 1 IMTA 2 IMTA 3

Temperature (◦C) 26.3 ± 1.0 26.5 ± 0.8 26.5 ± 1.0 26.7 ± 0.9
D.O (mg L−1) 7.3 ± 0.2 7.3 ± 0.2 7.3 ± 0.2 7.3 ± 0.2

pH 8.1 ± 0.1 8.2 ± 0.1 8.2 ± 0.1 8.1 ± 0.1
Salinity (‰) 30.0 ± 0.3 29.8 ± 0.3 28.8 ± 0.6 29.6 ± 0.5

Turbidity (NTU) 243.6 ± 66.8 b 142.6 ± 43.0 b 117.5 ± 30.2 a 121.1 ± 45.4 a

Alkalinity (mg CaCO3 L−1) 136.7 ± 12.4 b 152.0 ± 8.7 a 143.2 ± 9.8 ab 148.8 ± 8.7 a

TSS (mg L−1) 423.3 ± 109.7 295.3 ± 92.7 297.3 ± 92.1 302.0 ± 78.7
SS (ml L−1) 13.9 ± 7.80 b 5.5 ± 2.7 a 4.6 ± 2.3 a 6.4 ± 3.5 a

TAN (mg L−1) 0.3 ± 0.1 0.3 ± 0.1 0.2 ± 0.1 0.2 ± 0.1
Nitrite (mg L−1) 1.3 ± 0.7 1.7 ± 0.8 1.3 ± 0.6 1.5 ± 0.7
Nitrate (mg L−1) 62.0 ± 4.0 b 42.0 ± 2.0 a 51.3 ± 3.5 ab 50.7 ± 5.5 ab

Phosphate (mg L−1) 3.4 ± 0.8 4.6 ± 1.1 2.7 ± 0.4 3.2 ± 0.0
a, b = Different lowercase letters represent a significant difference (p ≤ 0.05) between the weeks of the same
treatment, after performing one-way ANOVA followed by Tukey’s post-hoc test. O.D (dissolved oxygen); TSS
(total suspended solids); SS (settleable solids); TAN (total ammonium nitrogen).
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Figure 3. Variations in the nitrate concentrations in the IMTA 1 (with 1 g Ulva L−1), IMTA 2
(2 g Ulva L−1), IMTA 3 (3 g Ulva L−1), and MONO C (with no Ulva) treatment groups during the
35 days of cultivation. a, b = Different lowercase letters represent a significant difference (p ≤ 0.05)
on the same days between the treatments after performing one-way ANOVA followed by Tukey’s
post-hoc test.
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Figure 4. Variations in the total suspended solids (TSS) in the IMTA 1 (with 1 g Ulva L−1), IMTA 2
(2 g Ulva L−1), IMTA 3 (3 g Ulva L−1), and MONO C (with no Ulva) treatment groups during the
35 days of cultivation. a, b = Different lowercase letters on the same day represent a significant
difference (p ≤ 0.05) between the treatments after ANOVA followed by Tukey’s post-hoc test.

The alkalinity was higher in treatments with U. lactuca (Table 6), requiring a smaller
amount of calcium hydroxide for its maintenance. The IMTA 1 (with 1 g Ulva L−1)
treatment required the least amount of calcium hydroxide (90 g in the entire crop), while
the IMTA 2 (2 g Ulva L−1), IMTA 3 (3 g Ulva L−1), and MONO C (with no Ulva) treatments
required 120, 105, and 157 g of calcium hydroxide to maintain the alkalinity, respectively.

In general, the total ammonium nitrogen (TAN) values showed no significant dif-
ference in the treatment groups including algal biomass U. lactuca (p ≤ 0.05) (Table 6).
However, TAN in the MONO C (with no Ulva) treatment group showed significantly
(p ≤ 0.05) higher values in the first week, with 1.1 ± 0.1 mg L−1 when compared to the
treatments including the algae, with 0.7 ± 0.1; 0.7 ± 0.1, and 0.6 ± 0.0 mg L−1 in the
treatments IMTA 1, IMTA 2 and IMTA 3, respectively, thus requiring the application of
organic carbon, such as molasses, to control of nitrogen in the MONO C treatment.

In the control treatment (MONO C where there was no Ulva), in the first weeks of the
experiment, the TSS (total suspended solids) concentrations raised above the established
maximum limit of 500 mg L−1 (Figure 4). The clarifiers started to be used to keep optimal
shrimp performance as recommended by Gaona et al. [34]. For this reason, during the
experiment, the treatments of IMTA 1 (with 1 g Ulva L−1), IMTA 2 (2 g Ulva L−1), and
IMTA 3 (3 g Ulva L−1) needed 3, 3, and 5 h of clarification, respectively. These three
treatment groups had smaller amounts of tailings compared to the treatment MONO C
(with no Ulva) which needed 8 h of clarification.

There was no significant difference (p ≤ 0.05) in the shrimp performance parameters
between the treatment groups (Table 7).

Table 7. The performance of shrimp L. vannamei (mean ± standard deviation) in treatments of
MONO C (with no Ulva) in the IMTA 1 (with 1 g Ulva L−1), IMTA 2 (2 g Ulva L−1), and IMTA 3
(3 g Ulva L−1) treatment groups during the 35 days of culture.

Parameters
Treatments

MONO C IMTA 1 IMTA 2 IMTA 3

Final average weight (g) 6.5 ± 0.5 6.8 ± 0.3 7.6 ± 0.3 7.4 ± 0.2
Survival (%) 99.3 ± 0.7 100.0 ± 0.0 99.3 ± 0.7 99.3 ± 0.7

FCR 2.0 ± 0.1 1.8 ± 0.1 1.7 ± 0.0 1.8 ± 0.1
WGW (g week−1) 0.8 ± 0.3 0.9 ± 0.2 1.1 ± 0.2 1.0 ± 0.1
Final biomass (g) 187.3 ± 22.4 205.2 ± 16.0 239.2 ± 11.5 230.4 ± 9.0

Productivity (kg m−3) 1.9 ± 0.1 2.0 ± 0.1 2.3 ± 0.1 2.2 ± 0.1

FCR (food conversion rate); WGW (weekly weight gain).
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4. Discussion

The introduction of species in integrated aquaculture is related to their ability to
adapt according to system conditions and their interaction with other organisms [35]. In
offshore systems, with low water turbidity and water renewal by currents, the integration
of the macroalgae into the cultures shows better results. Verdian et al. [4] showed that
in these systems the relative growth rate was 14.3 ± 4.3% day−1, probably due to the
easy adaptation of the macroalgae to the system because of the similarity with the natural
environment. In land based biofloc systems, the environmental characteristics are different.
The system is characterized by a high organic load and nutrient accumulation throughout
the production cycle. When cultured under unfavorable environmental conditions, such
as high solids and nutrient loading in closed systems, such changes may influence the
macroalgae’s performance. Different management protocols should be applied for the best
adaptation and performance of macroalgae in these systems.

Our laboratory experiment showed that different concentrations of solids in the biofloc
system did not cause biomass loss of macroalgae (see Table 2). However, the system did
not provide the best conditions to seaweed growth compared to offshore cultivation. The
relative growth rate of the macroalgae was similar between the treatments, demonstrating
the feasibility of using shrimp culture water in biofloc systems as culture medium. The
laboratory environmental conditions were controlled, with a direct light source on the
macroalgae and temperature regulation. Another way to favor macroalgae growth under
these conditions was the use of transparent experimental units that allow greater light
incidence, which may have influenced the processes of light absorption by the macroalgae
even with the deposition of solids.

In the laboratory experimental conditions, there was also no increase in solids through-
out the experiment. Since there were no shrimp present, the feces and feed waste were not
being produced in the culture, which was characterized as a static system. In controlled and
fixed conditions, the macroalgae were able to adapt to the different culture media and grow.
In contrast, the conditions of the greenhouse experiment simulated real culture conditions,
resulting in biomass loss (see Table 4). The integrated culture of shrimp and macroalgae in
an intensive system and with a high feed intake generated an increase in solids. Even with
intense aeration, the macroalgae culture structure allowed for greater deposition of organic
matter on the macroalgae. This effect was smaller in the laboratory experiment, because
the macroalgae were loose in the carboy. Such conditions can be stressful to the macroalgae,
impacting their growth throughout the culture, which was verified in this experiment with
the loss of biomass. A similar result was also observed by Legarda et al. [10], working in a
closed system with integrated culture of the macroalgae U. fasciata, the shrimp L. vannamei,
and the fish Mugil liza in a biofloc system, confirming the difficulty of adaptation of the
macroalgae in this system.

The availability of nutrients in the biofloc system is advantageous for macroalgae
cultures [9]. However, the presence of solids can be an inhibiting factor for macroalgae
growth. In both experiments, solids were deposited on the macroalgae, and lower con-
centrations of suspended solids were found in the water. In the laboratory experiment, a
decrease in turbidity was observed in the treatment with the highest concentration of solids
(400 mg L−1) on the fourth day of culture (Figure 2), showing that most of the solids were
deposited on the macroalgae, even with constant aeration.

In the greenhouse experiment, a similar process was verified, with the aggravating
factor that the production of solids was persistent due to the presence of the shrimp in
the culture. The settleable solids (ml L−1) showed a significant difference between the
integrated culture and monoculture treatments. The lowest concentrations of settleable
solids were observed in the U. lactuca treatment. As the individuals of this species are sessile
organisms, they probably interfered with the dynamic movement of biofloc particles in the
water column, causing the deposition of particles on them, unlike in the monoculture where
there was no physical barrier for the particles to decant. Brito et al. [9] also found a decrease
in solids levels due to the deposition of flocs on the photosynthetic macroalgae leaves,
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going from a suspended to a decanted solid. This result also induced the need to use the
clarifier to control excess solids in the system. The treatments with the presence of U. lactuca
required less clarification time compared to the shrimp monoculture treatments. However,
removing the macroalgae from the system will cause solids to become suspended in the
water again. Excess solids in the water can cause rapid oxygen depletion [36] and growth
performance problems to the shrimp [5]. Some alternatives to control solids presented by
Khanjani et al. [35] would be the use of organic consumers in integrated cultivation. Thus,
the solids would be controlled without the use of clarifiers and there would not be a large
amount of solids deposited on the macroalgae.

The deposition of solids on the macroalgae can be a stressing factor for the species,
which may prevent the absorption of light and the performance of photosynthesis (see
Figure 4). Such factors can trigger reproduction events such as the release of gametes or
spores. These events can be initiated due to several environmental factors, such as high
temperatures, the concentration of nutrients, and even the short life cycle of the species,
thus resulting in the loss of biomass [19]. During the cultivation period, the presence
of “ghost tissues” was also observed in U. lactuca as a sign of sporulation. The loss of
macroalgae biomass was also verified by Legarda et al. [10] when cultivating U. fasciata in
an integrated system, probably because of the different characteristics of the biofloc system
compared to the natural environment where the macroalgae were collected.

The von Stosch nutrient solution used in the laboratory experiment is composed of
balanced minerals and nutrients [13]. Despite the biomass gain, the relative growth rate
of U. lactuca in this experiment in the laboratory condition was lower compared to the
studies with a maximum of 16.9% day−1 for U. prolifera, when cultivated in the laboratory
conditions with the nutrient medium F/2 [37]. The von Stosch medium used for the
cultivation of U. lactuca and the concentration of the medium used may not be adequate to
cause low growth of the algal biomass. In addition, the treatment water was not renewed
nor were more nutrients added, which could have limited the growth of the algae. For the
production of culture media, specific compounds of high economic value are needed, so
alternative culture media and better management practices can facilitate the production of
U. lactuca.

The increase in the protein content of U. lactuca cultivated in the biofloc system proba-
bly occurred because of the nutritional composition of the macroalgae changes according
to the physical and chemical factors of the culture environment. For example, higher
concentrations of nitrogen available in the culture system, such as in the biofloc system,
provide an increase in tissue nitrogen. According to Duke et al. [38], greater availability of
nitrogen in the medium results in its absorption and its transformation into protein, stored
in the form of amino acids and pigments [32]. Treatments with biofloc effluent contained
higher concentrations of nitrate and phosphate than treatment with von Stosch culture
medium. This is due to the origin of the biofloc effluent, which came from a shrimp culture
with 43 days of cultivation, with a gradual accumulation of nutrients. This high availability
of nitrogen in the water favored the increase in the protein content of the macroalgae.
The results obtained were superior to those observed by Fong et al. [39], who obtained
protein concentrations ranging from 0.6 to 5.4% in algae grown in nutrient solutions in the
laboratory. The high protein value of U. lactuca in the present study shows its importance
for human food as a food supplement, for muscle tissue reconstruction, and in vegan foods,
similar to the previous study conducted by Bleakley and Hayes [40].

Even with 20% biofloc inoculum in the greenhouse experiment, the ammonia concen-
trations in the first days of cultivation exceeded the concentration of 1 mg L−1 in the tanks
without U. lactuca. Although ammonia concentrations were well controlled in the biofloc
system, at times throughout the production cycle it may be necessary to add organic carbon
to stimulate the development of heterotrophic bacteria in the system [26]. When using
a low percentage of inoculum diluted in seawater, the bacteria can undergo adaptation
in the system. Together with the feed supply and continuous excretion of the animals,
these bacteria were not able to convert all the ammonia in the system and its concentration
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increased, with the use of molasses in shrimp monoculture being necessary to increase the
number of heterotrophic bacteria, in this experiment. Such instability of the bacteria also
occurred in the integrated treatment, but due to the absorption capacity by U. lactuca, there
was no increase of ammonia concentration in the system. Castelar et al. [41] observed that
the genus Ulva tends to have a preference for ammonia, making its assimilation faster and
thus controlling nitrogen in the crop as a consequence.

Nitrate was another nitrogenous compound absorbed by U. lactuca. Its accumulation
is constant throughout the production cycle in the biofloc system, with it reaching high
concentrations. The U. lactuca absorbed the nitrate, as it is the nitrogenous compound
with the highest availability in the system, with the best absorption result occurring in the
treatment with the lowest density of U. lactuca (1 g L−1). High densities, above 1 g L−1 are
likely to increase intraspecific competition, due to U. lactuca overlap in the structure, and
negatively affect nutrient absorption. Alencar et al. [15], testing different densities with
U. lactuca, also observed that nutrient removal was impaired when the algae density and
growth rate increased. Therefore, unlike the gradual accumulation of nitrate that occurred
in the monoculture, the treatment with the density of 1 g L−1 of U. lactuca resulted in
a lower concentration of nitrate at the end of the cultivation. Due to absorption by the
macroalgae, this compound is used for the production of biomass and pigments.

In addition to nutrient absorption, the integration of U. lactuca into shrimp cultivation
also interferes with other components in the system. For the biofloc system, calcium
carbonate or calcium hydroxide is required to maintain alkalinity [30]. The integrated
cultivation of L. vannamei and U. lactuca required a smaller number of corrections with
Ca(OH)2, maintaining a more stable level of alkalinity compared to the monoculture
treatment where there was no U. lactuca. This possibly occurred due to the absorption
of carbon dioxide from the medium by U. lactuca [36]. Chopin [11] comments on the
decrease in water acidification due to the absorption of gases by macroalgae, acting on
the greenhouse effect. The same pattern can occur in cropping systems integrated with
U. lactuca.

The physical and chemical parameters of water quality were kept in the ideal ranges
for L. vannamei cultivation, such as temperature [42], salinity [43], dissolved oxygen [44],
pH [45], alkalinity [30], and TSS [5]. The shrimp cultivated in this study had a similar
performance to that found in the literature for monoculture systems [26]. Therefore, the
integration of U. lactuca in the system did not interfere in the performance of the shrimp,
with it being environmentally advantageous. In the study of Brito et al. [9], a higher average
final weight of the shrimp was observed when cultivated with the macroalgae, possibly
due to nutritional advantages provided by the macroalgae to the shrimp. Although the
macroalgae are grown in a separate floating structure from the shrimp, they are both grown
in the same tank. Therefore, the reduction in the production of biomass served by Ulva can
also be explained by its consumption by shrimp. In future studies, it is recommended to
observe and monitor if the shrimp consume algae when they are integrated in the same
tank as well as when they are in a separated cultivation structure.

In a conventional farming system, there is a significant loss of nitrogen that is not
incorporated by the animals and becomes available in the water as a residue that can
be toxic and the main source of environmental pollution [46]. The use of macroalgae
for the absorption of nutrients from the system has been widely used due to greater
sustainability and productivity gain [4]. The use of macroalgae U. lactuca at a density of
1 g L−1 in an integrated system with shrimp L. vannamei in biofloc was also viable due
to the incorporation of nitrogen by the algae, resulting in a biomass with higher protein
content, in addition to increasing the system productivity and sustainability.

5. Conclusions

The cultivation of macroalgae in biofloc promoted changes in water quality in both
experiments. The concentration of total suspended solids decreased in both experiments
with macroalgae integration.
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When cultivated in an integrated system with shrimp, the addition of macroalgae at a
density of 1 g L−1 in the system promoted the absorption of nitrogen, nitrate, and ammonia,
generating lower final concentrations of these nutrients at the end of cultivation compared
to shrimp monoculture conditions. In addition, the integration of the macroalgae into the
system resulted in less use of inputs, such as molasses and calcium hydroxide.

Finally, the use of U. lactuca did not negatively affect the performance of the shrimp.
Despite the loss of biomass under the conditions tested in the integrated system, the
macroalgae U. lactuca showed potential for the consumption of nutrients available in the
system.

Author Contributions: Conceptualization, A.C., L.H.P. and M.H.; methodology, A.C., G.T. and L.H.P.;
software, A.C. and L.C.d.O.C.; validation, A.C., L.C.d.O.C., M.H., L.H.P. and G.T.; formal analysis,
A.C. and L.C.d.O.C.; investigation, A.C., L.C.d.O.C., M.H., L.H.P. and G.T.; resources, G.T. and L.H.P.;
data curation, A.C., L.C.d.O.C. and M.H.; writing—original draft preparation, A.C. and L.C.d.O.C.;
writing—review and editing, L.C.d.O.C., M.H., L.H.P. and G.T.; visualization, A.C., L.C.d.O.C., M.H.,
L.H.P. and G.T.; supervision, G.T. and L.H.P.; project administration, L.C.d.O.C., M.H., L.H.P. and
G.T.; funding acquisition, G.T. and L.H.P. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by ASTRAL Project—H2020 grant Agreement 863034.

Institutional Review Board Statement: The experiment was approved by the Ethics and Animal
Welfare Committee of FURG (Case number 23116.005895/2016-42).

Acknowledgments: The Authors are grateful to the ASTRAL project that has received funding
from the European Union’s Horizon 2020 research and innovation program under grant agreement
No 863034. The Authors are also thankful to John Bolton of Biological Sciences at the University
of Cape Town, South Africa for identification of the species and Amir Neori of National Center
for Mariculture at Israel Oceanographic & Limnological Research Ltd, Eilat, Israel for valuable
information and suggestions in the preparation and editing of this manuscript. Special thanks to
GUABI Nutrition for donating the commercial diets.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Da Silva, K.R.; Wasielesky, W.; Abreu, P.C. Nitrogen and Phosphorus Dynamics in the Biofloc Production of the Pacific White
Shrimp, Litopenaeus vannamei. J. World Aquac. Soc. 2013, 44, 30–41. [CrossRef]

2. Krummenauer, D.; Abreu, P.C.; Poersch, L.; Reis, P.A.C.P.; Suita, S.M.; dos Reis, W.G.; Wasielesky, W. The Relationship between
Shrimp (Litopenaeus vannamei) Size and Biofloc Consumption Determined by the Stable Isotope Technique. Aquaculture 2020, 529, 735635.
[CrossRef]

3. Ferreira, G.S.; Santos, D.; Schmachtl, F.; Machado, C.; Fernandes, V.; Bögner, M.; Schleder, D.D.; Seiffert, W.Q.; Vieira, F.N. Heterotrophic,
Chemoautotrophic and Mature Approaches in Biofloc System for Pacific White Shrimp. Aquaculture 2021, 533, 736099. [CrossRef]

4. Verdian, A.H.; Effendi, I.; Budidardi, T.; Diatin, I. Production Performance Improvement of White Shrimp (Litopenaeus vannamei)
Culture with Integrated Multi Trophic Aquaculture System in Seribu Islands, Jakarta, Indonesia. Iran. J. Fish. Sci. 2020, 19,
1415–1427. [CrossRef]

5. Gaona, C.A.P.; de Almeida, M.S.; Viau, V.; Poersch, L.H.; Wasielesky, W. Effect of Different Total Suspended Solids Levels on a
Litopenaeus vannamei (Boone, 1931) BFT Culture System during Biofloc Formation. Aquac. Res. 2017, 48, 1070–1079. [CrossRef]

6. Ahmad, I.; Babitha Rani, A.M.; Verma, A.K.; Maqsood, M. Biofloc Technology: An Emerging Avenue in Aquatic Animal
Healthcare and Nutrition. Aquac. Int. 2017, 25, 1215–1226. [CrossRef]

7. Azim, M.E.; Little, D.C. The Biofloc Technology (BFT) in Indoor Tanks: Water Quality, Biofloc Composition, and Growth and
Welfare of Nile Tilapia (Oreochromis niloticus). Aquaculture 2008, 283, 29–35. [CrossRef]

8. Wasielesky, W.; Bezerra, A.; Poersch, L.; Hoffling, F.B.; Krummenauer, D. Effect of Feeding Frequency on the White Shrimp
Litopenaeus vannamei during the Pilot-Scale Nursery Phase of a Superintensive Culture in a Biofloc System. J. World Aquac. Soc.
2020, 51, 1175–1191. [CrossRef]

9. Brito, L.O.; Arantes, R.; Magnotti, C.; Derner, R.; Pchara, F.; Olivera, A.; Vinatea, L. Water Quality and Growth of Pacific White
Shrimp Litopenaeus vannamei (Boone) in Co-Culture with Green Seaweed Ulva lactuca (Linaeus) in Intensive System. Aquac. Int.
2014, 22, 497–508. [CrossRef]

10. Legarda, E.C.; da Silva, D.; Miranda, C.S.; Pereira, P.K.M.; Martins, M.A.; Machado, C.; de Lorenzo, M.A.; Hayashi, L.; do
Nascimento Vieira, F. Sea Lettuce Integrated with Pacific White Shrimp and Mullet Cultivation in Biofloc Impact System
Performance and the Sea Lettuce Nutritional Composition. Aquaculture 2021, 534, 736265. [CrossRef]

71



Fishes 2023, 8, 163

11. Chopin, T. Marine Aquaculture in Canada: Well-Established Monocultures of Finfish and Shellfish and an Emerging Integrated
Multi-Trophic Aquaculture (IMTA) Approach Including Seaweeds, Other Invertebrates, and Microbial Communities. Fisheries
2015, 40, 28–31. [CrossRef]

12. Troell, M.; Joyce, A.; Chopin, T.; Neori, A.; Buschmann, A.H.; Fang, J.G. Ecological Engineering in Aquaculture—Potential for
Integrated Multi-Trophic Aquaculture (IMTA) in Marine Offshore Systems. Aquaculture 2009, 297, 1–9. [CrossRef]

13. Mansilla, A.; Rodriguez, J.P.; Souza, J.M.C.; Rosenfeld, S.; Ojeda, J.; Yokoya, N.S. Growth Responses to Temperature, Salinity
and Nutrient Variations, and Biomass Variation and Phenology of Ahnfeltia plicata (Rhodophyta, Ahnfeltiales): A Commercially
Interesting Agarophyte from the Magellanic Region, Chile. J. Appl. Phycol. 2014, 26, 1133–1139. [CrossRef]

14. Kılınç, B.; Cirik, S.; Turan, G. Seaweeds for Food and Industrial Applications. In Food Industry; IntechOpen: London, UK,
2013; pp. 735–748.

15. de Alencar, J.R.; Junior, P.A.H.; Celino, J.J. Cultivo de Camarão Branco Litopenaeus vannamei (Boone, 1931) Com a
Macroalga Ulva lacuata Linneaus ( Chlorophyta ) No Tratamento de Efluentes Em Sistema Fechado de Recirculação. Rev. Biol.
Ciênc. Terra 2010, 10, 117–137.

16. Ramos, R.; Vinatea, L.; Santos, J.; Da Costa, R. Tratamiento de Efluentes Del Cultivo de Litopenaeus vannamei Mediante Procesos
de Sedimentación, Filtración y Absorción. Lat. Am. J. Aquat. Res. 2010, 38, 188–200. [CrossRef]

17. El Baz, F.K.; El-Baroty, G.S.; Ibrahim, A.E.; Abd El Baky, H.H. Cytotoxicity, Antioxidants and Antimicrobial Activities of Lipids
Extracted from Some Marine Algae. J. Aquac. Res. Dev. 2014, 5, 5–9. [CrossRef]

18. Turan, G.; Tekogul, H. The Turkish Mezzes Formulated with Protein-Rich Green Sea Vegetable (Chlorophyta), Ulva rigida,
Cultured in Onshore Tank System. J. Aquat. Food Prod. Technol. 2014, 23, 447–452. [CrossRef]

19. Copertino, M.D.S.; Tormena, T.; Seeliger, U. Biofiltering Efficiency, Uptake and Assimilation Rates of Ulva clathrata (Roth) J.
Agardh (Clorophyceae) Cultivated in Shrimp Aquaculture Waste Water. J. Appl. Phycol. 2009, 21, 31–45. [CrossRef]

20. Wei, Z.; You, J.; Wu, H.; Yang, F.; Long, L.; Liu, Q.; Huo, Y.; He, P. Bioremediation Using Gracilaria lemaneiformis to Manage the
Nitrogen and Phosphorous Balance in an Integrated Multi-Trophic Aquaculture System in Yantian Bay, China. Mar. Pollut. Bull.
2017, 121, 313–319. [CrossRef]

21. del Río, M.J.; Ramazanov, Z.; García-Reina, G. Ulva rigida (Ulvales, Chlorophyta) Tank Culture as Biofilters for Dissolved Inorganic
Nitrogen from Fishpond Effluents. Hydrobiologia 1996, 326, 61–66. [CrossRef]

22. Guiry, M.D.; Cunningham, E.M. Photoperiodic and Temperature Responses in the Reproduction of North-Eastern Atlantic
Gigartina acicularis (Rhodophyta: Gigartinales). Phycologia 1984, 23, 357–367. [CrossRef]

23. Krummenauer, D.; Peixoto, S.; Cavalli, R.O.; Poersch, L.H.; Wasielesky, W. Superintensive Culture of White Shrimp,
Litopenaeus vannamei, in a Biofloc Technology System in Southern Brazil at Different Stocking Densities. J. World Aquac. Soc. 2011,
42, 726–733. [CrossRef]

24. Unesco. Chemical Methods for Use in Marine Environmental Monitoring; Intergovernmental Oceanographic Commission:
Paris, France, 1983.

25. Bendschneider, K.; Robinson, R.J. A New Spectrophotometric Method for the Determination of Nitrite in Water; Technical Report No. 8;
Office of Naval Research: Seattle, WA, USA, 1952.

26. Samocha, T.M.; Patnaik, S.; Speed, M.; Ali, A.M.; Burger, J.M.; Almeida, R.V.; Ayub, Z.; Harisanto, M.; Horowitz, A.; Brock, D.L.
Use of Molasses as Carbon Source in Limited Discharge Nursery and Grow out Systems for Litopenaeus vannamei. Aquac. Eng.
2007, 36, 184–191. [CrossRef]

27. Aminot, A.; Chaussepied, M. Manuel des Analyses Chimiques en Milieu Marin; Centre National Pour L’Exploitation des Océans:
Paris, France, 1983.

28. Baumgarten, M.D.G.Z.; De Barros Rocha, J.M.; Niencheski, L.F.H. Manual de Análises em Oceanografia Química; Universidade
Federal do Rio Grande: Rio Grande, Brazil, 1996.

29. American Public Health Association APHA; American Water Works Association; Water Pollution Control Association. Standard
Methods for the Examination of Water and Wastewater, 21st ed.; American Public Health Association: Washington, DC, USA, 2005.

30. Furtado, P.S.; Poersch, L.H.; Wasielesky, W. Effect of Calcium Hydroxide, Carbonate and Sodium Bicarbonate on Water Quality
and Zootechnical Performance of Shrimp Litopenaeus vannamei Reared in Biofloc Technology (BFT) Systems. Aquaculture 2011,
321, 130–135. [CrossRef]

31. Loureiro, R.R.; Reis, R.P.; Critchley, A.T. In Vitro Cultivation of Three Kappaphycus alvarezii (Rhodophyta, Areschougiaceae) Vari-
ants (Green, Red and Brown) Exposed to a Commercial Extract of the Brown Alga Ascophyllum nodosum (Fucaceae, Ochrophyta).
J. Appl. Phycol. 2010, 22, 101–104. [CrossRef]

32. Baethgen, W.E.; Alley, M. A Manual Colorimetric Procedure for Measuring Ammonium Nitrogen in Soil and Plant Kjeldahl
Digests. Commun. Soil Sci. Plant Anal. 1989, 20, 961–969. [CrossRef]

33. AOAC. Official Methods of Analysis; Association of Official Analytical Chemists: Arlington, VA, USA, 2005; p. 245.
34. Gaona, C.A.P.; Poersch, L.H.; Krummenauer, D.; Foes, G.K.; Wasielesky, W.J. Effect of Solids Removal on Production of Shrimp.

Int. J. Recirc. Aquac. 2011, 12, 54–73.
35. Khanjani, M.H.; Zahedi, S.; Mohammadi, A. Integrated Multitrophic Aquaculture (IMTA) as an Environmentally Friendly System

for Sustainable Aquaculture: Functionality, Species, and Application of Biofloc Technology (BFT). Environ. Sci. Pollut. Res. 2022,
29, 67513–67531. [CrossRef]

72



Fishes 2023, 8, 163

36. Granada, L.; Lopes, S.; Novais, S.C.; Lemos, M.F.L. Modelling Integrated Multi-Trophic Aquaculture: Optimizing a Three Trophic
Level System. Aquaculture 2018, 495, 90–97. [CrossRef]

37. Luo, M.B.; Liu, F.; Xu, Z.L. Growth and Nutrient Uptake Capacity of Two Co-Occurring Species, Ulva prolifera and Ulva linza.
Aquat. Bot. 2012, 100, 18–24. [CrossRef]

38. Duke, C.S.; Litaker, W.; Ramus, J. Effects of the Temperature, Nitrogen Supply and Tissue Nitrogen on Ammonium Uptake Rates
of the Chlorophyte Seaweeds Ulva Curvata and Codium decorticatum. J. Phycol. 1989, 25, 113–120. [CrossRef]

39. Fong, P.; Boyer, K.E.; Desmond, J.S.; Zedler, J.B. Salinity Stress, Nitrogen Competition, and Facilitation: What Controls Seasonal
Succession of Two Opportunistic Green Macroalgae? J. Exp. Mar. Biol. Ecol. 1996, 206, 203–221. [CrossRef]

40. Bleakley, S.; Hayes, M. Algal Proteins: Extraction, Application, and Challenges Concerning Production. Foods 2017, 6, 33.
[CrossRef]

41. Castelar, B.; Reis, R.P.; dos Santos Calheiros, A.C. Ulva lactuca and U. flexuosa (Chlorophyta, Ulvophyceae) Cultivation in Brazilian
Tropical Waters: Recruitment, Growth, and Ulvan Yield. J. Appl. Phycol. 2014, 26, 1989–1999. [CrossRef]

42. Wyban, J.; Walsh, W.A.; Godin, D.M. Temperature Effects on Growth, Feeding Rate and Feed Conversion of the Pacific White
Shrimp (Penaeus vannamei). Aquaculture 1995, 138, 267–279. [CrossRef]

43. Khanjani, M.H.; Sharifinia, M.; Hajirezaee, S. Effects of Different Salinity Levels on Water Quality, Growth Performance and
Body Composition of Pacific White Shrimp (Litopenaeus vannamei Boone, 1931) Cultured in a Zero Water Exchange Heterotrophic
System. Ann. Anim. Sci. 2020, 20, 1471–1486. [CrossRef]

44. Schveitzer, R.; Arantes, R.; Costódio, P.F.S.; do Espírito Santo, C.M.; Arana, L.V.; Seiffert, W.Q.; Andreatta, E.R. Effect of Different
Biofloc Levels on Microbial Activity, Water Quality and Performance of Litopenaeus vannamei in a Tank System Operated with No
Water Exchange. Aquac. Eng. 2013, 56, 59–70. [CrossRef]

45. Wasielesky, W.; Krummenauer, D.; Lara, G.; Fóes, G. Cultivo de Camarões Em Sistema de Bioflocos: Realidade e perspectivas.
Rev. ABCC 2013, 15, 16–26.

46. Poli, M.A.; Legarda, E.C.; de Lorenzo, M.A.; Pinheiro, I.; Martins, M.A.; Seiffert, W.Q.; do Nascimento Vieira, F. Integrated
Multitrophic Aquaculture Applied to Shrimp Rearing in a Biofloc System. Aquaculture 2019, 511, 734274. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

73



Citation: Rind, K.H.; Habib, S.S.;

Ujan, J.A.; Fazio, F.; Naz, S.; Batool,

A.I.; Ullah, M.; Attaullah, S.;

Khayyam, K.; Khan, K. The Effects of

Different Carbon Sources on Water

Quality, Growth Performance,

Hematology, Immune, and

Antioxidant Status in Cultured Nile

Tilapia with Biofloc Technology.

Fishes 2023, 8, 512. https://doi.org/

10.3390/fishes8100512

Academic Editors: Wagner C. Valenti

and Eduardo Luis Ballester

Received: 20 August 2023

Revised: 4 October 2023

Accepted: 12 October 2023

Published: 14 October 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

fishes

Article

The Effects of Different Carbon Sources on Water Quality,
Growth Performance, Hematology, Immune, and Antioxidant
Status in Cultured Nile Tilapia with Biofloc Technology

Khalid Hussain Rind 1, Syed Sikandar Habib 2, Javed Ahmed Ujan 3, Francesco Fazio 4,*, Saira Naz 5,

Aima Iram Batool 2, Mujeeb Ullah 6, Sobia Attaullah 6, Khayyam Khayyam 6 and Khalid Khan 6

1 Department of Molecular Biology and Genetics, Shaheed Benazir Bhutto University Shaheed Benazirabad,
Sindh 67450, Pakistan; khalid.rind@sbbusba.edu.pk

2 Department of Zoology, University of Sargodha, Sargodha 40100, Pakistan;
sikandarzoo00@yahoo.com (S.S.H.); aima.iram@uos.edu.pk (A.I.B.)

3 Department of Zoology, Shah Abdul Latif University, Khairpur Mirs 66020, Pakistan; javed.ujan@salu.edu.pk
4 Department of Veterinary Sciences, University of Messina, Via Palatuccisnc, 98168 Messina, Italy
5 Institute of Molecular Biology and Biotechnology, University of Lahore Sargodha Campus,

Sargodha 40100, Pakistan; saira.zoologist1991@gmail.com
6 Department of Zoology, Islamia College University, Peshawar 25120, Pakistan;

mujibkhanicp@gmail.com (M.U.); sobia@icp.edu.pk (S.A.); khayyam@icp.edu.pk (K.K.);
khalidkhan@icp.edu.pk (K.K.)

* Correspondence: ffazio@unime.it; Tel.: +39-0906766516

Abstract: The biofloc technology system (BFT) is considered to be one of the sustainable aquaculture
systems, which is based on the principle of nutrient recycling with the addition of a carbon source to
give dominance to heterotrophic microorganisms. The objective of this study was to evaluate the effect
of sugar cane molasses and tapioca flour as carbon sources on the water quality, growth, hematology,
immune status, and non-specific antioxidant status of Oreochromis juveniles. Methodologically, the
experiment was carried out for 10 weeks on 225 juvenile Nile tilapia with initial body weights of
47.0 ± 1.3 g that were randomly distributed in 09 tanks (1000 L) with a stocking density of 25 tilapias
per tank; the treatments were: BFT + SM (S molasses), BFT + TF tapioca flour (TF), and a control
with no carbon source added. The control group was fed 100% feed, while the BFT experimental
groups were fed microbial flocs along with 75% feed. The results revealed that the water quality
parameters were affected by the carbon sources, but were adequate for normal fish welfare, and
the biofloc volume was higher (28.94) with the TF carbon source. The growth performance, such as
weight gain (98.61), survival (99.01), and improved feed conversion ratio (FCR) (1.69), was recorded in
BFT + TF. Significant improvements in WBCs, HCT, HB, lymphocytes, plasma proteins, albumin, and
non-specific immune factors (lysozyme activity, immunoglobulins levels, and ACH50) were observed
in biofloc-reared fish with tapioca flour as the carbon source compared to the control and sugarcane
molasses groups. Moreover, significant increases in catalase (CAT) and superoxide dismutase (SOD)
were found in the biofloc-reared fish with different carbon sources. In conclusion, the use of BFT + TF
was found to affect improving the water quality, growth, hematology, immunity, and antioxidant
status of juvenile Tilapia.

Keywords: biofloc technology; carbon source; water quality; growth; immunity; antioxidant

Key Contribution: Tapioca meal effect as a carbon source improved the water quality parameters,
growth, blood profile, immunity, and antioxidant status in juvenile Tilapia cultured in biofloc technology
with tapioca meal.
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1. Introduction

A major requirement for meeting the current fish protein demand for human con-
sumption is the intensification of aquaculture [1]. Increasing the rearing density of fish
increases the productivity per unit area [2]. A limited ability to control pathogens poses a
major challenge to production intensification [3]. Sustainability in feed management is also
considered to be a major component in intensifying any aquatic organism’s production [4].
In addition, a sustainable cultural system that does not pollute the environment and utilizes
limited natural resources is needed [5]. Such an ecological aquaculture system is biofloc
technology, which ensures sustainable feed management. This system provides a high yield
with limited water exchange [6]. The advantage includes maintaining a high C/N ratio;
therefore, the microbial community can take up ammonium and enhance the management
of health and biosecurity with a limited exchange of water [4].

The biofloc culture system assembles various suspended organic particles with useful
microorganisms involved with polymeric extracellular substance, making it a heteroge-
neous system [7]. It is possible to increase the carbon ratio of the feed by adding various
organic carbonaceous sources such as tapioca, glucose, corn, wheat, acetate, glycerol, and
molasses, etc., to the aquaculture system or by altering the feed composition by adding
additional organic carbon sources [8]. The organic carbon source significantly influences
the composition of flocs, specifically, the kind of storage polymer used and its amount [9].
Tilapia and Litopenaeus vannamei were successfully farmed using biofloc technology, which
substantiated to be better in terms of feed efficacy and water than traditional methods [5].
In the biofloc system, the type of carbon source used affects its management, nutritional
value, microbial community, and the biofloc system organisms [8]. Wei et al. [10] described
that adding diverse carbonaceous sources may influence the NH4 elimination process, and
simpler carbon sources (such as glucose and sucrose) may eradicate ammonia more rapidly
than more complex carbon sources such as starch. Aquatic organisms have been treated
with microorganisms and their cell components to enhance their immunity, growth, disease
resistance, and antioxidant status [11]. Several bioactive compounds are present in bioflocs,
such as polysaccharides, chlorophyll, fat-soluble vitamins, taurine, carotenoids, and phy-
tosterols [12,13]. It is widely recognized that several microorganisms and their metabolites
present in biofloc are immune-stimulants, which enhance immunity and are protective
against several diseases [14]. Furthermore, bacterial species are typically linked with sus-
pended particles in biofloc, facilitating with exogenous digestive enzymes and additional
nutrients, thereby contributing to bacterial growth and survival [5]. Many studies have
been conducted by utilizing several sources of carbons and their effects on several species
cultured in biofloc technology, such as tapioca and plant starch for Pelteobagrus vachelli [8],
Longan powder for Nile tilapia [9], and wheat bran and molasses for Litopenaeus van-
namei [12]. Additional research is required to clarify the effects of various carbon sources
on the water quality, growth, immunity, and stress response of species. The current study
used tapioca flour (TF) and sugarcane molasses (SM), the best alternatives to the exhausted
sources, which are readily available.

Globally, tilapia farming has increased in popularity and is the second-most farmed
fish species [4]. It has a high growth rate and is a stress-tolerant species. Moreover, it is still
under investigation to assess the effects of different carbon sources on the water quality, fish
growth, haematology, immunity, and antioxidant status of biofloc-reared species. Therefore,
the current research work was intended to assess the effect of various carbon sources
(sugarcane molasses and tapioca flour) on the water characteristics, growth, hematology,
and non-specific immune and antioxidant status of juvenile Oreochromis niloticus for the
duration of 10 weeks.

2. Materials and Methods

2.1. Experimental Design

The research was performed in the Research Laboratory of Zoology, University of
Lahore, Pakistan. Before the experiment began, 225 juvenile Nile tilapia with initial body
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weights of (27.0 ± 1.3 g) were collected from the local fish hatchery. The collected fish
were acclimatized (indoor) for 14 days in a rectangular tank of a 2000 L volume. During
this duration, commercial feed (Supreme Company, Lahore, Pakistan) at 3% of their body
weight was provided three times daily (7:00, 12:00, and 17:00) under a light/dark period
(12/12 h). According to a proximate analysis, the feed consisted of crude protein level
(32%), ash (6.9%), and lipid (4.3%). A continuous aeration system (1.5 hp blower) was
installed in the tank, and the temperature of the culture water was maintained using an
electric heater at 27.0 ± 1 ◦C.

In the second stage of the study, a total of three treatments were designed, each with
three replicates in 09 rectangular tanks (1000 L vol). The initial stocking density of the fish
was 25 fish/tank, 1.3 kg/m3, and body weight (47.0 ± 1.3 g). The experimental period of
the study was 10 weeks. The control group was set in flow through a system with 30%
water exchange on a daily basis and the fish of the control group were fed on commercial
feed with 3% of their body weight [15]. However, the fish groups of the biofloc technology
fed on bacterial flocs and commercial feed (75% daily feeding) with zero exchange of
water [16]. The treatment protocols for the control and BFT groups were control: FT/30%
water replacement, T1: BFT + SM, and T2: BFT + TF.

Fresh well water (salinity 15 ppt) was first added to all of the tanks prior to the start of
the experiment. The concentrated biofloc (100 mL) was added to the BFT treatment groups
from the old biofloc tanks. In addition, the C:N ratio of the BFT tanks was maintained at
15 [17] by a daily addition of the carbon sources two hours after feeding. In order to produce
microbial flocs stock, 200 L of first-stage effluent was transferred into four conoid tanks
and the total ammonium nitrogen (TAN) was estimated. Various carbon sources, including
sugarcane molasses (SM) and tapioca flour (TF), were added to the tanks grounded on the
calculation of Avnimelech [18], who presumed that 20 g of carbon source is necessary to
transform 1 g of TAN. A biofloc was developed by adding carbonaceous materials to BFT
tanks at a carbon-to-nitrogen ratio of 15 [17]. The carbon source amounts were calculated
based on their characteristics [17]. Detail is given in Tables 1 and 2. The carbonated
resources were weighed, tipped into 1-l plastic containers, and mixed thoroughly with the
water of the culture tank. They were then dispersed consistently throughout the surface of
the tank to promote the biofloc’s growth. The continuous aerations were maintained and
the experiment was conducted under 12 h darkness and 12 h light.

Table 1. Proximate investigation of the commercial fish feed and experimental flour utilized in
experimental period.

Composition Fish Feed Sugarcane Molasses Tapioca Flour

Crude protein (% dw) 32 ± 1.0 4.76 ± 0.12 10.78 ± 0.12
Dry matter (%) 84 ± 1.0 53.12 ± 0.38 90.13 ± 0.17

Crude lipid (% dw) 4.3 ± 1.0 0.2 ± 0.04 2.56 ± 0.02
Ash (% dw) 6.9 ± 1.0 7.87 ± 0.12 4.32 ± 0.05
Fiber (% dw) 1.8 ± 1.0 0.38 ± 0.06 6.12 ± 0.14

Carbohydrate (% dw) 26 ± 1.0 38.31 ± 0.21 65.21 ± 0.14

Table 2. Quantity of fish feed and carbon sources used in the research period.

Organic Materials Daily Added (Grams)

Fish feed (32% protein) 16.1
Sugarcane molasses 9.8

Tapioca flour 8.6
C:N ratio 15:1

2.2. Analysis of Water Quality

The dissolve oxygen (DO) and water temperature were calculated daily in situ using
an aquarium digital thermometer and DO meter (Jenway, London, UK). The pH values
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were measured after every three days using a pH meter (Beckman model-72). The salinity
was measured with the help of an instrument (HQ30D Multi Meter HACH). Before feed-
ing, ammonia (NH4

+-N), nitrite nitrogen (NO2−-N), and nitrate nitrogen (NO3−-N) were
sampled. An ammonia electrode (Model IS-570-NH3, Germany) was used to measure the
unionized ammonia (NH4

+-N) on a weekly basis. The total suspended solids (TSS) were
estimated with the help of a TSS-meter (TSS) (HM-COM-80). Nitrite nitrogen (NO2−-N)
and nitrate nitrogen (NO3−-N) were determined weekly by using a freshwater ‘master test
kit’. An Imhoff cone was used to measure the volume of the biofloc, where the biofloc vol-
ume was recorded after 30 min of sedimentation of one liter of water in each BFT tank [18];
the number of observations was, therefore, 30 treatment−1.

2.3. Growth Performance and Survival

The parameters, including the weight gain percentage (wt. gain %), survival rate,
feed conversion ratio (FCR), and feed intake, were studied to determine the fish growth
performance. From each group, n = 10 samples were studied biweekly.

Wt. gain (%) = 100 × (Wf − Wi/Wi)

where Wf is the final weight and Wi is the initial weight; feed intake (g diet kg−1 fish) = total
weight of feed provided (g)/kg of fish; FCR = the total feed intake (g)/weight gain (g); and
survival (%) = 100 × (final fish number/initial stocked number)

2.4. Blood Sampling

At the termination of the experiment, blood samples were collected from the healthy
fish with no sign of infection. The fish (n = 5) from each group were anaesthetized by
using clove oil (50 mg clove oil L−1) [19] and the blood was drained from the caudal vein
through a sterile syringe. Half (50%) of each blood sample was stored at 4 ◦C in an aqueous
solution containing heparin (anticoagulant) and then used immediately to determine the
hematological parameters. The other half of the blood was permitted to centrifuge at
1075× g for 10 min at 4 ◦C to acquire plasma. Further, for a biochemical and immunological
assay analysis, the samples were stored at −80 ◦C.

2.5. Hematological Parameters

A Neubauer hemocytometer was used to count the White Blood Cells (WBC) and
Red Blood Cells (RBCs) after dilution with phosphate-buffered saline. A hematocrit (HCT)
determination was achieved by centrifuging the complete blood in heparinized microhe-
matocrit capillary tubes for ten minutes at 3500× g. A cyanohemoglobin method was used
to measure the haemoglobin (HB) concentration [20]. Giemsa-stained smears were used to
determine the differential leucocyte count [21].

2.6. Humoral Non-Specific Immune Parameters

The determination of the total protein in the fish plasma samples was conducted
through Biuret’s method, as described by Gornall et al. [22]. The bromocresol green
method [23] was used to estimate Albumin, and the globulin was determined as the change
between the total albumin and protein.

Furthermore, the lysozyme activity was measured through a turbidimetric assay with
some modification. Plasma aliquots of 25 μL were added to Micrococcus lysodeikticus
(1 mL suspension) [24]. This suspension was prepared using 0.05 M of sodium phosphate
buffer. The absorbance of the spectrophotometer (Spectrophotometer PD-303 UV, APEL,
Japan) was set at 670 nm after 30 s and 180 s. The quantity of protein was estimated with
the help of the micro protein determination technique, while the total immunoglobin was
estimated by following Siwicki and Anderson [24]. With the help of a 12% polyethylene
glycol solution, molecules of Ig were precipitated and the difference between before and
after was considered as the Ig concentration.
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To determine the alternative complement activity (ACH50), the RBC of sheep were
used as the target, and, at 540 nm wavelength, the absorbance of the lysed cells was
measured with the help of a spectrophotometer [25]. The ACH50 was determined for each
treated group by measuring the volume of plasma producing 50% hemolysis as follows:

ACH50 (unit mL−1) = 1/Y × (reciprocal of the plasma dilution)

where Y is the amount of plasma (mL) giving 50% lysis.

2.7. Antioxidant Parameters

The catalase activity (CAT) was determined following the protocol of Luck [26]. Briefly,
a plasma sample of 10 μL was added to 1.24 mL of buffer (freshly prepared) containing
50 μL (H2O2) and 10 mL−1 of sodium–potassium phosphate buffer (0.15 M and pH 7). A
change in absorbance was noted after 20 s (A1) and after 80 s (A2) of incubation at 240 nm
against air. The catalase value was calculated as A1-A2/0.0008.

Superoxide dismutase (SOD) was calculated following Pedrajas et al.’s [27] method.
Briefly, a plasma sample of 20 μL was added to 945 μL of sodium carbonate buffer (0.05 M
and pH 10) and 42 μL of epinephrine (30 mmol L−1 dissolved by adding 30 μL of HCL).
The auto-oxidation of the epinephrine to adrenochrome inhibition was estimated at 480 nm
after 30 and 80 s in an alkaline environment. In total, 40 μL of epinephrine and 960 μL of
sodium carbonate buffer were used to prepare the control group.

The inhibition (%) = 100 − [(ΔA control − ΔA sample/ΔA control) × 100]

SOD activity in plasma (U/mL) = % inhibition × 3.75

2.8. Statistical Analysis

A one-way ANOVA was used to statistically analyze the findings, and means were
compared through a Duncan multiple range test at a significance level of 0.05. SPSS
version 22.0 was used for the data analysis.

3. Results

3.1. Water Quality Characteristics

Detailed findings of the different water quality parameters are depicted in Table 3.
After the data analysis, the water quality parameters (DO, pH, salinity, NH3, nitrite,
nitrate, TSS, and biofloc volume) were significantly (p < 0.05) different. A lower DO
level (5.58 mg/L) and pH (7.32) was observed in the BFT + SM group as compared to
other groups. The changes in the water quality parameters and biofloc volume of tank
water affected by different carbon sources for the 10-weeks experimental trial are depicted
in Figure 1.

Table 3. Water quality parameters of juvenile O. niloticus (Nile tilapia) raised in biofloc tanks with
different carbon sources for 10 weeks.

Parameters Control BFT + SM BFT + TF

Water temperature (◦C) 26.99 ± 0.23 27.01 ± 0.18 27.01 ± 0.11
Dissolved oxygen (mg L−1) 6.97 ± 0.073 a 5.58 ± 0.083 c 6.31 ± 0.073 b

pH 8.21 ± 0.057 a 7.32 ± 0.075 c 7.78 ± 0.054 b

Salinity (PPT) 1.47 ± 0.61 b 20.32 ± 11.21 a 18.11 ± 13.13 a

Unionized ammonia (mg L−1) 0.145 ± 0.016 a 0.052 ± 0.026 b 0.072 ± 0.025 ab

Nitrite (mg L−1) 0.256 ± 0.021 a 0.076 ± 0.017 b 0.136 ± 0.023 b

Nitrate (mg L−1) 3.81 ± 0.95 b 31.24 ± 4.62 a 23.33 ± 4.31 a

Total suspended solids (mg L−1) 31.3 ± 5.27 b 351.7 ± 70.44 a 314.6 ± 62.67 a

Biofloc volume (mL) 0.84 ± 0.13 c 18.47 ± 2.87 b 28.94 ± 4.12 a

Note: Significant difference is indicated with different superscripts on the mean in the same row (p < 0.05).
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Figure 1. Variation in physicochemical parameters and biofloc volume of tanks water stocked by
O. niloticus under biofloc system with different carbon sources for 10 weeks.

3.2. Fish Growth Performance

The results of the fish growth performance fed on different carbon sources (SM and
TF) raised in biofloc tanks and the control group are given in Table 4. Significantly higher
(p < 0.05) effects of biofloc technology with a carbon source (BFT + TF) were recorded in the
fish weight gain as compared to the control and other group (BFT + SM). The feed intake
was significantly greater (p < 0.05) in both the treated groups (BFT + TF and BFT + SM)
than in the control group. The best FCR was found in the biofloc fish group with a carbon
source (BFT + TF). The survival rate ranged from 95% to 99%, but, overall, the survival rate
was also higher in the biofloc fish with the TF carbon source.

Table 4. Growth performance of juvenile O. niloticus (Nile tilapia) cultured in biofloc tanks with
different carbon sources for 10 weeks.

Parameters Control BFT + SM BFT + TF

Weight gain (%) 66.03 ± 2.82 c 87.15 ± 1.92 b 98.61 ± 3.71 a

Feed intake (g kg fish−1) 1001.21 ± 36.03 a 867.37 ± 23.17 b 869.31 ± 25.21 b
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Table 4. Cont.

Parameters Control BFT + SM BFT + TF

Feed conversion ratio (FCR) 2.35 ± 0.16 a 1.79 ± 0.06 b 1.69 ± 0.07 c

Survival (%) 95.83 ± 1.54 97.65 ± 1.02 99.01 ± 0.32
Note: Significant difference is indicated with different superscripts on the mean in the same row (p < 0.05).

3.3. Hematological Parameters

The fish hematological parameters, including (WBCs, HCT, and HB), were significantly
higher (p < 0.05) in the fish reared in BFT + TF as compared to the other treated group
(BFT + SM) and control (Table 5). This means the TF carbon source had a greater effect on
the WBCs, HCT, and HB. The RBCs and monocyte values revealed no significant difference
(p > 0.05) in both the carbon-treated and the control groups. However, the neutrophils
value was significantly higher in the control group as compared to the experimental groups
(Table 5).

Table 5. Hematological parameters of juvenile O. niloticus (Nile tilapia) cultured in biofloc tanks with
different carbon sources for 10 weeks.

Hematological
Parameters

Control BFT + SM BFT + TF

RBCs (106/μL) 1.32 ± 0.12 1.31 ± 0.11 1.33 ± 0.21
WBCs (103/μL) 27.41 ± 1.15 c 32.21 ± 1.23 b 37.43 ± 1.51 a

Hematocrit (%) 27.21 ± 0.39 c 33.11 ± 0.42 b 35.13 ± 0.46 a

Haemoglobin (%) 7.88 ± 0.32 c 9.03 ± 0.21 b 11.54 ± 0.25 a

Lymphocytes (%) 30.65 ± 0.84 c 34.52 ± 0.21 b 37.32 ± 0.24 a

Monocytes (%) 4.00 ± 0.21 4.88 ± 0.33 4.68 ± 0.31
Neutrophils (%) 62.49 ± 0.82 a 58.62 ± 0.61 b 56.16 ± 0.32 c

Note: Significant difference is indicated with different superscripts on the mean in the same row (p < 0.05).

3.4. Humoral Non-Specific Immune Parameters

The values of the total protein, humoral innate immunity, and albumin (lysozyme,
immunoglobulin, and ACH50) increased significantly (p < 0.05) in the fish group reared in
BFT with the TF carbon source compared to the control and other treated group (Table 6).
The value of globulin revealed no significant difference (p > 0.05) between the treated
groups (BFT + SM and BFT + TF), but significantly higher (p < 0.05) results compared to
the control group.

Table 6. Non-specific immune parameters of juvenile O. niloticus (Nile tilapia) cultured in biofloc
tanks with different carbon sources for 10 weeks.

Parameters Control BFT + SM BFT + TF

Globulin (g × dL−1) 1.45 ± 0.07 b 1.86 ± 0.04 a 1.93 ± 0.04 a

Total protein (g × dL−1) 3.57 ± 0.05 c 3.84 ± 0.06 b 4.18 ± 0.08 a

Albumin (g × dL−1) 2.25 ± 0.02 c 2.31 ± 0.04 b 2.42 ± 0.04 a

Lysozyme (U × mg−1 protein) 24.00 ± 2.01 c 28.65 ± 1.42 b 31.43 ± 1.38 a

Immunoglobulin (mg × dL−1) 2.25 ± 0.16 c 3.02 ± 0.06 b 3.19 ± 0.08 a

ACH50 (U × mL−1) 18.85 ± 1.71 c 30.28 ± 1.03 b 37.12 ± 1.65 a

Note: Significant difference is indicated with different superscripts on the mean in the same row (p < 0.05).

3.5. Antioxidant Enzymatic Activities

From the current study, it was found that different carbon sources significantly affected
(p < 0.05) the catalase (CAT) and superoxide dismutase (SAD) (Figure 2). However, higher
enzymatic activities were obtained with BFT + TP than in the other groups.
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Figure 2. Antioxidant enzymes activities of juvenile O. niloticus (Nile tilapia) cultured in biofloc tanks
with different carbon sources for 10 weeks.

4. Discussion

The composite carbon source in biofloc can enhance the nutritional value of the
bacterial species in the system, which can further serve as an additional source of food
for fish. Thus, it can play a significant role in the improvement of body weight. This
study evaluated different carbon sources for O. niloticus reared in a biofloc system, and
the results of the present research revealed that the rearing of juvenile Nile Tilapia in a
biofloc system with variant carbon sources affects the water quality characteristics, growth
performance, blood profile, non-specific immune response, and antioxidant status in no
water exchange. Aquatic animals depend mainly on water quality to maintain their health
and limit growth [28]. The water quality parameters (temperature, DO, pH, nitrite, nitrate,
NH3, and TSS) observed in the present investigation were in the appropriate range, suitable
for biofloc fish farming. The present study’s findings are according to the water parameters
reported by other studies [29,30]. Moreover, temperature is an essential factor affecting
the formation and composition of biofloc [31] and is appropriate in the present research
work. The decrease in microbial activity within the flocs led to deflocculation at lower
temperatures (4 ◦C) than at higher temperatures (18–20 ◦C) [32]. According to Krishna
and Van Loosdrecht [33], stable microbial flocs might be obtained at a temperature of
(25–25 ◦C). In this study, the temperature range for both treatments was 27.01, slightly
higher than the optimum level. The current research work also revealed a significant
difference in the dissolved oxygen (DO) and pH levels in the control and treated groups.
However, a lower DO level and pH were recorded in the BFT + SM group. This may
have been due to higher respiration by the heterotrophic microbial community. As a
result of the oxygen consumption by microbes and CO2 emission, H2CO3 is produced in
a limited water exchange system, reducing pH levels [2,10]. The DO level influences the
structure of aerobic flocs due to its role in the metabolic activity of cells [34]. According
to Martins et al. [35], filamentous bacteria were more numerous than zoogloeal bacteria
at DO levels (less or equal to 1.02 mg/L). The floc volume index increases with DO levels
above 3.5 mg/L [36,37]. The floc volume observed in the current study for the tapioca meal
with biofloc was 28.94 at 6.31 mg/L DO level. The physiological function of tilapia is not
adversely affected by pH 4.0–8.5 [38]. In this study, the pH value was 8.21 (control), (7.32)
BFT + SM, and (7.78) BFT + TF. The treated groups had lower levels of nitrite and ammonia
combined with higher levels of nitrate, which showed a greater bacteria abundance that
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oxidized nitrite and ammonia compared to the control group [39]. In addition, the control
treatment involved constant water exchange, so lower levels of nitrogen compounds were
expected in this treatment. According to Xu et al. [40], a change in TSS concentrations over
time can serve as an indicator of the development of biofloc in aquaculture systems, which
is consistent with the findings of the current study. A lower TSS in the current study was
recorded in the control group compared to the treatment groups. It has been reported that,
during 14 weeks of raising Labeo rohita fingerlings, the highest TSS level (1.32840 mg/L)
was recorded in a biofloc system [41]. Similarly, Azim and Little [42] observed the same
observations for tilapia. However, in the current research, the TSS level did not exceed
351.7 mg/L. A TSS value higher than 1000 mg/L impacts the tilapia’s health.

Additionally, biofloc microorganisms contribute to sustaining the water parameters,
fecal waste, and uneaten feed metabolism, and, thus, decrease the nitrogenous compounds,
particularly nitrite and NH3 [43]. There is, however, an association between the reduction in
ammonia concentrations and the development and formation of microbes in the biofloc [6].
According to Soliman and Abdel-Tawwab [29], the carbon source in biofloc technology
improves microbial diversity, particularly ammonia-oxidizing bacteria, which decreases the
NH3 concentration. In current study, there was no evident variation in the nitrite and nitrate
levels, which indicated that heterotrophic uptake was the key ammonia removal path in
the system, and this is consistent with the studies that have been explained before. The
biofloc volume recorded in the current study was appropriate for tilapia production [15].

Earlier studies have shown that, due to probiotic properties, the biofloc technology
system increases fish growth performance and FCR [4,37,44,45]. Similarly, the current study
results show that BFT with different carbon sources improves the fish growth performance
more than the control. The BFT with TF significantly increased the fish growth and provided
the best FCR. This shows that microbial floc with BFT + TF acts as a supplementary
diet source that provides extra protein, vitamins, minerals, and polyunsaturated fatty
acids [9,29,37]. The TF contain more than 90% carbohydrates, which might show better
results for microbial growth as compared to SM. In biofloc technology, the FCR should
be close to one, as reported in several studies such as Khanjani et al. [39], who observed
an FCR of 0.99 while using starch as a carbon source in biofloc technology for Nile tilapia
fingerlings. Similar findings were obtained by García-Ríos et al. [46] for cultured Nile tilapia
fingerlings. However, in this study, the FCR value was found to be higher. This might
have been due to the short experimental duration. The biofloc system represents a suitable
environment for fish growth and feed utilization without affecting the water quality or
survival of the fish, which revealed the significant effects of biofloc on fish growth, as
reported by previous studies findings [12,43,47]. The carbon source is effective for the
growth performance of reared species because it enhances the floc production, including
its chemical composition and volume, and can also store different bioactive compounds
(carotenoids, extracellular enzymes, polymers, and phytosterols [43,48]. Biofloc-reared fish
such as rohu (Labeo roita) and tilapia (Oreochromis niloticus) have previously shown a better
growth performance [49,50], which is according to the findings of the present study. The
feed comprising different ingredients represents the major production cost in commercial
aquaculture; as a result, improving the efficiency of fish nutrition is a key priority. Therefore,
applying the BFT system to intensive tilapia culture can be advantageous.

Hematological parameters are essential for understanding abnormalities due to health
status [51,52]. The findings of the current study showed that the WBCs, HCT, HB, and
lymphocytes were largely affected by the carbon sources and their values were greater in
BFT + TF than the other groups. The increased number of WBCs was due to lymphocytes.
Fish health is closely associated with the number of leukocytes, which play a significant
role in innate immunity during inflammation [53]. According to Mansour and Esteban [15],
different carbon sources improve the number of WBCs, HB, and HCT in biofloc-cultured
O. niloticus, which agrees with the current study’s findings. According to the findings of
many studies, stress, environmental conditions, carbon source type or amount, aquaculture
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system, microbial diversity, disease, and feeding treatment affect the blood profile of
cultured fish [4,54–56].

It has been established that innate immunity is connected to increased levels of plasma
proteins, albumin, and globulin, representing the significant proteins in plasma [57]. In
the current study, all these proteins were significantly affected by the carbon sources and
were higher in BFT + TF. Besides this, the lysozyme, immunoglobulin, and ACH50 levels
were significantly higher in the fish cultured in biofloc technology with tapioca flour as
a carbon source. The notable increase in these parameters is consistent with the findings
of Mansour and Esteban [15]. They used wheat flour and rice bran as carbon sources for
biofloc-cultured tilapia. Tapioca flour (TF) contains essential minerals such as iron and
potassium. Besides this, it is also considered to be a good source of vitamin B, such as
riboflavin (B2) and Niacin (B3) [58]. Vitamin B, potassium, and iron have long been known
for their roles in immunity [59]. Therefore, an increase in the immunity of the fish reared in
biofloc with tapioca flour can be linked to its nutritional value.

Moreover, Verma et al. [60] found that tapioca flour (TF) as a carbon source significantly
increased the plasma proteins, globulin, and immunoglobulin levels in Labeo rohita reared
in biofloc technology. Similar findings were revealed in the current study. The lysozyme
produced by fish leukocytes causes bacterial cell wall lysis, which stimulates the comple-
ment system and facilitates the phagocytosis of many pathogens [61]. The complement
activity plays a vital role in teleost’s antibacterial defense mechanism [62]. Researchers
might investigate in future studies whether the increases in the immune parameters are
associated with improved defenses against disease or stressful situations.

The antioxidant status in the present study was also greater in the fish reared in the
BFT with tapioca as a carbon source compared to the BFT with sugarcane molasses and
control groups. In particular, the biofloc treatment significantly increased the activity of
the CAT and SOD enzymes. The increased activity of antioxidants in the case of tapioca
may be linked to the antioxidants present in this plant. Several studies have suggested
that all possible tapioca extracts show significantly higher antioxidant activity [63,64].
The present research was according to the findings of other studies [15,18,45]. CAT and
SOD are enzymes that prevent the oxidation of lipids. The catalytic reaction of SOD
produces hydrogen peroxide from superoxide anion and is further decomposed by CAT to
oxygen and water to prevent lipid peroxidation [65]. The increased SOD and CAT activity
levels in the present study may be attributed to enhanced fish well-being and decreased
oxidative stress.

5. Conclusions

In conclusion, the current study revealed that biofloc technology with different carbon
sources (SM and TF) significantly increased the water quality, growth performance, blood
profile, non-specific immunity, and antioxidant status of O. niloticus compared to the control
group. The use of TF appeared to be more appropriate for the rearing of O. niloticus in
biofloc than SM. Besides the other carbon sources, the current study’s findings encourage
biofloc fish farmers to consider TF as a carbon source for better results, because the BFT
system was identified as an environmentally friendly alternative. This study provides new
insight for future studies that can consider using TF as a carbon source on a larger scale
with a long duration. This will enable us to understand better TF’s effect on fish health and
final yield.
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Abstract: Oysters have the potential to be a part of more sustainable farming systems, such as
multitrophic systems integrated into biofloc systems, due to their filtration activity, which enables
them to act as organic consumers. However, the stress experienced by animals in a system with a
high organic load can compromise their productive performance. The objective of this study was to
evaluate the biological responses of Crassostrea gasar oysters when exposed to different concentrations
of total suspended solids in biofloc systems. The oysters were exposed to four different concentrations
of solids for 28 days. Hall effect sensors were installed on the outside of the shells to detect the
movement of the oyster valves. Also, biochemical and histological analyses were conducted to assess
the biological responses of the oysters to exposure to varying levels of solids. A difference in valve
opening detected by the Hall sensors was observed from the second week of culture, indicating
a relationship between shell closure and higher concentrations of suspended solids present in the
system. In terms of biochemical analysis, a significant increase in lipid damage was observed in
treatments with medium and high levels of total suspended solids compared with the control group.
Conversely, no changes were observed in the gill structure of the oysters caused by the concentrations
of suspended solids in the system when compared with the control. According to the analyses of
gill activity and biochemistry, it is suggested that C. gasar should be cultured with total suspended
solids at less than 200 mg/L. Oysters cultivated in a biofloc system keep their shells closed when
subjected to high concentrations of total suspended solids; concentrations of total suspended solids
below 200 mg/L do not induce oxidative stress, changes in behavior or histological alterations in
C. gasar oysters cultivated in a biofloc system.

Keywords: nutrients; Crassostrea gasar; biofloc; density; biosensor; bioremediation

Key Contribution: Oyster cultivated in a biofloc system keep their shells closed when subjected
to high concentrations of total suspended solids; Concentrations of total suspended solids below
200 mg/L do not induce oxidative stress, changes in behavior or histological alterations in oyster
C. gasar cultivated in a biofloc system.

1. Introduction

The integration of filter-feeding species, such as the oyster Crassostrea gasar, into
multi-trophic biofloc cultures provides mutual benefits: increased productivity, a reduced
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organic load in the system, and a constant natural food source for the oysters. The inclusion
of mollusks in integrated farming has gradually increased, with a view of using more
sustainable and productive crops. According to the FAO [1], mollusks are the second most
produced group, with the Crassostrea genus in first place, representing a group of economic
interest with rising production. In addition to profitability, the use of more sustainable
systems has been gaining ground in aquaculture, with Lima et al. [2] showing that the
integration of the Crassostrea sp. oyster in the cultivation of white shrimp provided lower
concentrations of settleable solids and better performance of the species compared with
monoculture. The key to a successful integrated system lies in achieving the appropriate
species composition as well as ensuring that waste from the feeding species can be utilized
by species that consume organic material and that the selected species are tolerant to the
conditions of the culture system.

When it comes to integrating species such as oysters that consume fine particulate
organic material into biofloc system cultures, uncertainties arise regarding the physiological
responses of these bivalves to high solid concentrations in this system. It is not definitively
known whether the increased availability of solids might diminish the oysters’ filtration
potential or even induce stress that could lower their performance. This is because studies
involving the optimal concentrations of total suspended solids in bivalve cultures are still
limited [2]. The biological responses caused by environmental stress can affect various
levels of organization, ranging from the cellular level to the entire population [3]. This
occurs as an attempt to overcome challenges and aid the organism in returning to its normal
physiological state [4]. However, these responses can lead to negative consequences, includ-
ing reduced resilience, impacts on growth and reproduction, and heightened susceptibility
to diseases.

However, defining the state of well-being of sessile bivalve mollusks is not a simple
task. Indicators can be as conspicuous as the mortality of individuals or as subtle as
alterations in the activities of biomolecules, such as enzymes. Enhancing the understanding
of the physiological and behavioral reactions of mollusks is crucial for mitigating losses in
aquaculture systems [5].

In this context, to comprehend the condition of animals in aquaculture environments,
a range of analyses can be employed as indicators of environmental comfort [6]. Monitoring
the oyster valve opening behavior through biosensors, oxidative stress biomarkers, and the
histological examination of oyster gills are some of the methods utilized to observe animal
behavior and health. The utilization of biosensors allows for the analysis of organism
behavior in response to environmental changes, providing a swift, sensitive, and cost-
effective approach [7–9]. The opening and closing movements of bivalve shells are closely
linked to vital activities and environmental conditions [8], making the monitoring of this
movement instrumental in understanding behavioral patterns influenced by environmental
characteristics [10,11].

The development of biosensors based on the behavioral analysis of bivalve mollusks
has been explored; these biosensors are sensitive tools for detecting pollutants and physico-
chemical conditions of interest, as well as their impacts on ecosystem services [12]. In terms
of behavioral analysis, Le Moullac et al. [13] emphasized the measurement of valve activity
(shell opening and closing) as a potentially valuable tool for biologically monitoring water
quality and comprehending metabolic optimization strategies.

Likewise, Andrewartha and Elliott [14] introduced biosensors centered around sentinel
animals, combined with the monitoring of environmental variables, as prospective key
technologies for managing aquaculture farms. Generally, changes in behavior associated
with bivalves’ exposure to harmful algae [15–17] and other contaminants include a decrease
in mean opening amplitude and an increase in transition frequency. To monitor the
amplitude of shell opening in bivalve mollusks, valvometry techniques are employed.
Among these techniques, Hall effect sensors in conjunction with magnets offer several
advantages, such as durability, lightness, easy attachment, and reduced stress on the
animals, which facilitates the measurement of their movements [16].
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In aquaculture, oxidative stress in cultured aquatic organisms can be induced by
various conditional factors [18]. Molecular and biochemical biomarkers have been widely
employed to demonstrate the biological responses of organisms to specific environmental
conditions [19]. They are used to highlight alterations in biomolecules and other aspects
of oxidative stress resulting from reactive oxygen species or shifts in redox balance in
experimental animals [20]. Sies and Jones [21] conceptualized oxidative stress as an im-
balance between oxidants and antioxidants in favor of oxidants. This imbalance can lead
to changes in redox signaling and control as well as molecular damage. During stressful
events, reactive oxygen species are generated [22,23]; however, aerobic organisms pos-
sess an antioxidant defense system that enables them to manage these species by either
neutralizing/intercepting them or repairing the damage they cause [24,25].

Another way of assessing the condition of a cultured animal is through histological
analysis, which allows the structure of tissues to be observed through microscopic examina-
tion of their components [26]. One of the advantages of this analysis is its ability to provide
information on the state of health of the organism at the cellular level [27]. Many tissues
can be used in these analyses, but the gills stand out as one of the most important organs
for aquatic species.

This study aimed to evaluate the biological responses of C. gasar oysters when exposed
to different concentrations of total suspended solids in biofloc culture systems on the basis
of behavioral, biochemical, and histological analyses of the bivalves. The results obtained
will demonstrate the best concentration of solids for the cultivation of C. gasar oysters in
biofloc systems.

2. Materials and Methods

2.1. Oyster Origin

The oysters were obtained from a commercial farm in the state of Santa Catarina, Brazil.
Upon arrival at the Marine Aquaculture Station (EMA-FURG), they underwent a four-week
acclimatization period in the laboratory. During this phase, they were housed in 500 L water
tanks filled with filtered seawater (salinity 27) and maintained with continuous aeration.
Biofloc water from a marine shrimp farm with a total suspended solids (TSSs) concentration
of 100 mg/L was introduced to feed the oysters. The water was completely renewed twice
a week. Initially, the oysters’ mean weight was 54.18 ± 13.45 g, and they measured
68.2 ± 4.44 mm in mean height, 50.4 ± 3.50 mm in mean length, and 24.1 ± 5.02 mm in
mean width.

2.2. Experimental Design

Water recirculation systems were established comprising one 500 L water reservoir
(considered the macrocosm) and three 100 L boxes where the oysters were distributed.
The 500 L reservoir was equipped with a pump (Sarlo Better—1000 L/h, São Caetano
do Sul, São Paulo, Brazil) that circulated water to the three 100 L boxes, and through
gravity, the water returned to the 500 L reservoir. Throughout the experiment, constant
water circulation was maintained in the boxes, and aeration was provided via blowers and
micro-perforated hoses. Each set consisting of three 100 L boxes and one 500 L reservoir
represented one treatment. A suspended screen was placed in each 100 L box to keep the
oysters elevated from the bottom of the box (Figure 1). Four times a day, the water in the
100 L boxes was agitated to resuspend the solids that had settled on the box structures.

The oysters were subjected to varying concentrations of total suspended solids (TSSs)
over a 28-day period in order to expose them to the concentrations of solids that can be
found in the natural environment [28] and the higher concentrations found in biofloc
shrimp farming [29]. The experiment comprised four treatments involving the exposure of
oysters to three distinct TSS concentrations of water sourced from the cultivation of marine
shrimps in a mature biofloc system (with the presence of nitrate). The treatments were as
follows: control treatment—oysters were fed with microalgae; low treatment—maintained
at a low TSS concentration, approximately 100 mg/L TSSs; medium treatment—maintained
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at a nominal medium TSS concentration ranging from above 100 to 200 mg/L TSSs; and
high treatment—maintained at a nominal high TSS concentration exceeding 200 mg/L
TSSs. Each 100 L box represented one repetition of a treatment, resulting in a total of
four treatments, each with three repetitions. Each experimental unit initially contained
30 oysters.

 

Figure 1. Experimental units (100 L) containing the oysters stored on the screens.

To feed the oysters in the control treatment, the diatom Chaetoceros muelleri was culti-
vated in f/2 media [30] with a salinity of 28, a temperature of 20 ◦C, and a light intensity of
40 μmol photons/m2/s1 in batch-type cultivation. Cell growth was monitored daily using a
Neubauer chamber and an optical microscope. Daily counts of the remaining microalgae’s
density in the control experimental units were also conducted, and if necessary, aliquots
of the microalgae culture were added to maintain a density of 16 × 104 cells/mL in the
units. Every two weeks, three oysters were collected from each experimental unit for
biochemical analysis. At the end of the experiment, two oysters were collected from each
experimental unit for histological analysis. For biochemical and histological analysis, the
oysters’ adductor muscles were cut, the shells were opened, the visceral mass was removed
from the shell, and only the gills were collected from the visceral mass for analysis. For
biochemical analysis, the samples were stored at −80 ◦C, and for the histological analysis,
the samples were stored in a 20% saline formalin solution.

2.3. Water Quality

Total suspended solids (TSSs) were measured twice a week using gravimetry, following
a methodology adapted from AOAC [31] with adjustments made in accordance with
treatment definitions. As needed, concentrated flake water was introduced to maintain the
concentrations in the biofloc treatments. This matured floc, containing nitrate, originated
from an ongoing marine shrimp culture and was stored in a 1000 L water tank with
continuous aeration. The dissolved oxygen level was 8.6 ± 0.68 mg/L, the total alkalinity
was 240 ± 20.8 mg CaCO3/L, and the TSS concentration was 1460 ± 15.2 mg/L.

In the 100 L boxes where the oysters were stored, the following analyses were carried
out twice a week. Settleable solids (SSs) were measured by an Imhoff Cone [32], and
turbidity was measured by a portable turbidimeter (2100P, Hach®, Loveland, CO, USA).
Temperature and oxygen were measured daily in the early morning and late afternoon
using a multiparameter probe e (model Pro-20, YSI Inc., Yellow Springs, OH, USA). The
pH reading was also taken daily in the morning by a bench pH meter (Seven2Go S7 Básico,
Mettler Toledo, São Paulo, Brazil). Oyster mortality was observed daily.

Salinity, total alkalinity, ammonia, nitrite, nitrate, and phosphate were checked twice
a week. Salinity was measured with an optical refractometer. Alkalinity was measured
according to APHA [33], ammonia was measured according to UNESCO [34], and nitrite
was measured according to Strickland and Parsons [35]. When total alkalinity values were
below 150 mg CaCO3/L, they were adjusted with calcium hydroxide according to Furtado
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et al. [36]. Nitrate and phosphate were measured 1x/week according to the methodology
of Aminot and Chaussepied [37].

2.4. Hall Sensor

Oyster valve activity was monitored using Hall effect sensors, following the method-
ology outlined by Guterres et al. [8]. The Hall effect sensor was affixed to the upper valve
using epoxy resin (Araldite 5 min) [11], while neodymium magnets were attached to the
lower valve using cyanoacrylate glue [10,15,16]. The choice of glue was informed by exist-
ing literature, along with the study conducted by Hartmann et al. [11], which evaluated the
performance (mechanical strength and fixation time) of different substances in constructing
biosensors based on bivalve behavioral analysis. The sensors were made waterproof using
epoxy resin and linked to the electronic system via 3-way cables.

Positioned on opposing sides of the shell (see Figure 2), these sensors registered
the oyster’s opening by detecting their movement away from each other. The opening
amplitudes for each individual were expressed as percentages, considering the maximum
and minimum values recorded throughout the experiment [38]. The sensors were linked to
an Arduino MEGA board and a computer to enable real-time recording of oyster openings
throughout the experiment. The simultaneous connection of all sensors to the acquisition
system was facilitated by employing two multiplexer boards, each with 16 channels. Within
each experimental unit, 4 oysters were equipped with sensors, resulting in 12 sensor-
equipped oysters per treatment and a total of 48 oysters in the experiment. Data were
recorded using an SD memory card module.

 

Figure 2. Positioning of the Hall sensor and magnet on the right and left valves, respectively, of
C. gasar oysters.

The acquisition system captured two readings per second (2 Hz) in bytes. These bytes
were then converted into percentages of open state (%) on the basis of the individual oyster’s
lowest (0%) and highest (100%) observed values. To analyze the extensive volume of
readings gathered during the experiment effectively, the average openings were computed
every 1 min. Consequently, the behavioral data collected over the course of 24 h were
represented by 1440 observations.

To facilitate data organization, this work designated oyster opening levels as follows:
closed for 0% opening, slightly open for openings ranging from 0.1% to 25%, moderately
open for 25.1% to 50%, open for 50.1% to 75%, and fully open for 75.1% to 100% openings.

2.5. Biochemical Analyses

After freezing in an ultrafreezer, the gills of the C. gasar oysters were homogenized
according to Bebianno et al. [39] in a chilled buffer solution (TRIS-HCl 50 mM, EDTA
1 mM, sucrose 0.5 M, DTT 1 mM, KCl 0.15 M, PMSF 0.1 M), adjusted to pH 7.6, at a ratio of
1:5 (w/v). Subsequently, the tissue was centrifuged for 30 min at 4 ◦C and 10,000× g, and
the resulting supernatant was collected and stored at −80 ◦C for the analysis of enzyme
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activity, including glutathione S-transferase (GST), catalase (CAT), and superoxide dismu-
tase (SOD) activity, along with total antioxidant capacity against peroxyl radicals (ACAP)
and peroxidized lipids (TBARS). For the assessment of reduced glutathione (GSH) and
protein-associated sulfhydryl groups (P-SH), the same solution was employed, excluding
DTT, and the same protocol as the other analyses was followed.

To determine the total protein in the tissues (gills), the Bradford method [40] was
adopted using a Sensiprot commercial kit and a microplate reader (BioTek LX 800, Winooski,
Vermont, USA). For the analysis of GST enzyme activity, the methodology of Habig et al. [41]
was adopted, in which the increase in the CDNB-GSH product formed from the consump-
tion of GSH in the presence of the extracts of the tissue samples and 0.1 M potassium
phosphate buffer solution at pH 7.0 was monitored. The analysis was performed in a
microplate reader at a temperature of 25 ◦C with a wavelength of 340 nm. The units used
were nmol of CDNB per mg of protein per minute.

For catalase (CAT), the methodology described by Beutler [42] was adopted, in which
the consumption of hydrogen peroxide (H2O2) in the presence of the samples was recorded
in a spectrophotometer at 240 nm, pH 8.0, and a temperature of 25 ◦C. The units adopted
were μmol of H2O2 per min and per mg of protein, which are expressed as CAT units.

The analysis of reduced glutathione (GSH) levels was performed using the protocol
described by Sedlak and Lindsay [43]. Samples were adjusted to a concentration of 2 mg
of protein per mL, followed by the addition of 50% (w/v) trichloroacetic acid (TCA) and
centrifugation at 20,000× g for 10 min at 4 ◦C to precipitate the proteins. The resulting
supernatant was collected for GSH analysis and mixed with 0.4 M Tris-base buffer at pH
8.9 along with DTNB. Following a 15 min incubation, the mixture was read at 405 nm for
subsequent analysis. The units used for measurement were μmol of GSH per mg of protein.
The pellet was collected, resuspended in homogenization buffer, and then treated with
0.2 M Tris-base at pH 8.2 and DTNB. After another 15 min incubation, the mixture was
read at 405 nm to assess P-SH levels, with the unit of measurement of μmol of P-SH groups
per mg of protein.

Lipid peroxidation levels (TBARS) were determined using the methodology outlined
by Oakes and Van Der Kraak [44]. This method involves the reaction of lipid peroxidation
byproducts with thiobarbituric acid (TBA) under conditions of high temperature and
acidity, leading to the generation of a chromogen that can be detected through fluorimetry
(excitation at 520 nm and emission at 580 nm). The units of measurement used were nmol
of malondialdehyde (MDA) per mg of protein.

The assessment of total antioxidant capacity against peroxyl radicals (ACAP) was
conducted in accordance with the methodology established by Amado et al. [45]. This
involved quantifying the reactive oxygen species (ROS) in the samples, both treated and
untreated, with a peroxyl radical generator. The samples were adjusted to a concentration
of 2 mg of protein per mL and exposed to peroxyl radicals, which reacted with a fluorescent
substrate (H2DCF-DA). Using fluorimetry, with excitation at 485 nm and emission at
520 nm, readings were taken on a microplate reader at 5 min intervals over a 35 min
period. The results were expressed as an area relative to the difference between the area of
ROS with ABAP (2,2-azobis (2-methylpropionamidine) dichloride) and the area of ROS
without ABAP. In terms of results interpretation, a larger relative area indicated a lower
antioxidant capacity.

The SOD (superoxide dismutase) activity in the oyster gills was evaluated following
the methods described by McCord and Fridovich [46] and Bainy et al. [47]. The reduction
of cytochrome c absorbance at a wavelength of 550 nm was measured in a potassium
phosphate buffer at pH 7.8. The specific activity of the SOD enzyme is expressed as SOD
activity per mg of total protein.

2.6. Histological Analysis

At the end of the experiment, 6 oyster samples were collected from each treatment,
resulting in a total of 24 oysters. After opening the oysters, the visceral mass was extracted
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and preserved in 20% formalin saline. Subsequently, only the gills were removed from
the visceral mass for analysis. The samples underwent a dehydration process using
increasing ethanol concentrations in sequence, followed by clarification in xylene, and
were subsequently embedded in Paraplast® using an automatic tissue processor (PT 05,
LUPETEC, São Carlos, Brazil).

Sections with a thickness of 5 μm were prepared using a microtome (MRP03, LU-
PETEC, Brazil), stained with hematoxylin and eosin (H&E), and examined using an optical
microscope (ZEISS Primo Star) at magnifications of 4× and 40×. The analysis of the gills
was qualitative, involving the observation of structures and the identification of any dam-
age. For histochemical assessment, specialized staining with periodic acid-Schiff (PAS) dye
was employed, whereby PAS-positive structures were stained in magenta/red [26].

2.7. Statistical Analysis

The statistical analysis of water quality parameters, including pH, turbidity, alkalinity,
salinity, ammonia, nitrite, nitrate, and phosphate, was conducted using one-way ANOVA.
Assumptions of normality and homoscedasticity were verified using the Shapiro–Wilk and
Levene tests, respectively [48]. If these assumptions were not met, the data were subjected
to logarithmic transformation. For oxygen, temperature, suspended solids (SS), and total
suspended solids (TSS) parameters, the non-parametric Kruskal–Wallis test was employed.

Regarding the statistical analysis of oyster valve activity monitored by the Hall sensor,
two separate analyses were carried out. Initially, descriptive statistics were performed, and
subsequently, a non-parametric Kruskal–Wallis analysis was conducted to assess the mean
opening values within each treatment. The second analysis involved creating a frequency
table for the data, categorizing them according to their opening level within each treatment
and per week of the experiment. The non-parametric Kruskal–Wallis analysis was then
performed to compare the values of each opening level across the weeks.

For the statistical analysis of biochemical parameters, including GST, CAT, SOD, GSH,
P-SH, TBARS, and ACAP, a two-way ANOVA utilizing parametric statistics was conducted.
This analysis considered both the cultivation time and the treatment as factors. The as-
sumptions underlying the analysis were assessed using the Shapiro–Wilk and Levene tests.
Whenever necessary, mathematical transformations were applied to the data. Significant
differences were determined at a significance level of p < 0.05, followed by Newman–Keuls
post hoc testing for multiple comparisons.

Across the experiment results, data are presented as mean values accompanied by
standard deviation. The statistical software employed for analysis was Statistica 12. Mi-
crosoft Excel was utilized for the generation of tables, while PrismGraph software was
utilized for the creation of graphs. A consistent significance level of 5% was adopted for all
conducted tests.

3. Results

3.1. Water quality

The parameters of dissolved oxygen, salinity, alkalinity, and ammonia did not show
significant differences between the different treatments applied in this experiment (Table 1).

Temperature, pH, nitrite, nitrate, and phosphate exhibited significant differences
between the treatments. For pH and nitrite, the control treatment displayed significant dif-
ferences (p < 0.05) compared with the low, medium, and high treatments, but no differences
were found between the latter three treatments. Temperature values were significantly
lower in the medium and high treatments. Nitrate levels showed the lowest means in
the control, low, and medium treatments, while the high treatment had the highest mean,
which was not significantly different from the medium treatment.

Phosphate levels were higher in the medium and high treatments compared with the
control and low treatments. The low treatment showed no significant differences compared
with the control for these parameters, but its mean values were lower than those of the
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medium and high treatments. The high treatment had higher mean values than the medium
treatment, in line with the experimental design.

Table 1. Water quality parameters with mean values and standard deviation over the 28 days of
cultivation in the treatments: control—oysters fed with microalgae; low treatment—100 mg/L total
suspended solids (TSSs); medium treatment—from 100 to 200 mg/L TSSs; high treatment—above
200 mg/L TSSs.

Treatments

Parameters Control Low Medium High

Oxygen (mg/L) 6.83 ± 0.67 6.65 ± 0.62 6.84 ± 0.64 6.79 ± 0.63
Temperature (◦C) 20.76 ± 1.83 a 20.64 ± 1.51 a 19.40 ± 1.79 b 20.07 ± 1.43 b

pH 8.21 ± 0.05 b 8.31 ± 0.06 a 8.31 ± 0.05 a 8.32 ± 0.05 a

SS (mL/L) 0.00 ± 0.00 a 0.06 ± 0.12 a 1.78 ± 2.00 b 5.65 ± 4.62 c

TSS (mg/L) 83.04 ± 29.18 a 71.27 ± 44.74 a 189.88 ± 120.15 b 291.38 ± 98.26 c

Turbidity (NUT) 22.74 ± 18.17 a 33.30 ± 35.02 a 108.29 ± 72.43 b 259.22 ± 142.88 c

Alkalinity (mg
CaCO3/L) 146.11 ± 10.54 167.22 ± 25.51 173.33 ± 21.94 173.33 ± 41.53

Salinity 33.63 ± 2.39 32.38 ± 1.41 31.63 ± 1.69 32.00 ± 1.07
Ammonia (mg/L) 0.17 ± 0.13 0.09 ± 0.04 0.08 ± 0.04 0.11 ± 0.04

Nitrite (mg/L) 0.65 ± 0.60 b 0.07 ± 0.06 a 0.12 ± 0.18 a 0.13 ± 0.11 a

Nitrate (mg/L) 9.56 ± 4.42 a 10.87 ± 4.85 a 17.20 ± 5.55 ab 20.76 ± 8.56 b

Phosphate (mg/L) 2.64 ± 1.14 a 3.80 ± 0.87 a 6.76 ± 2.05 b 6.50 ± 0.84 b

Different letters represent a significant difference (p ≤ 0.05) between treatments.

3.2. Hall Sensor

For mean valve opening values across each week within each treatment, no significant
differences (p > 0.05) were observed between treatments during week 1 and week 4. How-
ever, significant differences (p < 0.05) emerged during weeks 2 and 3 of the experiment, as
indicated in Table 2.

During week 2, a significant difference (p < 0.05) was observed. The control and
medium treatments had a greater number of fully open oysters compared with the high
treatment. In week 3, differences (p < 0.05) between treatments were observed across three
ranges of oyster opening: closed, slightly open, and fully open. Notably, the high treatment
exhibited a higher occurrence of closed oysters than the control treatment. Furthermore, the
medium treatment had a higher frequency of slightly open oysters compared with the high
treatment, while the high treatment had a lower frequency of fully open oysters compared
with the control treatment.

Overall, it is evident that closed oysters predominated in all treatments during the four
weeks of cultivation. The second most frequent opening range was fully open, followed by
open. The medium open level represented the opening range with the lowest number of
records in terms of percentage.

3.3. Biochemical Analysis

The activities of the enzymes GST and CAT did not exhibit significant differences
(p ≥ 0.05) between the various treatments throughout the experiment, as depicted in
Figures 3 and 4, respectively.

94



Fishes 2023, 8, 586

Table 2. The frequency distribution (in %) of valve opening values for C. gasar oysters over the
four weeks of culture in the control, low, medium, and high treatments. Control treatment: oysters
fed with microalgae. Low treatment: 100 mg/L total suspended solids (TSSs). Medium treatment:
ranging from 100 to 200 mg/L TSSs. High treatment: exceeding 200 mg/L TSSs.

Opening Range of Oyster Valves

Treatment Week Closed Slightly Open
Moderately

Open
Open Fully Open

Control 1 64.54 ± 7.15 0.20 ± 0.45 0.90 ± 0.67 7.06 ± 4.89 27.30 ± 7.25
Low 1 73.23 ± 5.88 0.02 ± 0.02 1.90 ± 1.23 6.78 ± 2.93 18.07 ± 7.79
Medium 1 64.32 ± 7.81 0.24 ± 0.48 0.95 ± 0.71 7.51 ± 5.20 26.97 ± 7.89
High 1 60.86 ± 14.36 0.00 ± 0.00 0.89 ± 0.53 6.40 ± 2.80 31.84 ± 14.02

Control 2 39.35 ± 22.57 0.00 ± 0.00 0.18 ± 0.29 3.87 ± 3.48 56.60 ± 20.75 ab

Low 2 64.80 ± 26.72 0.07 ± 0.07 0.69 ± 0.60 4.45 ± 2.95 30.00 ± 25.67 bc

Medium 2 31.01 ± 10.75 0.00 ± 0.00 0.13 ± 0.28 4.37 ± 3.64 64.40 ± 9.03 a

High 2 65.04 ± 20.13 0.11 ± 0.13 5.39 ± 10.55 18.00 ± 25.16 11.47 ± 9.71 c

Control 3 66.97 ± 15.14 a 0.03 ± 0.02 ab 1.17 ± 1.02 3.77 ± 3.25 28.05 ± 12.88 a

Low 3 79.97 ± 4.93 ab 0.04 ± 0.01 ab 0.56 ± 0.71 2.99 ± 2.77 16.44 ± 7.64 ab

Medium 3 79.67 ± 4.57 ab 0.12 ± 0.05 a 1.23 ± 0.77 4.83 ± 2.95 14.14 ± 2.09 ab

High 3 85.10 ± 6.29 b 0.01 ± 0.01 b 0.19 ± 0.12 5.66 ± 8.08 9.04 ± 3.91 b

Control 4 56.99 ± 27.22 0.02 ± 0.04 1.45 ± 0.13 10.83 ± 5.04 30.71 ± 28.23
Low 4 65.06 ± 14.52 0.04 ± 0.04 0.94 ± 0.73 6.30 ± 2.66 27.66 ± 15.98
Medium 4 54.10 ± 15.54 0.04 ± 0.07 1.38 ± 0.68 10.60 ± 7.24 33.88 ± 15.81
High 4 52.43 ± 17.72 0.00 ± 0.00 0.57 ± 0.33 8.78 ± 7.76 38.22 ± 10.58

Different lowercase letters in the same row represent significant differences (p < 0.05) between treatments.

Figure 3. Specific activity of the enzyme GST (Glutathione S-transferase) in the gills of C. gasar oysters
in the following treatments: control—oysters fed with microalgae; low treatment—100 mg/L total
suspended solids (TSSs); medium treatment—100 to 200 mg/L TSSs; high treatment—TSSs exceeding
200 mg/L over a 28-day experimental period. The bars represent the mean enzyme activity values,
and the vertical lines above the bars represent the standard deviation of the values.

Regarding the SOD enzyme, a significant difference (p < 0.05) was observed between
the treatments on day 28. No differences between treatments were evident on days 1 and 14.
On day 28, SOD activity displayed higher values for the high treatment than for the control.
Notably, the low and medium treatments did not demonstrate significant differences
(p > 0.05) from each other or when compared with the high and control treatments (Figure 5).
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Figure 4. Specific activity of catalase (μm/mg protein) in the gills of C. gasar oysters in the following
treatments: control—oysters fed with microalgae; low treatment—100 mg/L total suspended solids
(TSSs); medium treatment—100 to 200 mg/L TSSs; high treatment—TSSs exceeding 200 mg/L over a
28-day experimental period. The bars represent the mean enzyme activity values, and the vertical
lines above the bars represent the standard deviation of the values.

Figure 5. Specific activity of the SOD enzyme (specific SOD activity/mg protein) in the gills of C. gasar
oysters in the following treatments: control—oysters fed with microalgae; low treatment—100 mg/L
total suspended solids (TSSs); medium treatment—100 to 200 mg/L TSSs; high treatment—TSSs
exceeding 200 mg/L over a 28-day experimental period. The bars represent the mean values, and
the vertical lines above the bars represent the standard deviation of the values. Lowercase letters for
different days and treatments indicate significant differences (p < 0.05).

The concentration of GSH did not show significant differences (p > 0.05) between the
different treatments during the experiment (Figure 6). No significant differences (p > 0.05)
emerged between treatments or culture days with respect to the concentration of sulfhydryl
groups in the gills of C. gasar oysters (Figure 7). Regarding lipid peroxidation, signifi-
cant differences (p < 0.05) between treatments were observed. No significant differences
(p > 0.05) in lipid damage were observed between treatments on days 1 and 28. However,
on day 14, a substantial increase in lipid damage was noted in the medium and high
treatments in comparison to the control group. By contrast, the low treatment did not show
significant differences (p > 0.05) on day 14 (Figure 8).

In relation to the total antioxidant capacity against peroxyl radicals, a significant
difference (p < 0.05) emerged solely on day 28 between the treatments. Specifically, the high
treatment exhibited a greater mean area compared with the control treatment. By contrast,
the low and medium treatments did not display differences from each other or from the
control or high treatments (Figure 9). A higher mean area in the high treatment signified a
reduced total antioxidant capacity.
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Figure 6. Concentration of reduced glutathione (GSH) (in nmol/mg protein) in the gills of C. gasar
oysters in the following treatments: control—oysters fed with microalgae; low treatment—100 mg/L
total suspended solids (TSSs); medium treatment—100 to 200 mg/L TSSs; high treatment—TSSs
exceeding 200 mg/L over a 28-day experimental period. The bars represent the mean values, and the
vertical lines above the bars represent the standard deviation of the values.

Figure 7. P-SH concentration (in nmol P-SH/mg protein) in the gills of C. gasar oysters in the following
treatments: control—oysters fed with microalgae; low treatment—100 mg/L total suspended solids
(TSSs); medium treatment—100 to 200 mg/L TSSs; high treatment—TSSs exceeding 200 mg/L over a
28-day experimental period. The bars represent the mean values, and the vertical lines above the bars
represent the standard deviation of the values.

Figure 8. Lipid peroxidation (TBARS) (in mmol/mg tissue) in the gills of C. gasar oysters in the fol-
lowing treatments: control—oysters fed with microalgae; low treatment—100 mg/L total suspended
solids (TSSs); medium treatment—100 to 200 mg/L TSSs; high treatment—TSSs exceeding 200 mg/L
over a 28-day experimental period. The bars represent the mean values, and the vertical lines above
the bars represent the standard deviation of the values. Lowercase letters for different days and
treatments indicate significant differences (p < 0.05).
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Figure 9. Antioxidant capacity (relative area) in the gills of C. gasar oysters in the following treatments:
control—oysters fed with microalgae; low treatment—100 mg/L total suspended solids (TSSs);
medium treatment—100 to 200 mg/L TSSs; high treatment—TSSs exceeding 200 mg/L over four
weeks of the experiment. The bars represent the mean values, and the vertical lines above the bars
represent the standard deviation of the values. Lowercase letters for different days and treatments
indicate significant differences (p < 0.05).

3.4. Histological Analysis

Following 28 days of culture, oysters from the control treatment exhibited well-defined
gill lamellae characterized by intact edges, organized cells, and the presence of infiltrated
hemocytes (Figure 10).

 

Figure 10. Gill filaments of C. gasar oysters after 28 days of culture in the control treatment stained
with hematoxylin and eosin, magnification 40×.

After the same cultivation duration, oysters from the low treatment showed well-
defined gill lamellae with intact edges and organized cells. The hyperplasia of the epithe-
lium within the gill lamellae was more pronounced at the filament ends, accompanied
by the presence of infiltrated hemocytes (Figure 11A). In the medium treatment, the gill
lamellae structure exhibited poor organization yet intact filaments. Notably, hyperplasia of
the gill lamellae’s epithelium was evident, particularly at the filament ends, alongside the
presence of infiltrated hemocytes (Figure 11B). In the high treatment, the gill lamellae struc-
ture was less organized, with filaments lacking consistent height and width patterns. The
hyperplasia of the gill lamellae’s epithelium was pronounced, and infiltrated hemocytes
were observed within the gill filaments (Figure 11C).
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Figure 11. Gill filaments of C. gasar oysters after 28 days of culture in biofloc treatments, stained
with hematoxylin and eosin, magnification 40×. (A): Low treatment; (B): medium treatment;
(C): high treatment.

Concluding the experiment, the gills of oysters from both the medium and high
treatments displayed notable hyperplasia of the gill epithelium and the presence of infil-
trated hemocytes. In the low and control treatments, infiltrated hemocytes and filament
hyperplasia were also observable, albeit with lower intensity.

For the PAS-stained samples, in the control treatment, no PAS-positive cells were
observed, and the gill architecture was preserved. The gills of the treatments with biofloc
presented gill structures with hyperplasia of the lamellar epithelium and isolated PAS-
positive cells of a mucosecretory aspect (Figure 12).

 

Figure 12. Gill filaments of C. gasar oysters after 28 days of culture in biofloc treatments, stained with
PAS. (A): Magnification 40×; (B): magnification 4×.

4. Discussion

To maintain a biofloc system with marine shrimps, the recommended TSS concentra-
tion falls within 100 to 300 mg/L [29]. Schveitzer et al. [49] indicated that a TSS reduction to
200 mg/L in biofloc systems led to decreased nitrification rates. In addition, although 44.8%
of a biofloc volume is composed of particles smaller than 48 μm, which is favorable for
filtering oysters [50], the guidelines for oyster cultivation suggest lower TSS concentrations.
Barillé et al. [28] investigated the impact of high seston (suspended material) concentrations
on food selection by Crassostrea oysters. They found that seston concentrations below
90 mg/L were regulated by pseudofecal production, while levels above 90 mg/L exhibited
reduced filtration and rejection rates, indicative of physical constraints hindering food
acquisition. Consequently, reconciling optimal solids concentrations for shrimp and mi-
croorganisms with tolerable levels for oysters in an integrated biofloc system appears to
pose challenges given the conflicting concentration requirements.

Usually, elevated levels of suspended solids can potentially lead to health issues in
cultured species, although tolerance thresholds vary among species [51,52]. Cultivated
organisms may experience hindered gill function due to excessive particulate matter in
the water, rendering them more vulnerable to hypoxia. This scenario applies similarly
to oysters.

The monitoring of valve movements in bivalves serves as a common approach to dis-
cerning behavioral patterns that might signify the presence of contaminants or alterations
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in environmental conditions [10,11]. For instance, Lombardi et al. [53] noted that oysters
tended to keep their valves closed when exposed to unfavorable salinity levels. Various
factors contribute to the modulation of valve opening and closing behaviors, encompassing
hypoxia [54], food availability [55], pollutants [56,57], acoustic disturbances [58], and other
environmental influences. In this context, total suspended solids may impact the valve
behaviors of C. gasar.

Within the scope of the present experiment, a notable observation was that oysters
subjected to the control treatment exhibited a higher average valve opening than those in the
biofloc treatments. This disparity indicates a certain constraint on valve opening in biofloc
cultures, irrespective of the TSS concentration. This implies that TSSs could be a limiting
parameter in C. gasar cultivation. These results corroborate a study by Lima et al. [2], who
tested different concentrations of settleable solids in oyster seeds and juveniles and found
low survival at high concentrations (10 and 20 ml/L of settleable solids). Filter-feeding
bivalves employ valve opening to filter water, respire, and feed. Accordingly, well-opened
valves denote feeding periods, while partially opened or closed valves suggest decreased
or halted respiratory filtration [59–61].

Schreck et al. [62] proposed that a common initial response of many marine organisms
to environmental stressors is to modify their behavior, either to evade lethal consequences
or minimize the metabolic costs related to maintaining physiological equilibrium under
stressful conditions. If organisms are unable to escape unfavorable conditions, these
circumstances can have cascading effects on various other behaviors [63]. In the context of
the current experiment, during the initial days of cultivation, the TSS concentrations did
not appear to significantly impact the opening behavior of the oysters. However, in the
second and third weeks, the effects became prominently evident, and by the fourth week,
the biochemical effects started manifesting in the high treatment.

Stressful conditions within culture environments can trigger physiological transfor-
mations [64], including changes in metabolism, the initiation of a pro-oxidative state
involving modifications in the antioxidant defense system, and the potential generation
of reactive oxygen species (ROS), which may or may not be accompanied by oxidative
damage. Particularly in confined and intensive aquatic environments like those established
in biofloc systems, the oxidative equilibrium of aquatic organisms can be adversely affected.
Numerous stressors have been investigated in biofloc systems, including salinity [65],
temperature [66], and pH [67], among others [18,68,69].

Regarding the SOD enzyme activity, it became evident that the high treatment induced
the production of superoxide anion radicals (O2−). Although no signs of lipid damage
were observed during this period, a subsequent reduction in total antioxidant capacity
was noticeable. Thus, it can be postulated that within the initial two weeks of culture, the
elevated TSSs in the high treatment did not prompt oxidative stress in C. gasar oysters.
However, after this period, spanning 28 days of culture, discernible alterations in SOD
enzyme activity appeared, signifying the emergence of a pro-oxidative scenario in C. gasar
oysters. In a study by Zanette et al. [70], investigations involving distinct salinities revealed
no modifications in CAT and GST enzyme activities over a span of 17 days in C. gigas
oysters’ gills. However, when exposed to diesel oil under varying salinity conditions, just
one week of diesel exposure was adequate to elicit biochemical changes in the SOD and
GST enzymes. This underscores the influence of the type of contaminant on the pace and
nature of biochemical responses.

Organisms’ antioxidant defense mechanisms can be categorized into prevention, in-
terception, and repair [71]. When confronted with stressors, an organism’s primary line
of defense entails employing preventive strategies to counter the exposure. For instance,
plankton employ a preventive measure during photooxidative stress by positioning them-
selves beneath the sea surface to avoid direct solar radiation [72]. In the case of oysters, it
is plausible that, prior to engaging enzymatic defense mechanisms, they employ physical
defense strategies. One such strategy might involve minimizing valve opening as a means
of curtailing exposure. This adjustment could serve to limit the contact between the gills
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and the surrounding water, thereby mitigating the potential adverse effects associated with
elevated TSS concentrations. However, as the experiment progressed, the oysters in the
high treatment ceased to display distinguishable differences in valve opening compared
with the other treatments. Consequently, water ingress into the pallial cavity resumed.
This marked a turning point at which enzymatic activity alterations and a decline in total
antioxidant capacity manifested, indicative of a pro-oxidative scenario.

A potential influencing factor on the enzymatic defense responses of the organisms
in the current experiment was the presence of a biofloc system and the subsequent uti-
lization of biofloc by the oysters. Some studies have indicated increased antioxidant
effects in cultured organisms exposed to biofloc compared with those raised in clear water
conditions [18].

In the context of this study, the absence of observable shifts in antioxidant defenses
and macromolecular damage in the low and medium treatments throughout the exper-
iment could be attributed to the antioxidative properties of biofloc. In cases of lower
concentrations, such as those found in the low and medium treatments, the TSS levels
did not prove detrimental to the gill health of the oysters concerning the analyzed enzy-
matic and non-enzymatic defense mechanisms. This implies that the presence of biofloc
may have conferred a protective effect against oxidative stress induced by elevated TSS
concentrations.

On the 28th day of the culture period, a decline in the overall antioxidant capacity
of the oyster gills became evident in the high treatment. This shift in the normal pattern
compared with the control treatment during the same period signifies a departure from
the expected antioxidant response. Simultaneously, an elevation in SOD activity was
observed, indicating the organism’s reaction to dismutase superoxide anion radicals, which
are generated due to the presence of oxygen. Essentially, gas exchange persisted, but it
appeared to have had detrimental effects on the oysters in the high treatment.

As a result, it is highly plausible that the reduction in the total antioxidant capacity
could be attributed to other antioxidant defense mechanisms that were not directly assessed
in this study. This is because antioxidant defense systems tend to collaborate [73], and
their activities can be either boosted or hindered by stressors [74]. In light of this, an
approach that evaluates antioxidant capacity in a broader sense, encompassing various
antioxidant defenses and offering comprehensive insights into an organism’s resilience
against ROS-induced toxicity [45], seems better suited to elucidating the redox state of
oyster gills.

Interestingly, in the context of bivalves, the presence of food sources like microalgae
has been shown to mitigate oxidative stress induced by external factors [75], possibly
owing to the antioxidant properties of microalgae. Notably, in the current study, there
was a significant decrease (p < 0.05) in lipid damage in the control treatment on day
14 compared with day 1, and this reduction was also observed on day 14 in the control
treatment compared with the medium and high treatments, aligning with the findings of
Li et al. [75].

Pathologies affecting bivalve gills span from inflammatory responses to tissue necro-
sis. Hyperplasia, a defensive inflammatory pathology, represents an immune reaction
in bivalves [76]. Interestingly, such hyperplasia was observed in treatments involving
biofloc, irrespective of the concentration of solids. However, the morphological changes
in the gills of C. gasar oysters did not display notably more pronounced alterations com-
pared with those in the control treatment. As Au [77] suggested, gill histopathological
changes are generally indicative of responsiveness rather than specificity to pollutant
exposure, implying that they can signify a broad spectrum of contaminants, signifying
environmental toxicity.

In terms of the gill lamellae structure of C. gasar oysters exposed to biofloc, the mild
effects observed in the medium and high treatments suggest the influence of higher solids
concentrations on the bivalves. Nevertheless, these effects did not compromise the overall
integrity of the gill structure. Notably, the presence of biofloc in the low, medium, and high
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treatments did not result in significant damage to the gill morphology of C. gasar oysters
during the 28-day culture period under the conditions of this experiment.

However, a noticeable variation was observed in mucus production in the gills of
oysters subjected to biofloc treatments. Through the use of the PAS method, the presence
of PAS-positive cells was discerned in the brachial filaments of oysters from the biofloc
treatments, indicative of the activity of mucosecretory cells in these treatment groups. This
observation underscores the potential influence of biofloc on the mucous production of the
oysters’ gills.

A study conducted by Salas-Yanquin et al. [78] provided relevant insights into the
relationship between mollusks and the production of mucus in response to environmental
conditions. Their analysis of different ash concentrations in water and the subsequent
increase in mucus production in mussels highlighted the ability of mollusks to separate
ingested material from material to be expelled as pseudofeces, often involving substantial
amounts of mucus.

In the context of the present experiment, the observed increase in mucus production
associated with the biofloc treatments aligns with the presence of cells displaying mucus
production. This phenomenon may be attributed to the requirement for greater pseudofeces
production in bivalves within the biofloc treatments. The bioflocculation process could
potentially necessitate enhanced pseudofeces production by bivalves, contributing to the
selection of food items.

The findings of Garrido et al. [79] further support this notion. Their observations of
the food particle selection process in bivalves through endoscopy revealed that particles
reaching the mantle cavity are intercepted by gill filaments and transported toward the
food groove in small mucous aggregates facilitated by the frontal cilia. Particles slated for
rejection, to be eliminated as pseudofeces, are expelled from the mantle cavity through
mucous channels that actively engage in mucus secretion. This process’s demand for high
mucus production could explain the presence of a greater quantity of mucosecretory cells
within the gills of oysters exposed to biofloc treatments in the present experiment.

Another explanation for the presence of mucocytes could be the interaction with
biofloc, since the diversity of microorganisms in this system is high, especially when
compared with the control treatment. The production of mucus in aquatic organisms is for
protection against pathogenic organisms.

David et al. [80] analyzed changes in the gills of Mytella falcata collected in polluted
regions of the Santos estuary. Among other histopathological changes, they observed
morphological alterations in the epithelium and an increase in the number of mucous
cells, possibly as an attempt to prevent the entry of pollutants through the gill filaments
to the entire organism. Zannella et al. [81] reinforced that the production of antimicrobial
substances, mainly peptides or polypeptides, is an ancient mechanism of innate immunity.
These substances are produced by different types of cells and secretions and are synthesized
at the time of infection.

5. Conclusions

The initial defense response of C. gasar oysters to elevated concentrations of biofloc
involved the regulation of valve closure behavior, followed by subsequent biochemical
reactions. Hemocytes were consistently present in the gills, serving as an active defense
mechanism for the oysters across all treatments in this study. Furthermore, the gill morphol-
ogy of the oysters remained relatively stable in the biofloc treatments, with no significant
structural changes. Exposure to total suspended solids (TSSs) concentrations comparable to
those in the high treatment prompted alterations in the valve opening behavior of C. gasar
oysters from the second week of exposure onward. Prolonged exposure exceeding 14 days
to such TSS concentrations could impact the antioxidant capacity of C. gasar oysters while
also influencing the modulation of superoxide dismutase (SOD) enzyme activity under
similar conditions.
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Total suspended solids (TSSs) concentrations below 200 mg/L, under conditions
comparable to those in this study, did not induce oxidative stress, alterations in behavior,
or histological changes in C. gasar oysters cultured over a 28-day biofloc period. However,
higher TSS concentrations exceeding 200 mg/L prompted shifts in valve opening behavior
and led to oxidative stress in C. gasar oysters, making them unsuitable for cultivation.
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Abstract: Aquaculture is a strategic sector that aims to meet the increased demands for healthy
food for current and future populations. However, this progression needs to be sustainable, which
can potentially be achieved by the implementation of circular practices. Integrated multi-trophic
aquaculture (IMTA) systems promote the incorporation of circular principles. Nevertheless, the
lack of harmonized definitions and standards impedes the quantification of these circular attributes.
This study aims to explore the potential principles embedded in IMTA and the existing alternatives
to quantify circularity. Two basic pillars (nutrient management and resource use efficiency) were
identified as the most relevant circularity attributes for IMTA systems and were quantified through
aquaculture-specific indicators. Bioremediation indicators, together with the efficiency indicators
in terms of feed, water, energy, and infrastructure materials used, were selected to evaluate the
circularity performance of four IMTA trials in three aquaculture facilities in Ireland, Brazil, and
South Africa. Salmon, white shrimp, tilapia, abalone, and sea urchins were studied and cultivated
together in various combinations with several low-trophic species in these IMTA trials to evaluate
the improvement in circularity compared with corresponding monoculture conditions. The results
showed an increase in circularity of up to 90% in terms of water recirculation, as well as bioremedi-
ation, which was improved by 80%–90%, providing evidence for the potential role of IMTA in the
circularity transition.

Keywords: aquaculture; IMTA; circularity assessment; nutrients; bioremediation; resource use

Key Contribution: Specific methodology is developed to evaluate multi-trophic aquaculture (IMTA)
systems from a circularity perspective. The benefits of IMTA compared to monoculture are quantified
in terms of the bioremediation of nutrients and the efficient use of resources.

1. Introduction

Population growth leads to an increased demand for food, while the pressure on the
environment due to the intensification of food sector activities highlights the need for a
more efficient use of natural resources. Aquaculture has a key role to play in feeding the
growing population, but the sustainability of production systems must be ensured to meet
the increasing demand for healthy aquatic food [1]. However, addressing sustainability in
aquaculture is complex not only due to the existence of multiple frameworks for its evalua-
tion but also the great variety of production systems to which sustainability approaches
and tools can be applied [2].
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To mitigate the negative effects on the environment, extensively studied ecological
approaches promote aquaculture production designs that reduce nutrient discharges [3].
In addition to reducing environmental impacts, increasing production efficiency is the
other main aspect by which the circular economy drives sustainable development, as
recognized in policies put in place at the European level [4–6]. To improve environmental
performance, as part of the strategy for the sustainable development of aquaculture, the
European Commission recommends adopting the circular approach to waste management,
including treating waste as a resource [7].

Although the principles of the “circular economy” have been expressed in many
ways depending on the point of view [8], a definition based on examples would be a good
approach to harmonize the concept. In this sense, the circular economy is a model of produc-
tion and consumption where cleaner and more competitive practices focus on saving and
recovering resources [4]. As part of the recommendations provided by Balsells et al. [9], a
harmonized definition of the circular economy should address the importance of biological
flows and the role of aquaculture in producing renewable biological resources.

In addition to the definition, the range of examples is also very extensive for aquacul-
ture, and no previous studies are available that provide the state of the art of the real and
current implementation of the circular economy in the sector [10]. The concept of circular
aquaculture can be addressed in many ways [11], but generally, circularity in aquaculture
includes the adoption of practices regarding waste management [12–14], the recycling
of nutrients [15–18], or the incorporation of novel ingredients in feeds derived from the
bio-economy [19,20].

Evidence for the alignment of aquaculture systems with the circular economy comes
from the study of resource use efficiency and nutrient management, which are measured as
the capacity to collect and use excess nutrients and uneaten feed fractions. In this regard,
integrated multi-trophic aquaculture (IMTA) is a circular production system where different
species such as fish, shellfish, and seaweed are strategically integrated/linked to create a
symbiotic relationship that contributes to reducing the impacts on the environment [21,22].
Within IMTA systems, uneaten feed and nutrient losses can be recaptured by other or-
ganisms and converted into valuable nutrients for harvestable seafood and crops [23].
Fish excrete nitrogenous and phosphorus waste, the dissolved component of which can
be utilized by cultivated seaweed species as a nutrient source for growth, thus reducing
nutrient levels in the water and preventing eutrophication [13]. Additionally, filter-feeding
organisms such as mussels and oysters can help in the removal of excess nutrients as
particulate matter by efficiently filtering water [24]. Successful integrated systems require
not only that the appropriate species are selected but also that waste from the fed species
can be efficiently utilized by tolerant species [25]. For effective IMTA, bioremediation is
interpreted as a circular attribute of the system, as it promotes the recycling of nutrients.
Bioremediation capacity plays a crucial role in IMTA systems by utilizing the natural
metabolic activities of various organisms to remediate and improve water quality [26–29].
This approach promotes a circular economy within aquaculture, where waste from one
component becomes a valuable resource for another [30].

Following the premise that “what gets measured gets managed” [31], the evaluation of
circularity performance at the farm level could provide useful information to manage and
maximize the bioremediation capacity of IMTA systems. At the same time, the potential
nutrient mitigation service achieved by IMTA may be of interest for possible economic
benefits, but this is limited, among other reasons, by the lack of common standards to verify
this mitigation. Standardized measurements of circularity could provide evidence for how
well circular economy principles are applied to products [32].

A good approach for the evaluation of aquaculture products is provided by Valentí et al. [33],
who defined quantitative indicators that address the three dimensions of sustainability
(economic, environmental, and social) through 56 indicators. This framework aims to
evaluate relevant aspects of sustainability by quantifying the efficiency of natural resource
use, which would perfectly link to the evaluation of some circularity attributes. Comple-
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mentary aspects such as natural resource depletion and the useful service lifetime should
be considered essential indicators [34] at the product or material level. However, there
is no agreement regarding the most appropriate framework for measuring circularity
indicators [35,36].

Linder et al. compared different product-level circularity metrics, concluding that none
of the existing initiatives scored highly across the criteria of validity, reliability, transparency,
and generality [31]. As part of the metric studied by Linder et al. [31], the Material
Circularity Indicator (MCI) was identified as an appropriate approach for the evaluation
of product circularity. Although the revised version (2019) included biological cycles, the
MCI was originally developed to measure the circularity of technical products [37]. Even
so, it is relatively difficult to associate concepts such as utility (referring to durability or
usage intensity) and lifespan to biological products. Moreover, the MCI refers to the use
phase, which has a different interpretation depending on the focus and objective of the
circularity analysis. Regarding aquaculture, feed is used (ingested) and assimilated by the
fish, and then feed flow is transformed into nutrients that are released into the environment
in the form of excretion and feces, in addition to the uneaten fraction. The concept of waste
from the use phase within the MCI approach would refer not to feed but to the release
of nutrients, although, if the focus is at the nutrient level, circularity can be addressed
though the evaluation of nutrients entering and leaving the system during the aquaculture
production period.

In addition to the fact that most circular economy (CE) metrics focus on the technical
cycle and materials from non-renewable resources [35], none of the approaches reviewed at
the farm level fulfill the particularities of aquaculture (even less of integrated multi-trophic
production). The diversity of aquaculture systems makes it challenging to determine the
circular profile of the sector using a single approach.

Life cycle assessment (LCA) is a very appropriate approach for measuring the en-
vironmental footprint for products, processes, or services. The International Organiza-
tion for Standardization (ISO) provides the guidelines to evaluate environmental impacts
through indicators such as carbon footprint, acidification, and land use, among others
(ISO 14040 [38], 14044 [39]). When LCA is applied to aquaculture processes, the environ-
mental impact assessment potentially reflects circularity in terms of nutrient management
or resource use (through the study of the material resource depletion impact category). Fur-
thermore, LCA studies with a broader approach (“from cradle to gate”) would potentially
inform circularity beyond nutrients at the production level, encompassing the whole value
chain. From a life cycle assessment perspective, the EU Environmental Footprint initia-
tive [40] defines a circular footprint formula (CFF) to estimate emissions from processes
involving recycling and energy recovery. However, as with the MCI, the CFF could be
difficult to apply to measure the circularity of aquaculture production.

Given this context, the purpose of this work is to explore the potential principles
embedded in IMTA through the definition of specific indicators that are adapted for and
focused on IMTA production. This paper presents the specific case of three different
IMTA production systems (known as IMTA laboratories) that were evaluated by applying
sector-specific circularity indicators.

2. Materials and Methods

2.1. IMTA Laboratories

This study included four trials that were addressed through 3 IMTA laboratories.
The term laboratory (lab) refers to large-scale demonstration sites in real environments,
where new species and different combinations were investigated in the context of the
EU ASTRAL project (GA 863034) (https://cordis.europa.eu/project/id/863034, accessed
on 1 March 2024), which aims to develop new, sustainable, profitable, and resilient value
chains for IMTA production within the framework of existing, emerging, and potential
Atlantic markets.
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Table 1 shows the IMTA systems that were evaluated following the methodology
detailed in Section 2.2.

Table 1. Study scenarios.

Case Study Monoculture IMTA

Irish IMTA lab Salmon marine cages
Salmon marine cages with

seaweed longlines and urchin
and oysters in baskets

Brazilian IMTA lab White shrimp in ponds White shrimp with tilapia and
seaweed in closed BFT

South African IMTA lab

Semi-closed abalone system Semi-closed abalone and
seaweed system

Semi-closed urchin system Semi-closed urchin and
seaweed system

2.1.1. Irish IMTA Lab

The research at this IMTA lab, managed by the Marine Institute, was focused on
multi-trophic production involving salmon (Salmo salar), seaweed (two kelp species, Alaria
esculenta and Saccharina. latissima), urchin (Paracentrotus lividus), and oyster (Ostrea edulis).
The primary objective of this lab was to investigate the capacity of these combined species
to create a self-sustaining ecosystem that efficiently utilizes and recycles nutrients, thereby
minimizing eutrophication and other negative effects on benthic zones. Bioremediation
processes within this IMTA model were examined to understand the natural capabilities of
the system to mitigate nutrient release. Salmon, known for producing nutrient-rich waste,
served as the primary fed species in this IMTA setup. Salmon waste, which is particularly
rich in nitrogen and phosphorus, becomes a valuable resource for secondary extractive
species. Seaweeds were cultivated to absorb and utilize these excess soluble nutrients,
contributing to the purification of the water and their own biomass production. Simulta-
neously, urchins and oysters were integrated into the system. Urchins were grown using
the seaweed produced on-site, while oysters acted as filter feeders, removing particulate
matter and enhancing water quality. The presence of the extractive species complements
the nutrient cycling process and further contributes to maintaining a balanced ecosys-
tem. Figure 1 shows the laboratory configuration located in Bertraghboy Bay (Connemara,
Galway, Ireland).
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Figure 1. Irish IMTA lab design: the low-trophic grid with oysters, seaweeds, and urchins lies
adjacent to the salmon pens within the licensed aquaculture site.

The circularity assessment of the Irish IMTA lab focused on the evaluation of the
experimental trial, with a production of 50 t of salmon (FW/y), 2.1 t of seaweed (FW/y),
75.6 kg of oysters (FW/y), and 64 kg of urchins (FW/y).

2.1.2. Brazilian IMTA Lab

The research at this IMTA lab, carried out by the Federal University of Rio Grande
(FURG) located in the city of Rio Grande in Brazil, with Biofloc technology (BFT), focused
on the optimization of white shrimp (Litopenaeus vannamei) production in a Recirculating
Aquaculture System (RAS) (Figure 2).

 

Figure 2. Brazilian IMTA lab design.

BFT entails the cultivation of dense populations of microorganisms in the water,
creating a dynamic environment where the nitrogen excreted by fed species is converted
into microorganism biomass (biofloc) under aeration and carbon fertilization. The biofloc
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growth is stimulated by the addition of active carbon (molasses) and constant aeration.
The experiments carried out by this lab aimed at determining the most effective biomass
ratios among marine white shrimp, tilapia, and algae, particularly evaluating the impacts
of tilapia (Oreochromis niloticus) and sea lettuce (Ulva lactuca) in regulating organic material
and nutrients. Moreover, the lab tested the performance of the system when fish meal was
substituted by a fish meal analogue (FMA) in the shrimp diet formulation. The FMA used
in this study was developed by Guabi Nutrition and Animal Health S.A. and consisted of a
balanced blend of terrestrial animal by-products supplemented with amino acids, minerals,
and commercial vitamins (Table 2). The animals were fed 2 times per day with the iso
protein and isoenergetic diets (feed pellets with 38% crude protein and 7% lipids) and FMA
at a 50/50 ratio.

Table 2. Fish meal analog properties (used to prepare the shrimp diet).

FMA Composition %

Crude protein 47.4
Lipids 16.3

Linoleic acid 2.1
Phospholipids 3.5

Cholesterol 0.3
HUFA 1.7
Fiber 0.9
Ash 16.2

Calcium 5.7
Total phosphorus 3.0

Total lysine 3.9
Total cysteine 0.9

Total methionine 1.4

This IMTA was designed to maximize the efficiency of nutrient utilization and circu-
larity within the system [41,42]. White shrimp served as the primary species and produced
organic waste and nutrients as by-products of their metabolic processes. These nutrients in-
cluded nitrogen and phosphorus compounds. Nutrient-rich water was recirculated among
the shrimp, tilapia, and seaweed tanks. Tilapia is a marketable species capable of consum-
ing excess bioflocs, and Ulva absorbs excess dissolved nutrients, including nitrogen and
phosphorus, from water [43], contributing to the overall nutrient balance [44]. This not only
aids in water quality management but also provides an additional valuable product that
can be harvested for various applications, such as biofuel, or as a nutrient-rich supplement
for aquaculture feed [43].

The Brazilian IMTA lab circularity assessment was focused on the evaluation of the
experimental trial, with a production of 4.3 kg/m3 of FW of shrimp, 13.4 kg/m3 of FW of
tilapia, and 2 kg/m3 of FW of seaweed.

2.1.3. South African IMTA Lab

IMTA research at the lab in South Africa consisted of two experimental systems
(Figure 3). The first system is a fully commercial integrated abalone–Ulva system at
Buffeljags Abalone farm. The farm is managed by Viking Aquaculture and is located
approximately 200 km east of Cape Town on a pristine stretch of coastal land near the
remote settlement of Buffeljags on the Cape southwest coast. The second system is an
urchin-Ulva pilot commercial-scale experimental system on the same farm. Data from the
experimental trials conducted in the abalone and urchin systems were used to perform the
circularity assessments.

The abalone (Haliotis midae)-Ulva lacinulata IMTA system consists of seven modular
platforms, each comprising four clusters. Each cluster is made up of a 150 m3 D-ended Ulva
paddle raceway and multiple abalone raceway tanks (each 8.5 m3) arranged in six rows,
with each row housing seven abalone raceway tanks. The effluent water from the abalone
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tanks in each cluster flows into the adjacent Ulva paddle raceway, where it is bioremediated
(removal of N and P) by the Ulva [45] and mixed with 50% fresh seawater in the sump
before being returned to the abalone raceway tanks. The continuous circulation of seawater
through these tanks and Ulva paddle raceways ensures a steady supply of cool and aerated
water for the growing abalone. Experiments in the SA IMTA lab were carried out to monitor
the physical and chemical parameters of the abalone–Ulva IMTA system with increasing
(50, 75, and 100%) recirculation rates [27].

 

Figure 3. South African IMTA lab: (a) abalone/Ulva system; (b) urchin/Ulva system.

Operating independently but at the same farm, the second system consisted of an
integrated urchin (Tripneustes gratilla)-Ulva lacinulata system that consisted of five 58,000 L
glass fiber tanks linked to a 14,000 L Ulva paddle raceway and a 14,000 L sump. Effluent
water from each of the sea urchin tanks was directed into the Ulva paddle raceway (where
nutrients were reduced by means of the bioremediation of the seaweed), having passed
through the drum filter for the removal of larger particulates. The water replacement in
this system, with fresh incoming seawater from the adjacent ocean, was 10% per day.

2.2. Circularity Assessment Methodology

As part of the present study, nutrient management and the use of resources were
identified as the two principal attributes through which IMTA systems contribute most to
circularity. In line with Chary et al. [10], nutrients and resource use are fundamental pillars
embedded in the principles applicable to aquaculture (safeguard and regenerate, avoid,
prioritize, reuse and recycle, and entropy). In this sense, a set of metrics was defined for
the evaluation of nutrient recycling and resource use efficiency, with the aim of providing a
comparison of circularity performance between the monoculture and IMTA scenario for
each laboratory.

2.2.1. Nutrient Management Metrics

Nutrient management performance was quantified as part of the evaluation of the
primary function of the IMTA system, which was bioremediation. Within the circularity
assessment context, bioremediation is defined as a circularity indicator that provides
information on the nutrient retention efficiencies (treating waste nutrients from fed species
as by-products that can be recycled by extractive species). Seaweeds absorb dissolved
inorganic nutrients (DINs), shellfish filter out suspended particulate organic matter (POM),
and deposit feeders such as holothuroids and polychaetes consume settled particulate
organic matter.

Various approaches exist to quantify bioremediation, including the measurement of
nutrient removal rates, retention capacities, nutrient balances, the utilization of tracers
(e.g., stable isotopes or fatty acid composition), and modeling techniques [16]. This section
describes the methodology used to calculate the bioremediation indicator through the
different trials in both scenarios, monoculture, and IMTA, with the objective of quantifying
this circularity pillar.

• Bioremediation in the Irish IMTA lab
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Salmon nutrient emissions were calculated in accordance with the methodology for
mass balance calculation developed by Wang et al. [15], which enables the estimation of
N, P, and C emissions to the surrounding water from the fed fish. N and P assimilated by
seaweed were estimated from elementary analysis in the laboratory, while C was calculated
considering the carbon fixation and storage potential of macroalgae [46]; N and P taken up
by oysters were estimated based on laboratory nutritional analysis, while C was calculated
from nutrient assimilation efficiencies in integrated multi-trophic aquaculture in accordance
with the literature [47]. The same reference (Nederlof et al. [16]) was used to estimate N, P,
and C absorption by urchins, which was based on the theoretical assimilation efficiency.

• Bioremediation in the Brazilian IMTA lab and SA IMTA lab (abalone)

For these 2 trials, bioremediation was calculated using monitored water flow data and
information on nutrient concentrations across both closed and semi-closed experimental
systems. Regarding the Brazil IMTA lab, one-year total solids and nutrient monitoring data
were used as a basis for the evaluation of the nutrient management pillar (bioremediation
indicator). Concentrations at the inlet and outlet of the shrimp, tilapia, and seaweed tanks
were used to estimate the bioremediation potential for N and P.

Regarding abalone in the SA IMTA lab system, bioremediation was calculated di-
rectly from monitoring the water flows [48]. Information on total ammonia nitrogen
(TAN), nitrate, nitrite, and phosphate concentrations in the inlet flow in Ulva raceways was
compared to concentrations in the effluent water from abalone raceways to evaluate the
bioremediation potential of Ulva [27].

• Bioremediation in the SA IMTA lab urchin trial

Urchin N emissions were calculated based on feed nutritional values; the nutrient
balance was calculated based on the protein provided in feed to the N retained by urchins.
The nitrogenous effluent from urchins, meaning the non-retained fraction, was used to
calculate DINs in the effluent and the corresponding bio-available fraction for seaweed.
Afterward, the DIN uptake efficiency of Ulva was estimated to finally determine the DIN
balance between urchin and Ulva effluents.

2.2.2. Resource Use Efficiency

The use of resources was quantified through metrics that reflect the efficiency of IMTA
with respect to the use of the most common resources in aquaculture, as reviewed in previ-
ous LCA studies [49]. Efficiency in the use of resources was studied under monoculture
and IMTA conditions through the quantification and comparison of specific indicators
related to feed, water, energy, and materials.

Regarding feed, the Feed Conversion Ratio (FCR) and the circularity of the formula-
tions were defined as the most appropriate indicators (Equations (2) and (3) in Table 3). The
former was interpreted as equivalent to the use of resources, in the sense that the higher the
FCR, the more feed was required to produce one unit of fed-species and the less circular
the culture. FCR considered the feed ingested when it was feasible to measure the uneaten
fraction (in the case of the South African IMTA labs) and the feed delivered when ingestion
was unknown (in the case of the Brazilian IMTA lab). The latter was measured based
on the linearity concept adapted to aquaculture feeds [50], which reflects the percentage
of ingredients that are sourced from the upcycling of products within the aquaculture
systems. Whenever low-trophic species harvested from IMTA schemes were processed and
incorporated as a feed ingredient in the trials under study, they were interpreted in the
assessment as non-linear ingredients sourced from valorization routes. This was the case
for the SA IMTA lab (urchin), where dried Ulva served as a feed ingredient in formulated
feed for urchins.

Regarding water, the recirculation efficiency was quantified to reflect the dependency
on external water sources, and it was thus an indicator applicable to semi-closed and closed
systems (Equation (4) in Table 3). This indicator is particularly relevant for freshwater
aquaculture systems and is therefore potentially of interest for the evaluation of RAS
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systems (90% of systems operating under freshwater conditions in Europe [51]). Although
seawater is not considered a limited resource from a life cycle perspective [52], water
recirculation in coastal areas was selected as a relevant indicator to measure not only the
circularity but also the resilience capacity of farms, which is especially important when
coastal sites are unable to pump seawater when toxic microalgal blooms occur.

Table 3. Circularity indicators to measure IMTA performance.

Pillar Indicator Name Indicator Formula

Nutrient management Bioremediation C,N,P emitted by fed species
C,N,P taken up by extractive species

(1)

Resource use efficiency

Feed
FCR

⌊
Total feed

biomass weight gain

⌋
(2)

Total mass ingredients (g) from valorization routes
Total mass of feed delivered ×100 (3)

Water Water recirculated (m3)
Water in the system (m3)

× 100 (4)

Energy kWh consumed
biomass harvested (5)

Infrastructure kg infrastructure materials
biomass harvested

(6)

Likewise, the energy indicator (Equation (5) in Table 3) was measured through the
estimation of energy used by each experimental IMTA lab trial in relation to the biomass
harvested. Maintenance during the production phase (cleaning pump and foam fractiona-
tor) was aggregated as part of the energy indicator and interpreted in terms of kWh. Both
water and energy indicators were defined to reflect the intensity of resource use but not the
associated potential environmental impacts, which would be the objective of an LCA study.

Finally, the infrastructure indicator (Equation (6) in Table 3) refers to materials needed
for the IMTA set ups. The manufacturing of infrastructure components involves the
extraction of resource materials, especially steel- and fossil-based plastics. This indicator
was defined to obtain evidence on whether integrated systems promote synergies in the
use of common elements (for example, floating infrastructure) that potentially reduce the
use of materials relating to the biomass harvested. In fed-species systems with low-trophic
species integration, the new materials required are less than those needed in a monoculture
scenario due to the shared use of infrastructure to produce more than one species. Therefore,
the increase in total biomass was interpreted as a major functionality. Functionality was
defined as the practicality of the infrastructure for the purpose of enabling biomass growth.
The infrastructure indicator was thus calculated as the total kg of materials within each
infrastructure element in relation to the total biomass produced over its lifespan. Therefore,
this indicator was represented as kg of infrastructure materials/kg of biomass harvested
(Equation (6) in Table 3).

Table 3 shows the pillars, aspects, and indicators that were measured for the IMTA
laboratories. These indicators were defined to quantify the circular attributes that reflect
the alignment of the systems with the circular principles. The evaluation of circularity
performance therefore consisted of assessing the variations in these indicators between the
IMTA and monoculture scenarios.

3. Results

3.1. Irish IMTA Lab
3.1.1. Nutrient Management

The bioremediation indicator was calculated through the evaluation of nutrient emis-
sions from salmon, which were differentiated between dissolved and particulate matter.
Table 4 shows the nutrient balance obtained from this experimental laboratory, in which
seaweed species mitigated the emissions of the dissolved nutrient fraction, oysters absorbed
particulate nutrient fractions, and urchins utilized the seaweed grown on-site. Information
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on the excretion and respiration of the low-trophic animals was not available and therefore
excluded from the analysis.

Table 4. Nutrient balance in the Irish IMTA lab (all values refer to 1 kg of biomass—WWT).

Emitted Absorbed

Nutrients (kg) Salmon (1) Alaria Saccharina Oyster Urchin

Dissolved N 7.18 × 10−2 1.40 × 10−4 (2) 8.05 × 10−5 (2) - -
Dissolved P 1.82 × 10−2 1.97 × 10−4 (2) 1.97 × 10−4 (2) - -
Dissolved C 1.14 × 10−2 1.77 × 10−3 (3) 1.28 × 10−3 (3) - -
Particulate N 5.57 × 10−3 - - 1.12 × 10−6 (2) 1.89 × 10−5 (4)

Particulate P 1.03 × 10−1 - - 2.99 × 10−6 (2) 1.89 × 10−6 (4)

Particulate C 1.82 × 10−2 - - 6.40 × 10−5 (4) 1.08 × 10−4 (4)

(1) Sourced from [15]; (2) sourced from the nutritional composition (laboratory analysis); (3) sourced from [47];
(4) sourced from [16].

3.1.2. Resource Use Efficiency

Fuel consumption refers to the petrol needed for maintenance and harvesting ac-
tivities under both the monoculture and IMTA conditions. The energy within fuel con-
sumed under the monoculture conditions was 2.53 × 10−1 kWh/kg of biomass harvested,
whereas the energy within the fuel consumed under IMTA conditions was slightly lower
(2.52 × 10−1 kWh/kg of biomass harvested), as derived from a previous LCA study [53].

Regarding the materials embedded in infrastructure elements, the same LCA [53]
study identified the use of steel, concrete, and wood as the main materials used on the farm.
The total amount of materials involved under the monoculture conditions was 0.04 kg
of materials per kg of biomass harvested, while 0.05 kg of materials was used per kg of
biomass harvested in IMTA.

3.2. Brazilian IMTA Lab
3.2.1. Nutrient Management

Bioremediation for this closed system was estimated through the monitoring of inlet
and outlet nutrient concentrations. Nutrient monitoring for one year (Table 5) covered
three production cycles for shrimp, two production cycles for tilapia, and four production
cycles for seaweed. In the shrimp tank, the levels of ammonia, nitrate, nitrite, and phos-
phate increased due to the metabolic processes, while the total suspended solids (TSSs)
increased due to the biofloc formation. The tilapia tank showed a similar pattern, where
ammonia, nitrite, nitrate, and phosphate concentrations increased due to the biological
outcomes of the nutrient assimilation of the fish, but TSSs decreased due to the capabil-
ity of tilapia to eat the biofloc generated in the previous tank. Finally, the seaweed tank
showed the process of bioremediation itself with nutrient retention and decreasing levels
of dissolved ammonia, nitrite, nitrate, and phosphate; TSSs decreased due to the biological
structure of Ulva, which retained part of the biofloc in the tank and was removed during the
Ulva harvesting.

Table 5. Nutrient balance in the Brazilian IMTA lab (average values from the monitoring period).

Shrimp Tank Tilapia Tank Ulva Tank

Parameter Inlet (mg/L) Outlet (mg/L) Inlet (mg/L) Outlet (mg/L) Inlet (mg/L) Outlet (mg/L)

Ammonia 0.80 1.00 1.00 1.50 1.50 0.80
Nitrate 13.00 15.00 15.00 16.00 16.00 13.00
Nitrite 0.80 1.00 1.00 1.30 1.30 0.80

Phosphate 1.00 4.00 4.00 4.10 4.10 1.00
TSS 380.00 450.00 450.00 400.00 400.00 380.00
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3.2.2. Resource Use Efficiency

For shrimp monoculture conditions, experiments carried out at the same research
center indicated an FCR of 1.65 in ponds [54], which decreased to 1.34 in the BFT system
integrated with tilapia [55]. Traditionally, for tilapia monoculture, the observed FCR ranged
from 1.70 to 1.80 [5] and was reduced to practically half (0.85) in an integrated BFT system
of marine shrimp and tilapia [55]. Therefore, the feed conversion of shrimp integrated with
tilapia was improved in the BFT system compared to conventional farms [54,56], leading to
increased resource use efficiency in terms of feed. Moreover, the substitution of fish meal in
the conventional feed by by-products of the poultry industry in the shrimp diet implied
that the linearity of the feed was reduced. Conventional fishmeal integrated 5% of fish
(the source with no by-products), while FMA was totally based on by-products from the
poultry industry. In particular, the system performance was not affected when 50% of the
fish meal was replaced with FMA. The strategy of using poultry by-products had a positive
effect on circularity performance, reducing the linearity within the fishmeal by 50%.

In terms of energy use, BFT systems imply the aeration of culture tanks to ensure the
homogeneous distribution of nutrients and biofloc while avoiding biofloc deposition. BFT
aeration equipment increases the energy demand compared to a pond system (the baseline
of this study); therefore, energy consumption is a disadvantage of BFT [55].

To address the circularity of infrastructure materials, the kg of materials per kg of
biomass harvested was compared between monoculture and IMTA conditions. To do so,
components and elements identified in the LCA study [53] were taken as the basis for the
indicator. For the monoculture conditions, 1.01 kg of materials per kg of biomass harvested
was estimated, while the same indicator for BFT conditions resulted in 0.37 kg of materials
per kg of biomass harvested.

3.3. South African IMTA Lab (Abalone System)
3.3.1. Nutrient Management

The bioremediation indicator was calculated based on the information sourced from
Geldart, 2022 [48], who provided data on nutrient fluctuations in the system operating at
50%, 75%, and 100% recirculation (for the short term). The average concentration results
from the 100% recirculation period are shown in Table 6.

Table 6. Nutrient balance in the South African IMTA lab (abalone).

Abalone Tank Ulva Tank

Parameter Inlet (mg/L) Outlet (mg/L) Inlet (mg/L) Outlet (mg/L)

Ammonia 0.29 0.41 0.41 0.29
Nitrate 1.16 1.34 1.34 1.16
Nitrite 0.20 0.23 0.23 0.20

Phosphate 0.52 0.58 0.58 0.52

3.3.2. Resource Use Efficiency

When the abalone–Ulva IMTA system was implemented, the feed regime was similar
to the abalone monoculture (with formulated feed for 4 days and wild harvested kelp
(Ecklonia maxima) for 3 days per week), but the wild-harvested kelp was substituted when-
ever IMTA-grown Ulva lacinulata was available. This means that the formulated feed was
provided for 4 days per week, while wild-harvested kelp was provided for 1 day, and
IMTA-grown Ulva lacinulata was fed for 2 days per week. This feeding regime was assumed
for the abalone–Ulva IMTA system for the purpose of this comparative analysis; however,
it should be noted that in practice, the choice of seaweed depends on what is available at
the time.
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Combining the feeding regime with the specific FCR related to the different feed
types (see Table 7), the FCR for the abalone monoculture system was 6.16, but when the
abalone–Ulva IMTA system was implemented, the FCR was reduced to 4.01. Uneaten
fractions also decreased from 1.14% to 0.71%, while the linearity of the feed decreased from
100% (no ingredient sourced from valorization routes) for the abalone monoculture system
to a linearity of 71.42% for the abalone–Ulva IMTA system.

Table 7. Use of resources: Feed indicator, SA IMTA lab (abalone).

Production Systems Feeding Regime Feed Description
Ingredient (Description

and Origin)
FCR

Abalone monoculture
and Abalone–Ulva

Feed 1 Formulated feed from
specialized aquatic feed (SAF) Not available 1.4

Feed 2 Wild-harvested kelp
(Ecklonia maxima) Wild-harvested 12.5

Abalone–Ulva Feed 3 IMTA-grown Ulva lacinulata Grown in IMTA 5

In terms of water, 50% water recirculation at the Buffeljags abalone farm played a
key role in enhancing the circularity of the abalone–Ulva IMTA system, as it allowed for a
significant reduction in the reliance on fresh incoming seawater from the adjacent ocean.
This promotes resource efficiency as the system recirculates a substantial portion of the
water, minimizing the demand for external resources.

Moreover, the reduced dependence on the pumping of fresh seawater contributes
to energy efficiency. By recirculating 50% of the water in the system, enabled by the
bioremediation (ammonia removal) capacity of Ulva, the system minimizes the energy
expenditure associated with bringing in new seawater. The energy consumed under
abalone monoculture conditions was 10.35 kWh per ton of biomass harvested, but when
IMTA conditions were implemented, the energy consumption was reduced to 6.80 kWh
per ton of biomass harvested. The infrastructure indicator was not calculated for the
abalone–Ulva trial since data were not available.

3.4. South African IMTA Lab (Urchin System)
3.4.1. Nutrient Management

To estimate bioremediation, urchin N emissions were calculated based on the feed
characteristics. Total urchin biomass (9.5 t) was fed with a pelleted formulated feed at
1.5% BW per day for 4 days a week over the entire 7-month production cycle. During
IMTA, urchins were fed fresh Ulva at 6% BW per day for 3 days a week for 4 months
and with pellets at 1.5% BW per day for 4 days a week for the remaining 3 months of the
production cycle; the latter enhanced the production of the final product (the gonad). Under
monoculture conditions, 17.08 t of formulated feed per production cycle was provided,
with a total of 257 g of protein per kg of feed, resulting in 0.70 t DINs per production cycle
with the 0.16 protein-to-N conversion factor [56]. Considering the urchins’ potential N
retention of 10.52%, approximately 0.63 t DINs remained in the system. The dissolved
bio-available N in water was 60%, so the total N not retained by urchins was 0.38 t of N per
production cycle.

The Ulva supplied for urchin feeding over the production cycle was 68.31 t (WW) per
IMTA production cycle. The total amount of formulated feed provided was 7.32 t per IMTA
production cycle. The N supplied from feed was 0.59 t of N per IMTA production cycle.
The DIN uptake efficiency of Ulva was 80%, so the N retained by Ulva was 0.25 t (Figure 4).
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Figure 4. N mass balance in the urchin-Ulva system.

3.4.2. Resource Use Efficiency

In terms of feed, the FCR for formulated feed in monoculture was 0.4 (formulated feed
(pellets) containing 20% DW Ulva [57]), and the FCR related to the IMTA conditions was
0.91, in accordance with the feeding regime described in Table 8 (4 months with fresh Ulva
and 3 months with formulated feed including 20% of dried Ulva). The amount of uneaten
feed was 2% for monoculture and 1.14% for IMTA, and the linearity of the feed was reduced
from 80% under the monoculture conditions to 34.3% when IMTA was implemented.

Table 8. Use of resources: Feed indicator, SA IMTA lab (urchin).

Production System Feeding Regime Feed Description
Ingredient (Description

and Origin)
% (Dry Weight) FCR

Urchin monoculture Feed 1

Formulated feed
supplemented with

20% dried
Ulva lacinulata

Wheat bran 0.321

0.4

Maize (extruded) 0.321
Fish meal 0.153
Soybean 0.153

Di-Calcium phosphate 0.0184
Lecithin (de-oiled) 0.0138

Vitamin and mineral premix 0.011
Fish oil 0.00963

Urchin-Ulva

Feed 1
Fresh Ulva lacinulata for
the first 4 months of the

production cycle
Not applicable 1.3

Feed 2

Formulated feed
supplemented with

20% dried
Ulva lacinulata for the
final 3 months of the

production cycle

Wheat bran 0.321

0.4

Maize (extruded) 0.321
Fish meal 0.153
Soybean 0.153

Di-Calcium phosphate 0.0184
Lecithin (de-oiled) 0.0138

Vitamin and mineral premix 0.011
Fish oil 0.00963

Regarding water, implementing a high level of seawater recirculation (from 0 to 90%)
in the urchin-Ulva IMTA system offered notable benefits in terms of the water conservation
of pumped seawater resources, which is crucial for sustainable aquaculture. The provision
and use of seawater are major cost components in running a land-based aquafarm. Seawater
provision is a critical limiting factor in farm siting and sustainability.

With 90% seawater recirculation, the need to pump large volumes of seawater from
external sources was minimized. This reduction in water exchange led to lower energy
requirements for pumping, contributing to overall energy savings. The energy consumption
under urchin monoculture conditions was 12.45 kWh/t of biomass harvested compared
with 3.54 kWh in the urchin-Ulva IMTA system.

Additionally, regarding the resource use indicator, the infrastructure elements
(Ulva D-shaped paddle raceway, pipes and fittings, pumps, and baskets, among others)
were identified as part of the SA IMTA lab LCA study [53]. The monoculture and IMTA
were compared considering the infrastructure material weight per kg of biomass harvested,
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resulting in 1.26 kg of material per kg of biomass harvested in monoculture and 0.42 kg of
material per kg of biomass harvested in IMTA.

3.5. Circularity Performance of IMTA Labs

The difference between the indicators for monoculture and IMTA was calculated to
evaluate the circularity performance of the experimental sites. Whenever the difference
between indicators was positive, an improvement in circularity was interpreted (Table 9).

Table 9. Circularity performance interpretation.

Indicator Name Circularity Performance When:

Bioremediation (BIOREMEDIATION C, N, P)IMTA − (BIOREMEDIATION C, N, P)Monoculture > 0

Feed

⌊
FCRmonoculture−FCRIMTA

FCRmonoculture

⌋
> 0

LinearityMonoculture − LinearityIMTA > 0

Water Water recirculationIMTA − Water recirculationMonoculture > 0

Energy
(

kWh consumed
biomass harvested

)
Monoc.

−
(

kWh consumed
biomass harvested

)
IMTA

> 0

Infrastructure
(

kg infrastructure materials
biomass harvested

)
Monoc.

−
(

kg infrastructure materials
biomass harvested

)
IMTA

> 0

Regarding the IMTA lab in Ireland, the results (Table 10) revealed that the bioremedia-
tion of nutrients was the key pillar in this lab, while this system contributed comparatively
less in terms of the use of resources (energy). The underlying reason was that the low
increase in low-trophic biomass did not nearly offset the increase in energy demand due to
the additional maintenance activities. FCR and linearity indicators were not calculated for
the Irish IMTA, as no actions were taken to improve circularity in that sense. It was not
applicable to calculate the water indicator in an open system.

Table 10. Irish IMTA lab circularity performance.

Pillar Indicator Result

Use of resources Energy 0.38%

Nutrient management
N bioremediation 7.71%
P bioremediation 12.08%
C bioremediation 2.63%

The Brazilian IMTA lab demonstrated a better performance regarding the water indi-
cator, as the system enabled a high recirculation rate compared to the baseline conditions
(ponds). Secondly, the bioremediation of P in the system contributed notably to the im-
provement in the nutrient management pillar, followed by the improvement achieved in
the circularity of shrimp feed formulation through the incorporation of by-products to
replace the use of conventional (linear) ingredients (Table 11). The quantification of the
improvement in FCR was calculated as the average of the two fed species, shrimp and
tilapia. Nitrogen bioremediation was calculated as DINs (nitrite, nitrate, and ammonia),
but only if ammonia was included in this assessment did this indicator increase (from
22.34% to 46.7%). The energy indicator is not represented, as no circularity improvement
was shown, and C bioremediation was not calculated due to a lack of information.
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Table 11. Brazilian IMTA lab circularity performance.

Pillar Indicator Result

Use of resources

Feed–FCR 37%
Feed–Linearity 50%

Water 99.68%
Infrastructure 63.30%

Nutrient management N bioremediation 22.34%
P bioremediation 75.61%

Regarding the South African IMTA lab, results from the abalone system (Table 12)
showed the potential increase in circularity due to water recirculation, thus reducing the
dependency on the pumping of fresh seawater. The feasibility of operating at 75%, and at
100% recirculation for short periods, means that IMTA would increase resource efficiency
not only in terms of water but also energy consumption. Under the same pillar, FCR was
reduced in IMTA, and bioremediation also supported the alignment of the multi-trophic
system with resource use efficiency and recycling principles. The infrastructure and C
bioremediation indicators were not calculated due to a lack of information.

Table 12. South African IMTA lab (abalone) circularity performance.

Pillar Indicator Result

Use of resources

Feed–FCR 34.90%
Feed–Linearity 28.58%

Water 50.00%
Energy 34.30%

Nutrient management N bioremediation 18.17%
P bioremediation 6.01%

The urchin system results (Table 13) pointed to a higher circularity regarding water
recirculation, followed by N bioremediation, which was boosted by the integrated cultiva-
tion of Ulva. IMTA demonstrated good circularity performance in infrastructure, which
translated into equipment savings compared to monoculture conditions. The integration of
fresh Ulva as feed was quantified as a circular benefit in this system. The FCR indicator is
not represented in the table since no circularity improvement was found, and the P and C
bioremediation indicators were not calculated due to a lack of information.

Table 13. South African IMTA lab (urchin) circularity performance.

Pillar Indicator Result

Use of resources

Feed–Linearity 57.13%
Water 90.00%

Energy 71.57%
Infrastructure 66.67%

Nutrient management N bioremediation 80.00%

4. Discussion

Circular economy strategies offer a way to make better use of resources and produce
less waste [2]. This study offers insights regarding the role of IMTA in the transition toward
more circular aquaculture.

This work evaluates the performance of IMTA production systems, which have been
shown to be suitable systems to increase circularity. In the Irish IMTA lab, Atlantic salmon
release nutrients into the surrounding water, native oysters filter out particulate nutrients
while the dissolved fraction is extracted by seaweeds that absorb dissolved minerals and
carbon, and spiny sea urchins are fed with the seaweeds grown in this IMTA system. The

121



Fishes 2024, 9, 165

Brazilian IMTA lab cultivates the most effective biomass ratios of white shrimp, tilapia,
and sea lettuce in BFT systems, where organic material and nutrients are regulated. Finally,
the South African IMTA lab demonstrates the feasibility of increasing recirculation in the
commercial abalone–Ulva integrated systems. The pilot commercial-scale urchin-Ulva
system is being run in the same way but at 90% recirculation, largely due to energy cost
savings as the seawater needs to be heated to 25 ◦C for the warm water urchin to grow.
This has been run successfully in a fully grown-out trial.

Multi-trophic aquaculture provides an opportunity to not only include nutrient recov-
ery at the production level in aquaculture farms [12] but also increase the efficiency in terms
of resource use. Based on the premise that IMTA performs as a circular system, the present
work reveals the need for definitions of metrics. Methodology was developed to allow
for the combined assessment of different indicators that can be pertinent to the evaluation
of different IMTA systems at multiple scales. The metrics reflect the two principal pillars
of aquaculture impacting circularity: nutrient management and the use of resources. The
natural capacity of extractive species to assimilate nutrients from the water is evidenced
through the quantification of the corresponding indicators. However, the benefits achieved
due to the incorporation of macroalgae contribute not only to bioremediation but also
to the increased resilience of systems to harmful algal blooms and other adverse events
(e.g., chemical/oil spills) [48] (e.g., abalone in the South African IMTA lab with 100% recir-
culation that can isolate the system from the surrounding environment for short (3–4-day)
periods [58]).

The review of nutrient-retention efficiency provided by Nederlof suggested that
40–75% of nutrient emissions could be mitigated by extractive species [16]. In the present
study, the interpretation of results may consider suggest that the relevance of the biore-
mediation potential achieved by IMTA is determined by the scale of the production of
low-trophic species. In this sense, the Irish IMTA lab did not reflect the total capacity in nu-
trient management that would be possible by increasing extractive species biomass. On the
other hand, the bioremediation indicator was focused on P and N in Brazil and South Africa,
as these were the main nutrients mitigated (especially toxic compounds such as ammonia)
by the extractive species in the systems, but further evaluation of carbon balance would be
relevant to obtain a fuller interpretation. In this context, the potential CO2 sequestration by
mollusk shells was excluded from this study, as that is still controversial [59].

Given the relevance of bioremediation as a circular benefit of IMTA, more precise
approaches are recommended to determine nutrient budgets. In mass balance approaches,
there are many variations that can be incorporated for nutrient loading estimates, making
them more appropriate than the use of static input values [60]. Moreover, the present
assessment was not entirely performed with primary data, and secondary sources were
needed (e.g., assimilation efficiency and the individual growth of urchins or the uneaten
fraction of fish in Ireland). Additionally, the respiration and pseudofeces from low- trophic
animals in open systems were not quantified and were thus excluded from the nutrient
management indicator. Finally, the nutrient mitigation capacities of IMTA systems in open
environments are strongly influenced by different factors that limit the nutrient retention
capacity of low-trophic species [16], which should also be considered.

Data for bioremediation calculation were not derived from the application of advanced
models, and limitations to accuracy are recognized in the calculation of this indicator.
Modeling techniques provide precision and are key to optimization, but they require a lot
of background and high-quality data that were not available for all the laboratories assessed
in the present study. Nevertheless, a combination of experimental and modeling approaches
is useful to provide further insight into refining the estimation of bioremediation efficiency.
Similarly, stable isotope studies allow the differentiation of the origin of nutrients, and
they help to trace fish farm waste and thus confirm the capacity of low-trophic species to
contribute to bioremediation [61]. The circularity assessment in this study was applied
to experimental laboratories that aimed to test and validate different species under IMTA
schemes, in which the implementation of models or isotope studies was not targeted.
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Regarding the use of resources, the Brazilian and South African IMTA (urchin sys-
tem) labs notably improved feeding performance, as both systems incorporated circular
ingredients. Brazil showed circularity attributes for the reduction in FCR, meaning a re-
duction in resource use. The linearity reduction due to the totally circular feed based on
poultry industry by-products in the Brazilian IMTA lab is aligned with the global trend
of reducing the demand for fishmeal in the aquaculture sector [62]. Further assessments
would be needed to evaluate if the incorporation of circular ingredients could compensate
for an increase in the use of resources due to lower nutritional functionalities of novel
feeds based on non-processed ingredients (e.g., urchin fed with fresh Ulva). Strategies
oriented to increase the digestibility [50] and palatability [57] of formulated feeds would
lead to more efficient use of resources, and thus, the consideration of apparent digestibility
coefficients (ADCs) of fed species within the circularity assessment would provide a more
comprehensive overview of the pillar of resource use [60].

The water indicator is not interpreted as a water footprint indicator (as in the approach
developed in AWARE (wulca-waterlca.org)) since the present study did not assess water
use-related environmental impacts. In this regard, circular economy metrics cannot easily
replace LCA approaches. Moreover, the potential for LCA to evaluate aquaculture per-
formance is particularly recognized through indicators that reflect nutrient management
performance. For example, implementing nutrient recirculation strategies in aquaculture
with IMTA systems possibly contributes to reducing the impact of eutrophication, making
it a complementary indicator of how well the systems work under a circular approach in
the nutrient pillar.

The reduction in energy consumption enabled by water recirculation is particularly
beneficial in the South African context. Electricity use for seawater pumping is a major cost
of these operations. South Africa also currently has an intermittent electricity supply, and
the recirculation reduces the demand for farm electricity generation (from diesel generators)
for periods with daily outages. This means that the system can better deal with the frequent
electricity outages if the recirculation rate is high, as less water needs to be heated to 25 ◦C.
The Brazilian IMTA lab is an intensified system that is comparatively worse than pond
systems in terms of energy consumption. The energy indicator reflects the entropy principle
recognized by Chary et al. [10]. However, this study does not consider energy sources, as
they would not necessarily reflect the performance of multi-trophic production.

Regarding infrastructure, the present study considered the lifespan as a fundamental
parameter included in the indicator. Generally, better maintenance or the substitution of
infrastructure elements with increased durability would increase the functionality and
thus the circularity. The study of specific indicators, in particular the MCI indicator,
would provide insight as part of studies of low- trophic aquaculture systems, in which
infrastructure and equipment were identified as key elements within the environmental
profile [53].

For all resource aspects, it may be relevant to highlight that the metrics suggested are
oriented to evaluate the production itself (the gate-to-gate approach); thus, value chains of
aquaculture products are out of the scope, except for the consideration of the origin of feed
ingredients (the linearity aspect). Additionally, in the resource use pillar, the evaluation of
other potential resource uses, such as fertilizer, antifouling agents, antibiotics, and other
chemical agents or products, was excluded, as these were not reported during the operation
of each lab.

Finally, this work demonstrates that circularity can be measured at the level of the
fish farm, encouraging doing so in a simplified way while bringing the aquaculture sector
closer to circular economy progress monitoring. A metrics-based circularity assessment
is promoted using a broad approach that is applicable to all multi-trophic production
systems. However, data availability is a major constraint, and there is still much room
for improvement to increase the robustness of the results obtained, allowing comparisons
between similar production systems.
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5. Conclusions

The lack of specific definitions of circular aquaculture and standardized methodologies
might discourage aquaculture producers from identifying and communicating strategies
that contribute to increasing circular performance. The present study provided a defini-
tion of indicators that reflected in a simple but robust way the efficiency of aquaculture
production from the perspective of circularity. The bioremediation, feed, water, energy,
and infrastructure indicators would allow not-LCA practitioners to monitor cultivation
performance without significantly increasing efforts in data collection and impact evalua-
tion. The circularity indicators expressed here were not intended to be exclusive to LCA
approaches, but rather, they complement and potentially encourage the sector to evaluate
its contributions to the circular economy.

Our results confirmed that multi-trophic aquaculture systems perform in line with
the circular attributes embedded in the essential definition of bioremediation. Metrics for
bioremediation would promote the standardization of nutrient recycling rates, from which
the effectiveness of the systems could be evaluated.

In addition to bioremediation, complementary indicators applied to IMTA provide
evidence for the implementation of resource efficiency strategies, which further ensures the
alignment of these systems with the circular economy.
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Abstract: The growth of biofouling on aquaculture infrastructure is a universal challenge. Stan-
dard industry practices to remove biofouling in finfish aquaculture typically include in situ net
cleaning via power washing. Since those cleaning practices can be potentially harmful to fish-gill
health and expensive, development of other non-toxic biofouling controls is an industry priority.
Deposit-feeding sea cucumbers are potentially well suited for biofouling control due to their feeding
mechanism, but remain relatively untested in this capacity. We examined the use of California sea
cucumbers (Apostichopus californicus) to control biofouling on cages containing adult Chinook salmon
(Oncorhynchus tshawytscha) at a commercial farming operation. Four cage types were established:
cages with salmon and sea cucumbers, cages with salmon only, cages with sea cucumbers only, and
cages without either species. Results showed that the sea cucumbers actively fed on biofouling when
salmon were absent (~16% cleaner on average) but preferred to consume uneaten feed/faeces at the
bottom of the cages, neglecting the biofouling, when the salmon were present. It is hypothesized that
biofouling control in cages with salmon may be possible with an increased density of sea cucumbers.
This is the first study to examine the use of sea cucumbers as a direct net biofouling control agent
with adult fish. Our results will be beneficial for industry to develop standard operating procedures
for using California sea cucumbers as a biofouling control and could contribute to the development
of a management framework for sea cucumber/salmon integrated multi-tropic aquaculture.

Keywords: Apostichopus californicus; biofouling control; net cleaning; sea cucumber; sustainability

Key Contribution: Results showed that the sea cucumbers actively fed on net biofouling when
salmon were absent (~16% cleaner nets on average) but preferred to consume uneaten feed/faeces at
the bottom of the cages, neglecting the biofouling, when the salmon were present. This is the first
study to examine the use of sea cucumbers as a direct net biofouling control agent with adult fish.

1. Introduction

The growth of biofouling material on aquaculture infrastructure is an expensive and
universal challenge faced by the industry. A recent study in Norway calculated that the
cost of biofouling management per production cycle could be as much as USD 500,000 per
eight standard production finfish cages [1]. The blockage of net openings by biofouling
organisms can negatively impact fish health by reducing water flow through the nets [2]
and affect local hydrodynamic conditions around farm sites [3,4], leading to poor flushing
of waste and/or hypoxic conditions. Standard industry practice to remove biofouling
typically includes in situ net cleaning via power washing on a monthly or even bi-weekly
frequency when fouling levels are highest in the summer. However, that cleaning practice
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has recently been recognized as being potentially harmful to fish gills due to the plume
of biofouling particulates, particularly stinging-capable hydroids, released into the water
column as a result of the pressure-washing process [5–8]. The release of biofouling material
through power washing can also promote the spread of invasive species to other cages in
the vicinity and into the general marine environment [5].

A number of innovations have been explored by the finfish aquaculture industry in an
attempt to improve the cost effectiveness and lower the environmental impacts of power
washing, including novel antifouling coatings for nets [9,10], adding bubble streams around
cages [11], in situ cleaning via net-crawling robots [12,13], and in situ cleaning with organ-
isms such as the lumpfish (Cyclopterus lumpus [14,15]), ballan wrasse (Labrus bergylta [16]),
West Indian spider crab (Maguimithrax spinosissimus [17]), and California sea cucumbers
(Apostichopus californicus [18]). Economic and environmental impact analyses reveal that a
combined approach of biofouling prevention and active control methods will likely need to
be used together in order to achieve a sustainable and permanent solution for the aqua-
culture industry [1]. Therefore, development of a non-impactful toolkit of cost-effective
and environmentally-sustainable options for the industry to rely on should continue to be
a priority for the biofouling research community.

Deposit-feeding sea cucumbers are well known for their ability to ingest and assimilate
organic material from sedimentary environments and have been shown to be efficient
organic extractive species in integrated multi-trophic aquaculture (IMTA; [19–22]). They
are also behaviourally passive, not prone to disease, and have well-established global
markets [23], making them a safe and lucrative option for IMTA with finfish and shellfish.
They are lesser known, however, for their potential biofouling mitigative properties. Nearly
all studies involving sea cucumbers and biofouling control have focused on using bioactive
compounds from their tissues and extracts as novel antifouling coatings [24–26]. However,
many sea cucumber species have large peltate feeding tentacles that brush the surface of soft
and hard substrates, picking up organic-rich material for ingestion. This feeding mechanism
could potentially dislodge young/small biofouling organisms on nets used in finfish
farming, providing active removal and control of biofouling. Indeed, one previous study in
Alaska (USA) housed California sea cucumbers in cages with pink (Oncorhynchus gorbuscha)
and chum (O. keta) salmon fry with results showing that nets were 58% cleaner when sea
cucumbers were present than when they were absent [18]. Despite their potential as net
cleaners, no other studies have tested the biofouling control capacity of California sea
cucumbers (or any other sea cucumber species) in finfish cages, leading to questions about
the effectiveness of the species with other stages of salmon (e.g., juveniles, adults) or with
other commercial finfish species. Indeed, the Ahlgren (1998) [18] study is the only one to
examine the active biofouling mitigative properties of any sea cucumber species globally.

The objective of the present study was to examine the biofouling control capacity of
California sea cucumbers in open net cages with mature Chinook salmon (O. tshawytscha)
broodstock. This study was the first of its kind for the Canadian aquaculture industry and
the first study worldwide to assess deposit-feeding sea cucumbers for active biofouling
control in cages with adult finfish. The results will be beneficial for the salmon aquaculture
industry in order to develop standard operating procedures for using California sea cucum-
bers as net cleaners and will contribute to the development of a management framework
for sea cucumber/salmon IMTA.

2. Materials and Methods

2.1. Study Area, Farm Parameters, and Source of Sea Cucumbers

The study was conducted in the summer of 2021 at two organic Chinook salmon farm
sites in Clayoquot Sound, British Columbia (BC), Canada, which are Canada-owned and
operated by Creative Salmon Co., Ltd. (Figure 1). One site, Dawley Pass (DP), was located
in Fortune Channel (49◦09′56.3′′ N, 125◦46′10.7′′ W) and the other, Warne Island (WI),
was situated off the southwest shore of Warne Island (W49◦07′41.6′′ N, 125◦44′58.6′′ W).
Both farm sites used for this study had mature Chinook salmon broodstock housed within
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designated net cages (15 × 15 × 15-m Viking-style cages with 4-cm stretch nylon netting).
Fish density was dependent on normal industry practice and stock availability, with
densities in the 3–4 kg m−3 range in this study. Fish were fed daily, to satiation, using
underwater cameras to ensure adequate amounts of food were made available. Four
hundred wild California sea cucumbers (>15-cm contracted length, measured after 5 s of
consistent handling in air) were hand collected by SCUBA in Clayoquot Sound at a distance
>1 km from the farm sites used in the study (Figure 1).

 
Figure 1. (A) Map showing Western North America and Vancouver Island, British Columbia (BC),
Canada, where the study took place. The dotted white line indicates the border division between
Canada and the United States. (B) Chinook salmon farm locations used for the project in Clayoquot
Sound, BC. Farm sites are indicated by purple triangles, DP = Dawley Pass, WI = Warne Island. Both
farm sites are owned and operated by Creative Salmon Co., Ltd. (Tofino, BC, Canada). The sea
cucumber collection site is shown by a yellow triangle.

2.2. Experimental Design

Four cage types were established at both farm sites in order to test the capacity of sea
cucumbers to control biofouling on Chinook salmon net pens: (1) fish only without sea
cucumbers (F), (2) sea cucumbers only without fish (S), (3) fish and sea cucumbers (F + S),
and (4) no fish or sea cucumbers, designated as an “empty” cage control (E). Each cage with
sea cucumbers had 100 individuals (density = 1 ind 11.25 m−2 of net surface area), and was
chosen based on the density used by Ahlgren (1998) [18]. Four cages were randomly chosen
from the cage array (4 × 4) at both farm sites, one for each cage type, with three replicate
one-month trials being conducted at both sites beginning in July, August, and September
2021 (i.e., replication was conducted temporally in three “trials”). Once assigned, cages
were used for all three replicate one-month trials. During each replicate trial, sea cucumbers
were allowed to actively feed on biofouling material in S and F + S cages. All nets were
cleaned after each trial via sun drying and power washing, and everything was reset for
subsequent temporal replicates. Sea cucumbers were transferred by divers to floating cages
in the center of each fish pen during net cleaning operations in order to prevent damage
or stress to them while the nets were being manipulated (Figure 2). Sea cucumbers were
reused among the trials.
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Figure 2. Large floating cage used to house sea cucumbers during regular net cleaning activities. Sea
cucumbers were hand caught via SCUBA and transferred into the cage. It was left submerged and
was attached in the middle of the cage before net cleaning began, preventing damage and stress to
the sea cucumbers. This protocol and the cage design were developed by Creative Salmon Co., Ltd.
personnel.

2.3. Analysis of Net Percent Cleanliness

Net percent cleanliness (PC) was defined as the percent area of net openings that was
clear of biofouling growth. This was measured in each cage at the end of each one-month
trial using image analysis of video footage collected by SCUBA at three different depth
ranges: the top of the cage (~0–5 m), the middle of the cage (5–10 m), and the bottom
of the cage (10–15 m). Three video transects per cage were taken at each sample date,
with positions of the transects being chosen haphazardly. Image analysis was conducted
by converting still frames from the video footage at each depth range into black/white
threshold images in ImageJ software [27] and then calculating the percents of net openings
that were clear (modified from [28]). A minimum of 25 net openings, chosen randomly,
were analyzed at each net depth range per each of the three transects at each sampling
point (~225 per cage per trial).

2.4. Stable Isotopes

Stable isotope ratios were used to explore feeding patterns of sea cucumbers housed
with and without fish at the end of each 1-month replicate (i.e., August, September, October).
Values for d13C and d 15N were obtained for sea cucumber muscle bands and body walls
from S and F + S cages as well as wild-caught control individuals (from the original
collection site, October only) using Elemental Analyzer Isotope Ratio Mass Spectrometry
(EA-IRMS). Three sea cucumbers per cage type (F and F + S) were sampled at each time
point. All samples were sub-sampled, run twice, and then averaged to account for sample
heterogeneity. This work was completed by the Stable Isotopes Facility in the Faculty of
Forestry at the University of British Columbia in Vancouver, BC.

2.5. Statistical Analysis

All statistical analyses were conducted using R statistical software [29] and graphics
were produced using the ggplot2 package [30]. Significance was set at α = 0.05 for all
tests. We first eliminated the possibility of seasonal variability and site variability on PC
values using two-way Aligned Ranks Transformation (ART) ANOVA, since assumptions of
normality were not met [31,32]. Since no significant seasonal or site effects were detected
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(Table 1), PC values were pooled from each one-month replicate trial and both farm sites
for all subsequent analyses. Principle component analysis (PCA) was then used to compare
patterns of PC values across net depths among experimental cage types (i.e., F, S, F + S, E).
Follow-up two-way and one-way ART ANOVAs were performed to further explore the
influence of net depth and cage type on PC values. Post-hoc pairwise comparisons were
performed using an align-and-rank procedure with a Tukey correction of the p-values to
correct for multiple pairwise comparisons.

Table 1. Mean (±SD) percent cleanliness (%) by trial month and site and cage type and net depth. Sta-
tistical significance (p < 0.05) indicated by asterisks (two-factor aligned rank transform (ART) ANOVA)
and pairwise groupings indicated by superscript letters (ART post-hoc multiple comparisons test).

Factor Mean ± SD (%) ART Two-Way ANOVA

Trial month

August 59.2 ± 25.8

NSSeptember 70.8 ± 16.5

October 72.8 ± 24.3

Site
Dawley Pass 68.8 ± 23.0

NS
Warne Island 66.3 ± 24.9

Trial month × site NS

Cage type

Fish only (F) 64.6 ± 25.5

NS
Sea cucumbers only (S) 79.4 ± 16.9

Fish + sea cucumbers (F + S) 62.1 ± 24.9

Empty cage (E) 64.2 ± 21.6

Net depth *

Top (0–5 m) 46.3 ± 33.5 A

F2,60 = 8.28, p < 0.01Middle (5–10 m) 79.0 ± 18.1 B

Bottom (10–15 m) 77.5 ± 20.0 B

Cage type × net depth NS

A two-way ANOVA was then used to compare individual stable isotope ratios among
factors (i.e., cage type, site) after each one-month replicate trial in order to assess the
cumulative effects of sea cucumber exposure to biofouling at Chinook salmon farm sites.
Parametric test assumptions of normality and homoscedasticity were confirmed using
Shapiro tests and a plot of the residuals, respectively. Tukey post-hoc tests were used for
pairwise comparisons of the treatments. No significant difference in stable isotope ratios
between farm sites was detected.

3. Results

3.1. Net Percent Cleanliness

Over the course of the study, individual PC values exhibited a large range, from
<10% to 100% (Figure 3). Average (±SD) PC values for the four cage types ranged from
62.1 ± 24.9% (F + S) to 79.4 ± 16.9% (S), but they did not differ significantly (Table 1). In
addition, there was no significant cage-type × net-depth interaction (Table 1). There was,
however, a significant net-depth effect, the top 5 m of the nets, with an average (±SD) PC
value of 46.3 ± 33.5%, being significantly less clean at the end of each one-month trial than
the middle (5−10 m) and bottom (10−15 m) regions of the nets, which had average PC
values of 79.0 ± 18.1% and 77.5 ± 20.0%, respectively (Table 1).
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Figure 3. Sample of various net percent cleanliness values from actual photographs (left) and edited
images (right). Black in the edited images (right) indicates a clear space for water to pass through the
net. ImageJ [27] was used for the analysis.

Principle component analysis indicated two potential groupings, one containing the S
and E cages and another containing the F and F + S cages (Figure 4). It also revealed that
patterns of net PC values among the cage types were primarily being driven by cleanliness
at the bottom of the nets only (Figure 4). Closer analysis of these bottom PC values revealed
significant differences among the four cage types: F (65.3 ± 25.8%), S (94.2 ± 6.8%), F + S
(67.2 ± 19.5%), and E (83.2 ± 9.2%) (Table 2). Pairwise comparisons showed significantly
higher PC values in the S cages relative to the F and F + S cages, with no other significant
pairwise comparisons. There were no significant differences among the cage types in the
top and middle regions (Table 2). Overall, the S cages had the cleanest nets of all cage types
(16% cleaner on average).

Table 2. Mean (± SD) percent cleanliness values (%) at each net depth across the four experimental
cage types. Statistical significance (p < 0.05) indicated by asterisks (two-factor aligned rank transform
(ART) ANOVA) and pairwise groupings indicated by superscript letters (ART post-hoc multiple
comparisons test).

Net Depth

Cage Type, Mean ± SD (%)
ART One-Way

ANOVAEmpty Cage (E) Fish (F)
Fish + Sea

Cucumbers (F + S)
Sea Cucumbers (S)

Top (0–5 m) 33.0 ± 37.1 49.1 ± 37.9 45.5 ± 26.4 57.5 ± 35.8 NS

Middle (5–10 m) 76.3 ± 18.5 79.4 ± 13.0 73.7 ± 28.6 86.7 ± 8.2 NS

Bottom (10–15 m) * 83.2 ± 9.2 AB 65.3 ± 25.8 A 67.2 ± 19.5 A 94.2 ± 6.8 B F3,20 = 4.32, p = 0.02
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Figure 4. Principle component analysis (PCA) comparing patterns of percent net cleanliness values
among the four cage types: brown diamond = fish only (F), teal circle = sea cucumbers only (S),
yellow triangle = fish and sea cucumbers (F + S), and light blue square = empty cage (E). Ellipses
indicate 95% confidence intervals for each cage type. The center of each ellipse is indicated by a larger
icon corresponding to each cage type. Dimension 1 (X-axis) was primarily explained by differences
in middle-cage cleanliness while Dimension 2 (Y-axis) was primarily explained by differences in
bottom-cage cleanliness.

3.2. Stable Isotopes

Temporal patterns of d13C and d15N in the tissues of S and F + S sea cucumbers
showed changes in diet between these two cage types after each sequential one-month
replicate trial (PCA, Figure 5). These differences were significant after three months of sea
cucumber integration into salmon culture for both d13C (two-way ANOVA, F1,15 = 7.60,
p < 0.01) and d15N (F2,15 = 3.94, p = 0.04). At the three-month time point, F + S (+12.08‰)
and S (+11.91‰) sea cucumbers were both enriched in 15N (Tukey Test, p = 0.04) relative
to wild-caught reference (+11.14‰) sea cucumbers, and F + S (−18.07‰) individuals
were depleted in 13C relative to S (−16.87‰) and wild-caught reference (−17.34‰) sea
cucumbers (p < 0.01).

Figure 5. Scatter plots of 15N versus 13C stable isotope ratios in tissues of California sea cucumbers at
the end of each consecutive one-month replicate trial: teal circle = sea cucumbers only (S), yellow
triangle = fish and sea cucumbers (F + S), and black diamond = wild-caught sea cucumbers (October
only). Ellipses indicate 95% confidence intervals for each cage type.
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4. Discussion

The present study tested the biofouling control capacity of California sea cucumbers
in open net cages with mature Chinook salmon broodstock. Though it appeared that sea
cucumbers were feeding on biofouling material in both cage types containing them, sea
cucumbers at the present density could not remove enough biofouling to have a significant
effect on net cleanliness when adult Chinook were present. This result was surprising
given the high biofouling removal levels (58% cleaner with sea cucumbers than without
them) reported by Ahlgren (1998) [18] in the only other study to conduct this type of work
using deposit-feeding sea cucumber species to directly feed on and remove biofouling from
finfish cages. However, there are two key differences between the studies that could explain
why the sea cucumbers were less able to control biofouling in the present work. Firstly,
Ahlgren (1998) [18] tested biofouling removal in cages with salmon fry whereas we tested it
with mature adults. Salmon fry are very small and were likely fed a different diet and feed
rate than adults would be, in addition to producing less faeces and less dissolved wastes.
The likely difference in available nutrients at the farm sites used by Ahlgren (1998) [18]
versus our study could have resulted in increased growth of biofouling when adult fish
were present, making it more difficult for the same density of sea cucumbers to clean [33,34].
Additionally, Ahlgren (1998) [18] conducted their study in the late winter/early spring
when baseline biofouling levels are typically lower, whereas we conducted our study in late
summer, when biofouling levels are at their highest in the Northern Hemisphere [8,35,36].
Taken together, these differences suggest that our density of sea cucumbers (N = 100 per
cage) was too low to control biofouling in cages with adult fish in the late summer and that
this density should be increased for subsequent studies.

Interestingly, sea cucumbers housed alone (S) in the present study were more efficient
at removing biofouling than those housed with fish (F + S) (S cages being on average 16%
cleaner than the other cage types). The presence of fish can significantly increase levels
of net biofouling [33,34], but sea cucumbers in the S and F + S cages actually exhibited
different feeding behaviours that could also explain differences in their vertical net cleaning
efficiencies. Individuals in the S and F + S cages had different depth preferences for feeding,
with the former feeding at all net depths and the latter only feeding at the bottom of cages
(Montgomery, pers. obs.; Figure 6). Sea cucumbers in the F + S cages seemed to feed
primarily on waste fish food and faeces that sank to the bottom of the cages, rather than
on net biofouling. We observed these partially digested fish pellets and faeces in the guts
of F + S sea cucumbers that were not seen in the guts of S individuals. Sea cucumbers in
the F + S cages, therefore, did not need to climb the nets in order to access quality food,
which led to reduced net cleaning efficiency (Figure 6). However, as stocking densities of
sea cucumbers are adjusted, intraspecific competition may encourage better net cleaning
in F + S cages if individuals are forced to leave the bottom of the cages to access other
food resources.

The observed partitioned feeding behaviour of sea cucumbers in the F + S versus S
cages was also supported by the stable isotopes results, which confirmed that sea cucumbers
in those two cage types were eating different diets. Interestingly, the isotopic ratios of
F + S versus S sea cucumbers shifted after each sequential one-month replicate (Figure 5).
After three months of consecutive exposure to salmon culture, S sea cucumbers were
more similar to wild-caught individuals, but F + S individuals were distinctly different,
showing slight shifts in dietary carbon source and trophic position (higher d15N enrichment;
Figure 5). These shifts would correspond with the observation of F + S sea cucumbers
feeding on commercial salmon pellets containing organic wheat and fish extracts or their
faeces. Previous studies of sea cucumbers cultured on the benthos near finfish cages have
also reported shifts in d13C and d15N values corresponding to organic matter transfer from
fish wastes to sea cucumber tissues, indicating a potential preference for these food sources
by deposit-feeding sea cucumber species [37–39]. Though the sea cucumbers in the F + S
cages were not efficient at cleaning net biofouling, their preference for salmon waste in
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the present study does support previous suggestions of using this species as a benthic
bioremediatory in IMTA systems with finfish (see [19,40,41]).

Figure 6. Typical vertical position (0−15 m) of California sea cucumbers in sea cucumber only (S)
and fish and sea cucumber (F + S) cages. Red crosses represent positions that sea cucumbers were not
observed in.

Previous IMTA studies of sea cucumbers and finfish have reported additional compo-
sitional changes in sea cucumber tissues when they are exposed to fish wastes, including
changes in fatty acids [39,42] and amino acids/proteins [38]. Compositional changes can
positively or negatively influence taste and market favourability, since fatty acids/amino
acids are often the building blocks for volatile compounds such as aldehydes, alcohols, and
aromatics when sea cucumber tissues are exposed to various seasoning and processing
methods [43]. It will therefore be critical to assess any compositional or nutritional dif-
ferences in sea cucumbers integrated in salmon culture in order to assess the viability of
industry selling such sea cucumbers as a secondary revenue stream.

5. Conclusions

The present study tested the biofouling control capacity of California sea cucumbers
in open net cages with mature Chinook salmon broodstock. Results showed that the sea cu-
cumbers actively fed on net biofouling when salmon were absent (~16% cleaner on average
than all other net types) but preferred to consume uneaten feed/faeces at the bottom of
the cages, neglecting the biofouling, when the fish were present. It is hypothesized that
biofouling control in cages with salmon may be possible with an increased density of sea
cucumbers. These results will be beneficial for industry to develop standard operating
procedures for using California sea cucumbers (or other deposit-feeding sea cucumbers) as
a net biofouling control, and they could contribute to the development of a management
framework for sea cucumber/salmon integrated multi-tropic aquaculture.
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Abstract: The snail Bellamya purificata is recognized as a potential bio-remediation species, and is
commonly employed in polyculture to enhance resource utilization efficiency and realize culture
environment regulation. In order to enrich the microbiome studies on elucidating the ecological
effects of snail B. purificata farming, we assessed the effect of B. purificata farming activities, at varying
stocking densities, on the algal and fungal communities in sediment. Four experimental groups were
established in our study, each corresponding to a different stocking density: 0, 234.38, 468.75, and
937.5 g/m2, represented as CON, LD, MD, and HD, respectively. High-throughput sequencing based
on ITS and 23S ribosomal RNA (rRNA) genes was employed to analyze the variations in algal and
fungal communities under B. purificata farming activities at different stocking densities. B. purificata
farming activities had no significant effect on the alpha diversities of fungal and algal communities,
but significantly altered the compositions of fungal and algal communities in sediments, especially
B. purificata farming activity at low stocking density. B. purificata farming activities at low stocking
density could significantly increase the relative abundances of fungal genera Paraconiothyrium and
Penicillium compared with the CON group. The promoting effect diminished with increasing density.
B. purificata farming activities at low or medium stocking density also could enhance the relative
abundances of algal genera Microchloropsis, Scenedesmus, and Auxenochlorella. Hence, B. purificata
farming activity at low stocking density might be the optimum density to enhance resource utilization
efficiency and minimize environmental pollution.

Keywords: Bellamya purificata cultivation; aquaculture; algal community; fungal community; sediment

Key Contribution: The findings of this study provide valuable insights into the impacts of B. purificata
farming activities at different stocking densities on the algal and fungal communities in sediment
and contribute a broader understanding for the snail B. purificata’s ecological effects and serve as a
valuable theoretical reference for the rational application and development of B. purificata farming.

1. Introduction

Global aquaculture production approached a record high of 122.6 million tons valued
at USD281.5 billion in 2020, with China contributing nearly 70% to the total world aquacul-
ture output [1]. The development of aquaculture has contributed to ensuring global food
security and meeting the increasing demand of the growing world population for high-
quality proteins [1,2]. Along with rapid development, the aquaculture industry is facing
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several pressing challenges. Aquaculture ecosystems, including ponds, lakes, reservoirs,
and rivers, play a vital role in maintaining the quality of aquatic products and ensuring
food security supply. However, traditional aquaculture always pursues maximizing yield
and benefits through blindly increasing stocking densities and feeding amounts, which
in turn lead to a low utilization of resource, large amounts of residual organic waste, and
various environment issues in its own and surrounding aquatic ecosystems [3–8].

To address this issue for sustainable aquaculture, integrated multi-trophic aquaculture
(IMTA) has been studied and developed in recent years, which represents an innovative
approach to aquaculture that aims to optimize resource utilization and minimize negative
impacts on the environment [9–13]. IMTA refers to the polyculture of multiple species from
different trophic levels in a mutually beneficial relationship, where waste products from
one species serve as nutrients for others [9]. The snail Bellamya purificata is recognized as a
potential bio-remediation species, and commonly employed in polyculture to enhance the
resource utilization efficiency and realize the culture environment regulation [14–16]. The
snail B. purificata is a highly representative freshwater snail and is widely distributed across
ponds, lakes, reservoirs, rivers, and other aquatic ecosystems in China, which has a natural
preference for inhabiting silt and consuming organic debris and algae in its surrounding
environment [17,18]. There have been some studies on the ecological effects of B. purifi-
cata in aquaculture or water purification processes [14,19,20]. The snail B. purificata can
enhance organic matter degradation within sediment and promote material circulation at
the sediment–water interface, in addition to purifying the culture water [14,19,20]. We have
attempted to explore the mechanisms or pathways of B. purificata’s ecological effects from a
microbiological perspective by determining the bacterial communities in sediments [21].
However, fungi and algae are also important components of microorganisms, although the
biomass of bacteria may be ten times that of fungi in the sediment [22].

Fungi and algae play a vital role in material circulation and biogeochemical processes
in the aquatic ecosystem. Algae serve as crucial primary producer and food chain driver
in aquatic ecosystems [23]. Fungi and algae can provide insight into dynamic variations
in ponds, lakes, reservoirs, rivers, and other aquatic ecosystems through the algae’s and
fungi’s structural, functional, and physiological features [23–26]. A previous study has
revealed that different farming practices and farming species markedly affect the fungal
communities in sediments [27]. Xu [25] first reported the dynamic variations of fungal
community and diversity in the integrated rice–crab farming system to better understand
and optimize the farming ecosystem. Even so, there is still a lack of studies focusing on the
fungal and algal communities In aquaculture ecosystems, particularly the influences of B.
purificata farming activities on the fungal and algal communities. We believe that enriching
the content of microbiome studies to demonstrate the snail B. purificata’s ecological effects
is crucial for the rational application and development of B. purificata farming.

Hence, we performed high-throughput sequencing based on ITS and 23S ribosomal
RNA (rRNA) genes in sediment to assess the effects the B. purificata farming activities with
different stocking densities on the fungal and algal communities. The findings of this study
would lead to a broader understanding of the snail B. purificata’s ecological effects and
serve as a valuable theoretical reference for the rational application and development of B.
purificata farming.

2. Materials and Methods

2.1. Experiment Design

The experiments were conducted at the Freshwater Fisheries Research Center of the
Chinese Academy of Fishery Sciences (120.250479◦ E, 31.51581◦ N; Wuxi, China). The
experimental snail and sediment were collected from aquaculture ponds located at the
Dapu aquaculture facility (119.939129◦ E, 31.316981◦ N; Wuxi, China). Before commencing
the experiment, a period of 14 days was allotted for the B. purificata snails to acclimatize
to the controlled laboratory environment by placing them in a glass tank. To ensure
homogeneity and consistency, the sediment used in the experiment underwent drying,
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grinding, sieving, and mixing according to the pre-processing steps implemented in the
previous studies [28–30]. Twelve glass tanks (80 × 40 × 45 cm) were employed in the
experiment. All the glass tanks were covered with sediment to a depth of 7 cm on the
bottom, filled with aerated and filtered tap water, and then left to be precipitated and
stabilized for 14 d before the experiment. For the experiment, four separate groups,
including one control group and three treatment groups, were established according to
four different stocking densities and each group with three replicates. The four different
stocking densities were 0, 234.38, 468.75, and 937.50 g/m2, respectively. The corresponding
groups were abbreviated as CON, LD, MD, and HD, respectively. After acclimation, healthy
snails with an average wet weight of 2.53 ± 0.01 g were collected and randomly distributed
between glass tanks. During the experiment period, the commercial feed (Zhejiang Haida
Feed Co., Ltd., Shaoxing, China) was utilized as the experimental diet. The snails were
fed every day at 4:00 pm, with the amount approximating 2% of their individual body
weights. The experimental conditions were maintained at a constant water temperature of
26.5 ± 0.5 ◦C and a dissolved oxygen (DO) level of about 6.5 mg/L. One-third of the water
in each glass tank was changed every two days. The experimental lighting condition was
a natural light/dark cycle. The experimental period lasted for 80 days, during which all
snails were observed to be in good health with no mortalities recorded.

2.2. Sample Collection

At the end of the experiments, sediment samples were collected using plastic tubes
with a diameter of 2 cm from ten randomly chosen sampling points in each glass tank.
The sediment samples were taken from the surface sediment layer, which was between
0–1 cm deep. To maintain consistency, all the sediment samples from each identical glass
tank were mixed thoroughly. Sediment samples designated for the analysis of fungal
and algal communities were promptly stored at −80 ◦C to preserve their integrity for
further analysis.

2.3. PCR Amplification and Sequencing

The DNA of fungi and algae in the sediment samples was extracted using the E.Z.N.A.®

soil DNA Kit (Omega Bio-tek, Norcross, GA, USA) according to the manufacturer’s pro-
tocol. The quality and concentration of DNA were evaluated using 1.0% agarose gel
electrophoresis and a NanoDrop® ND-2000 spectrophotometer (Thermo Scientific Inc.,
Waltham, MA, USA), and subsequently, the DNA was stored at −80 ◦C until further use.
Specific primers were designed and synthesized to amplify the ITS1-ITS2 and 23S rDNA
regions using an ABI GeneAmp® 9700 PCR thermocycler (ABI, CA, USA). The ITS1-ITS2
region was amplified with primer pairs ITS1 (5′–CTTGGTCATTTAGAGTAAGTAA–3′)
and ITS2 (5′–GCTGTGTTCATCGATGC–3′). The 23S rDNA region was amplified with
two forward primers (A23SrVF1: 5′–AGACARAAAAGACCCTATG–3′ and A23SrVF2: 5′–
CARAAAGACCTATTGMAGCT–3′) and two reverse primers (A23SrVR1: 5′–AGATCAGC
CTTTATCC–3′ and A23SrVR2: 5′–TCAGCCTGTTATCCTAG–3′) [31].

PCR amplification for ITS1-ITS2 region was carried out three times in 20 μL reaction
mixtures consisting of 2 μL of 10× Buffer, 2 μL of 2.5 mM dNTPs, 0.8 μL of forward primer
(5 μM), 0.8 μL of reverse primer (5 μM), 0.2 μL of rTaq Polymerase, 0.2 μL of BAS, 10 ng of
template DNA, and double-distilled H2O to the final volume. PCR amplification for the
23S rDNA region was carried out three times in 20 μL reaction mixtures including 4 μL
of 5× FastPfu Buffer, 2 μL of 2.5 mM dNTPs, 0.8 μL of forward primer (5 μM), 0.8 μL of
reverse primer (5 μM), 0.4 μL of FastPfu Polymerase, 0.2 μL of BAS, 10 ng of template
DNA, and double-distilled H2O to the final volume. The PCR amplification was performed
using the following cycling conditions: initial denaturation at 95 ◦C for 3 min, followed
by 30 cycles of denaturing at 95 ◦C for 30 s, annealing at 55 ◦C for 30 s and extension
at 72 ◦C for 45 s, and single extension at 72 ◦C for 10 min, and end at 10 ◦C. The PCR
product was extracted with a 2% agarose gel. The extracted PCR product was then purified
and quantified by the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City,
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CA, USA) and Quantus™ Fluorometer (Promega, WI, USA) following the manufacturer’s
protocol, respectively.

Purified amplicons were pooled in equimolar amounts and subjected to paired-end
sequencing on an Illumina MiSeq PE300 platform/NovaSeq PE250 platform (Illumina, CA,
USA) at Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China). Raw sequencing
reads were deposited into the NCBI Sequence Read Archive (SRA) database (Accession
Number: PRJNA993837).

2.4. Data Processing

The raw FASTQ files underwent de-multiplexing through an in-house perl script.
Subsequently, raw FASTQ files were subjected to quality filtering using fastp version 0.19.6
and merged using FLASH version 1.2.7 [32,33]. The optimized sequences were clustered
into operational taxonomic units (OTUs) using UPARSE 7.1 with a 97% sequence similarity
level [34]. The most abundant sequence for each OTU was chosen as a representative
sequence. To ensure accuracy, the OTU table was manually filtered, and chloroplast
sequences were eliminated from all samples. In order to mitigate the effects of sequencing
depth on the alpha and beta diversity measure, the number of ITS DNA and 23S rDNA
sequences from each sample were rarefied to 44,639 and 13,331, respectively. The taxonomy
of each OTU representative sequence was analyzed using RDP Classifier version 2.2 against
the ITS DNA and 23S rDNA database (Unite ITS 8.0 and NT v20210917) with a confidence
threshold of 0.7, respectively [31,35].

2.5. Statistical Analysis

Bioinformatic analysis for the sediment samples was conducted by the Majorbio Cloud
platform (https://cloud.majorbio.com (accessed on 1 December 2022)). Alpha diversity
indices including the observed richness (Sobs), Shannon, Simpson, Chao1, and ACE were
calculated using Mothur v1.30.1 [36]. The Sobs, Chao1, and ACE were used for accessing
the richness of the fungal and algal communities, while Shannon and Simpson were
employed to evaluate the diversity. Higher values of these indices indicate higher richness
or diversity. One-way ANOVA followed by the Tukey–Kramer post hoc test was used to
confirm differences in the alpha diversity indices of fungal and algal communities within
sediment between CON, LD, MD, and HD groups. Subsequently, for the beta diversity,
the Bray–Curtis distances among different samples were calculated and the principal
coordinate analysis (PCoA) based on Bray–Curtis distances was conducted to reveal the
differences in the fungal and algal communities between different groups. The Adonis test
accompanying the PCoA analysis was performed to further determine the differences in
the fungal and algal communities between different groups. The community bar plot was
conducted to demonstrate the relative abundances of the dominate phyla and genera in the
fungal and algal communities. The phylum or genus in the fungal and algal communities
with a relative abundance greater than 1% would be defined as a dominant phylum or
genus. One-way ANOVA followed by the Tukey–Kramer post hoc test was used to confirm
differences in the relative abundances of all the phyla and genera within fungal and algal
communities. All analyses and related figures were completed using the vegan and ggplot2
packages in R v. 4.0.3 (R Core Team, Vienna, Austria).

3. Results

3.1. Overview of Fungal and Algal Communities in Sediment

In the present study, 2295 distinct OTUs were obtained from the sediment samples
through Illumina sequencing technology based on the fungal ITS gene, and subsequentially
assigned into 12 phyla and 259 genera. As shown in Figure 1, there were 124 OTUs and
11 genera unique to the CON group, 515 OTUs and 108 genera unique to the LD group,
262 OTUs and 20 genera unique to the MD group, and 336 OTUs and 17 genera unique to
the HD group. Moreover, the LD group exhibited 834 OTUs and 143 genera not included
in the CON group, which were far more than those exhibited by MD and HD groups.
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Figure 1. Venn diagrams of the fungal communities in CON, LD, MD, and HD groups at operational
taxonomic unit (a) and genus (b) levels.

We also obtained 1391 algae-related OTUs based on the 23S rRNA gene, which were
assigned into 44 phyla and 333 genera. As shown in Figure 2, there were 205 OTUs and
36 genera unique to the CON group, 156 OTUs and 21 genera unique to the LD group,
140 OTUs and 19 genera unique to the MD group, and 119 OTUs and 22 genera unique to
the HD group. Compared with the CON group, the LD group owned 286 unique OTUs
and 53 unique genera, the MD group owned 268 unique OTUs and 48 unique genera, and
the HD group owned 248 unique OTUs and 53 unique genera.

Figure 2. Venn diagrams of the algal communities in CON, LD, MD, and HD groups at operational
taxonomic unit (a) and genus (b) levels.

3.2. Alpha and Beta Diversities of Fungal Community in Sediment

Alpha diversity indices including Sobs, Shannon, Simpson, ACE, and Chao1 were
calculated to evaluate the diversity and richness of the fungal community in sediment. As
shown in Figure 3, no significant differences in the Sobs, Shannon, Simpson, ACE, and
Chao1 between the CON, LD, MD, and HD groups were observed according to the results
of one-way ANOVA followed by the Tukey–Kramer post hoc test (p > 0.05). For the beta
diversity, PCoA analysis was conducted to investigate the differences in fungal community
based on Bray–Curtis distances. As shown in Figure 4a, PC1 and PC2 explained 25.39% and
18.94% of the total variation in the fungal community within sediment, respectively. The
CON, LD, MD, and HD groups were not obviously separated, as they all have overlapping
areas. The result of the Adonis test also indicated no significant differences between the
CON, LD, MD, and HD groups (p > 0.05).
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Figure 3. Differences in the alpha diversity indices of fungal communities including Sobs (a),
Shannon (b), Simpson (c), ACE (d), and Chao1 (e) between CON, LD, MD, and HD groups. Different
letters indicated significant differences between different groups.

Figure 4. Principal coordinate analysis (PCoA) of fungal (a) and algal (b) communities in sediment
based on Bray–Curtis distances.
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3.3. Alpha and Beta Diversities of Algal Community in Sediment

According to the results of one-way ANOVA followed by the Tukey–Kramer post hoc
test, there were no significant differences in Sobs, Shannon, Simpson, ACE, and Chao1
between the CON, LD, MD, and HD groups as shown in Figure 5 (p > 0.05). For the beta
diversity, as shown in Figure 4b, the first two PCs in the PCoA analysis explained 34.17%
and 16.41% of the total variation in the algal community within sediment, respectively.
The LD group was obviously separated from the other three groups as revealed by the
PCoA results. The result of the Adonis test also confirmed the PCoA results and indicated
a significant difference between the CON, LD, MD, and HD groups (p < 0.05).

Figure 5. Differences in the alpha diversity indices of algal communities including Sobs (a),
Shannon (b), Simpson (c), ACE (d), and Chao1 (e) between CON, LD, MD, and HD groups. Different
letters indicated significant differences between different groups.

3.4. Composition of Fungal Community in Sediment

There were in total 12 phyla and 259 genera assigned from 2295 distinct OTUs in
the sedimentary fungal community in the present study. The dominate phyla and genera
(relative abundance > 1%) in the fungal community are shown in Figure 6. Similar with
previous studies, most fungi could not be effectively annotated at either the phylum or
genus level and has been represented as unclassified_k_Fungi in Figure 6 [27,37]. Exclud-
ing the unclassified fungal taxa, the dominate phyla were Ascomycota, Rozellomycota,
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Basidiomycota, and Chytridiomycota, and the dominate genera were Scutellinia, unclassi-
fied_p_Rozellomycota, unclassified_p_Chytridiomycota, and Apiotrichum in the present study.

Figure 6. Fungal community composition at phylum (a) and genus (b) levels within sediment in
CON, LD, MD, and HD groups.

As shown in Figure 7, the relative abundances of genera Paraconiothyrium and Penicil-
lium were significantly different among the CON, LD, MD, and HD groups (p < 0.05). The
relative abundance of Paraconiothyrium in sediment of LD groups was significantly higher
than that of CON group (p < 0.05). However, no significant differences in the relative abun-
dance of Paraconiothyrium between the LD, MD, and HD groups were observed (p > 0.05).
The relative abundance of Penicillium in the LD groups was significantly higher than in the
CON, MD, and HD groups (p < 0.05).
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Figure 7. The significantly different genera of fungal communities in the sediment between CON, LD,
MD, and HD groups, including Paraconiothyrium (a) and Penicillium (b). Different letters indicated
significant differences between different groups.

3.5. Composition of Algal Community in Sediment

There were a total of 44 phyla and 333 genera in the algal community in the present
study. The dominate phyla and genera (relative abundance > 1%) in the algal community
were shown in Figure 8. The dominate phyla ranked in descending order of relative abun-
dance were Verrucomicrobia, unclassified_d_unclassified, Chlorophyta, Cyanobacteria,
Ignavibacteriae, Firmicutes, unclassified_d_Bacteria, unclassified_d_Eukaryota, Bacillario-
phyta, Candidatus_Woesebacteria, unclassified, Proteobacteria, and Oomycota. There were
23 dominate genera. Excluding the unclassified algal genus, the top 5 dominate genera
were Pedosphaera, Prosthecobacter, Desmodesmus, Synechococcus, and Opitutus.

Figure 8. Algal community composition at phylum (a) and genus (b) levels within sediment in CON,
LD, MD, and HD groups.
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Through One-way ANOVA, there were 1 phylum and 6 genera that were significantly
different among the CON, LD, MD, and HD groups. As shown in Figure 9, the relative
abundance of phylum Streptophyta in the sediment of the LD group was significantly
higher than that of MD group (p < 0.05). However, the CON, LD, and HD groups showed
similar relative abundances of Streptophyta (p > 0.05). The relative abundance of genus
Nibricoccus in the HD group was significantly higher than in the MD group (p < 0.05).
The LD and MD groups exhibited significantly higher relative abundances of Scenedesmus
compared with the CON group (p < 0.05), but the relative abundance of Scenedesmus in the
HD group was similar with that in the CON group (p > 0.05). The relative abundance of
Microchloropsis in the LD group was significantly higher than that in the CON, MD, and
HD groups (p < 0.05). The relative abundance of Auxenochlorella in the CON group was
significantly lower than that in the MD group (p < 0.05), and no significant differences
among the LD, MD, and HD groups were observed (p > 0.05). The relative abundance of
Choricystis in the LD group showed a significant decreasing trend with increasing stocking
density, while the relative abundance of Chthoniobacter showed a significant increasing
trend with increasing stocking density and reached a maximum in the MD group (p < 0.05).

Figure 9. The significantly different phylum and genera of algal communities in the sediment
between CON, LD, MD, and HD groups, including Streptophyta (a), Nibricoccus (b), Scenedesmus (c),
Microchloropsis (d), Auxenochlorella (e), Choricystis (f), and Chthoniobacter (g). Different letters indicated
significant differences between different groups.

149



Fishes 2023, 8, 488

4. Discussion

4.1. Fungal Community in Sediment Affect by B. purificata Farming Activities

Fungal community, as well as algal and bacterial communities, play a significant role
in the biogeochemical cycle of aquatic ecosystems. Fungi have diverse morphological struc-
tures, complex community structures, and strong metabolic capabilities, the physiological
and biochemical characteristics of which are affected by the surrounding environment [38].
In the present study, most fungi could not be well annotated, which could be attributed
to the relatively limited DNA sequences in the existing fungal databases compared to the
total amount of fungal DNA sequences [39,40]. The phyla Ascomycota, Rozellomycota,
Basidiomycota, and Chytridiomycota were the dominate phyla in the present study, rank-
ing among the top 5 in relative abundance, respectively. Fan [39] analyzed the fungal
community in sediment from tilapia (Oreochromis niloticus) cultural ponds and reported
the Basidiomycota, Ascomycetes, and Chytridiomycota as the dominate phyla. Zhang
et al. [27] investigated dozens of fish, crab, and crayfish ponds and the dominant fun-
gal phyla observed in these ponds were predominantly Ascomycota, Chytridiomycota,
Rozellomycota, and Basidiomycota. Wang et al. [41] and Zhao et al. [42] also revealed the
Ascomycetes and Basidiomycota as the dominant phyla in Poyang Lake and Hongze Lake.
These similar results indicate that the present indoor simulation experiment could well
simulate the real state of the fungal community in the cultural ecosystem.

B. purificata farming activities at different stocking densities had no obvious impacts
on the fungal community diversity in the sediment, which was different with the variations
in fungal community diversity under tilapia farming activities reported in a previous
study [39]. Fan [39] pointed out that the fungal community in the cultural pond was not
only sensitive to temperature and climate, but also to the external nutrient inputs. The
accumulation of organic waste, including feed residues and faces, in sediment significantly
affect the fungal community [39]. However, the snail B. purificata is a typical species which
has been proven to play an important role in organic matter degradation in sediment [19].
Snails promote the degradation of organic matter, reduce the accumulation of organic
matter in sediment, and enhance material cycling at the sediment–water interface [19].
Hence, the snail B. purificata might have the potential to maintain the consistency in
sedimentary organic matter content between different groups by ingestion and promoting
the degradation and recycling of organic matter, thereby avoiding the obvious impact
derived from organic matter accumulation on the fungal community. Meanwhile, the
unaffected fungal community also revealed that bioturbation by the snail B. purificata could
not directly alter the fungal community in sediment, although B. purificata bioturbation
could significantly change the physico-chemical properties of the sediment [19]. As the
relevant physicochemical properties within the sediment were not measured in our study,
this inference needs to be explored in further studies.

Although the overall impact of B. purificata farming activities on the fungal community
in sediment is not significant according to the results of alpha and beta diversity, B. purificata
cultivation affected several specific genera. B. purificata cultivation in the low stocking
density (LD) group significantly increased the genera Paraconiothyrium and Penicillium. The
genus Paraconiothyrium is widely distributed worldwide with diverse host habitats and
has potential applications as a producer of antibiotics [43]. Paraconiothyrium can suppress
the activity of harmful fungi such as Sclerotinia sclerotiorum in the soil, thus reducing the
infection caused by pathogenic microorganisms [43]. The genus Penicillium, as a saprophytic
fungus, is widely distributed in soil and sediment [44,45]. The secondary metabolites of the
Penicillium are various compounds with antibacterial and antioxidant activities, which can
inhibit the growth of pathogenic bacteria as well as plant-pathogenic fungi [44–50]. Hence,
the significantly increased Paraconiothyrium and Penicillium in the LD group indicated
that B. purificata farming activity at a low stocking density may effectively promote the
enrichment of Paraconiothyrium and Penicillium in sediment, thereby inhibiting pathogenic
microbe activity, improving the performance of cultured aquatic animals, and establishing
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more sustainable aquatic food production [51]. However, this promoting effect diminished
with the increasing density.

4.2. Algal Community in Sediment Affect by B. purificata Farming Activities

Algae play a significant role in autochthonous primary production, providing the
basis for littoral secondary production, and act as crucial regulators of nutrient dynam-
ics within aquatic ecosystems [52,53]. Despite their importance, variations in the algal
community within the aquaculture ecosystem has received relatively little attention [52].
In the present study, B. purificata farming activities imposed a more pronounced effect
on the algal community in sediment relative to the fungal community. In particular, B.
purificata farming activity at a low stocking density had a stronger overall effect on the algal
community than that at medium and high stocking densities according to the results of the
PCoA. As reported in a previous study, phyla such as Chlorophyta and Cyanobacteria, were
dominated in the algal community of the East Sea [54]. Similarly, the relative abundance of
phyla Chlorophyta and Cyanobacteria were also dominated in the present study, both of
which ranked among the top 5 in relative abundance without unclassified taxa.

Similar to the effects of B. purificata farming activities at different stocking densities
on the fungal community’s diversity, B. purificata farming activities also had no obvious
impacts on the algal community’s diversity in the sediment. However, there has been
limited research on the interactions and effects of culture species with algal communities
in sediments. The dynamics of algal communities are associated with various physical
and chemical factors in the aquaculture environment, among which inorganic nutrients
such as nitrogen and phosphorus are fundamental substances required for the growth and
reproduction of algae [55,56]. B. purificata can enhance the organic matter degradation
within sediment and promote material circulation at the sediment–water interface, which
may facilitate the growth of algae [14,19,20]. On the other hand, B. purificata prefers to
ingest organic debris and algae in its surroundings [17,18]. Hence, we hypothesized that
the non-significant impacts were likely to be attributed to a combined effect of promoting
algal growth by bioturbation and inhibiting the algal community by ingestion.

Moreover, in the present study, the algal genera Microchloropsis, Scenedesmus, and
Auxenochlorella were significantly enhanced in the LD or MD group relative to those in
the CON group. The algal genus Microchloropsis adapts to different nutritional conditions
and can effectively utilize nitrate and organic nitrogen [57,58]. The genus Scenedesmus is
capable of removing nitrate and phosphate from the surrounding environment [59]. In
addition, the genus Auxenochlorella is an early-appearing single-celled eukaryotic green
algae, which is an efficient primary producer in ecosystems and capable of removing
ammonium [60,61]. The significantly increased relative abundances of Microchloropsis,
Scenedesmus, and Auxenochlorella in the LD or MD groups might result from the enhanced
degradation of organic matter in sediment and the improved cycling of nutrients at the
sediment–water interface caused by B. purificata snail farming. Talib et al. [62] have in-
vestigated mitigating eutrophication in lakes through nutritional control and biological
manipulation and discovered that the significant increase in the abundance of the harmless
genus Scenedesmus is an important phenomenon during the process of reducing eutroph-
ication levels. Meanwhile, the importance of Scenedesmus and Auxenochlorella has been
confirmed and they are widely employed in wastewater treatment and environmental reg-
ulation [59–61]. This revealed that the enhanced degradation of organic matter in sediment
and the improved migration of nutrients from sediment to the overlying water caused
by B. purificata bioturbation would not induce an increase in the relative abundance of
harmful algae. Instead, it increased the relative abundance of harmless algae that have an
environmental regulatory significance.
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5. Conclusions

B. purificata farming activities had no significant effect on the alpha diversities of
fungal and algal communities, but significantly altered the compositions of fungal and algal
communities in sediments, especially B. purificata farming activity at a low stocking density.
B. purificata farming activities at a low stocking density could significantly increase the
relative abundances of fungal genera Paraconiothyrium and Penicillium, thereby inhibiting
pathogenic microbe activity and improving the performance of cultured aquatic animals.
B. purificata farming activities at low or medium stocking densities could also enhance
the relative abundances of harmless algal genera Scenedesmus and Auxenochlorella, which
are widely employed in wastewater treatment and environmental regulation. Therefore,
the low stocking density (234.38 g/m2) in the present study might be the most optimum
density from the perspective of fungal and algal communities. Implementing B. purificata
cultivation at a low stocking density might lead to more sustainable aquatic food production.
The findings of this study might contribute to better understanding for the ecological effects
of snail B. purificata farming and serve as a valuable theoretical reference for the rational
application and development of B. purificata farming.
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Abstract: Natural food available in ponds can complement formulated feed in fed aquaculture. This
study elucidated the natural food intake and its contribution to tambaqui (Colossoma macropomum)
growth in fertilized and unfertilized ponds, using stable isotope and stomach contents analyses.
Additionally, it described the impact of fertilization management on natural food availability, fish
performance, and production costs. Tambaqui juveniles (93.8 ± 15.0 g) were stocked (0.55 fish/m2)
in fertilized (Fert) and unfertilized (NoFert) ponds (600 m2) for a culture period of 10 months in
quadruplicate. A lower food conversion ratio was observed in Fert ponds. The main natural food
items ingested by tambaqui were insects, vegetables, and cladocerans. Plankton contributed 39.4%
and 10.7% of muscle formation in Fert and NoFert ponds, respectively. Pond fertilization (2.45 g of
nitrogen and 0.80 g of phosphorus per square meter every two weeks) did not significantly affect
fish growth, survival, or productivity but had a slightly influence on water quality parameters. How-
ever, fertilization increased the zooplankton density (through phytoplankton) in the water, thereby
increasing autochthonous food availability for tambaqui consumption. This species demonstrates
the ability to alternate between natural food sources and commercial feed without compromising
its development. Consequently, tambaqui exhibits suitability for farming within restorative and
integrated aquaculture systems as well as intensive systems reliant on commercial feed.

Keywords: Colossoma; cost-effectiveness; pond fertilization; pond natural food; stable isotope; trophic
ecology; plankton

Key Contribution: We described the first register of plankton consumption and their contribution to
tambaqui muscle formation in the grow-out ponds. Results indicated that tambaqui can interchange
between natural food and commercial feed without compromising its development.

1. Introduction

Many aquaculture systems harness natural biological productivity to support the
production of edible aquatic organisms. The extractive species inside the culture ponds
can convert particulate and dissolved materials not ingestible by animals of higher trophic
levels into biomass, effectively recovering inaccessible energy and nutrients. This process
should be explored to restore natural resources from waste and pollution inside ponds,
according to a circular economy approach [1]. Nevertheless, nutrient limitation may
hinder biological productivity in aquaculture ponds. To compensate, organic and inorganic
fertilization may be performed to stimulate natural productivity [2,3]. Fertilization is
frequently used in ponds recently stocked with fingerlings or during early grow-out
cultures to boost the development of natural food because most fishes have limitations in
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ingesting or digesting manufactured feed in the early life stages [4]. During the grow-out
phase, fertilization has been observed to enhance fish productivity in various species,
including Cirrhinus migrala [5], different carps in polyculture [6–8], Coptodon rendalli [9],
and Labeo rohita [10]. This effect is generally attributed to a rise in natural food, mainly
phytoplankton, zooplankton, periphyton, and benthic invertebrates.

Most studies have evaluated the effect of fertilization on pond productivity without
the supply of formulated feed. This practice results in limited productivity because the
enhancement of natural food is insufficient to feed fish stocked in high densities. Pro-
ductivity is low in fertilized ponds without an allochthonous diet, while intensively fed
ponds bear high productivity. An allochthonous diet is the primary source of nutrients in
semi-intensive or intensive fish monocultures [3,11]. Despite this, natural food can supple-
ment the formulated feed in ponds or partially replace it [4,12]. They are even essential in
farming certain species for which no suitable and well-balanced diets are available [13,14].
Therefore, understanding the role of fertilization associated with an allochthonous diet
may provide information for aquaculture efficiency and align with restoration approaches
(sensus Alleway [1]).

The incorporation of ingested food into fish biomass and its contribution to growth
is variable. The intake of allochthonous diets or natural biota organisms has been largely
studied in fish production by stomach content analysis [10,15–25]. However, this technique
does not reveal the contribution of each kind of feed to fish growth because part of the eaten
feed is not assimilated. Stable isotope analysis is a tool for quantifying dietary support of
fish growth among the ingested feed items with distinct isotope content, since the isotopic
compositions of animal tissues resemble their diets [26–31]. Since formulated diet is the
main cost of production in fish farms [3], understanding its utilization by fish and how it
can be replaced or complemented by natural food would help to improve feeding strategies
and decrease production costs.

The tambaqui (Colossoma macropomum) is an indigenous fish species from the Amazon
River Basin and has been framed in Central and South American countries, including
Panama, Honduras, Brazil, Colombia, Peru, and Venezuela. This species has also been
farmed in China [32]. This Tambaqui is a low-trophic-level fish that exhibits a remarkable
ability to consume natural food sources both in its natural habitat [33,34] and in rearing
ponds during all life stages [20,22]. Tambaqui also shows easy captivity adaptation, a low
feed conversion ratio (FCR), and fast growth [12,22]. Brazil is the primary producer [35],
where tambaqui is farmed in earthen ponds [36]. The farming practices include a direct
stocking of juveniles weighing between 2 and 5 g or a preliminary culture phase lasting
2 to 3 months until the fish reach a weight of 70 to 80 g, and then, they are transferred to
grow-out ponds where they reach 1.5 to 3 kg within a span of 10 months [12,37].

Tambaqui culture in ponds may be an interesting model for studying the contribution
of natural food in the grow-out phase to low-trophic-level fish growth. Combining the
determination of stomach content and stable isotopic analyses enables us to determine both
the ingested food by fish and its actual assimilation into their body mass. Therefore, the
present study aims to describe the intake of natural food and its contribution to tambaqui
growth in fertilized and unfertilized ponds. Furthermore, it aims to understand the impact
of fertilization on natural food availability, fish performance, and production costs.

2. Material and Methods

A batch of Tambaqui fingerlings (1.18 ± 0.55 g) was purchased from a commercial
hatchery (Brejinho de Nazaré, TO, Brazil; 48◦35′17.93′′ S, 11◦1′52.95′′ W) and kept in
1000 m2 ponds at a density of 9 fish m−2 [12] for two months until they reached approxi-
mately 90 g. During this period, fish were fed three to four times a day with commercial
feed (45% crude protein, 1–2.6 mm pellet size).
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2.1. Experimental Design and Conditions

Tambaqui juveniles (93.8 ± 15.0 g and 17.6 ± 0.8 cm) were stocked in 600 m2 ponds at
0.55 fish/m2 and reared for 10 months. This density is within the range used in commercial
farms, i.e., 0.4–0.7 fish/m2 [37]. Fish were submitted to two experimental conditions
(treatments), fertilized ponds (Fert) and unfertilized ponds (NoFert), with four replicates
each, in a completely randomized design. Initially, all ponds were drained, disinfected with
quicklime (100 g m−2), and limed 24 h later (100 g m−2). The first and biweekly fertilizations
were applied only in Fert ponds using 5 g of urea, 3 g of triple superphosphate, and 10 g
of rice bran per square meter. This management results in an input of 2.45 g of nitrogen
(N) m−2 and 0.80 g of phosphorus (P) m−2 with N:P ratio by mass of 3:1 each two weeks.
The combination of chemical and organic fertilization (rice bran) usually results in greater
production [4]. The fertilization management in Fert ponds was interrupted in the ninth
and tenth months because of a pronounced decrease in water transparency. The inlet water
came from a local dam. Ponds received water to seepage reposition and water renovation
of a maximum of 3% of the total water volume per day.

Fish were manually fed with a commercial extruded feed twice a day (9:00 h and
15:00 h), six days a week. Feeding rates were adjusted during the culture (Table 1) based on
the regular practice in commercial farms. Feeding was over when the fish ceased eating
or when the daily dose (Table 1) computed by feed rate was reached. The actual quantity
of feed provided was recorded and used to calculate the apparent feed conversion and
feed intake. Fortnightly, 30 fish were randomly sampled from each pond, weighed, and
then, returned to their respective ponds. Fish mean weight and feeding rate were used to
recalculate the quantity of daily feed supplied to each pond. An aliquot of each feed batch
was sampled, and they were pooled for proximate analyses (Table 1).

Table 1. Feed composition, pellet size, and feeding rates used in feed management for tambaqui
(Colossoma macropomum) grow-out in ponds for 10 months. Feeding was ceased if the fish stopped
eating before reaching the daily feed rate.

Fish Weight (g)
Crude Protein

(%)
Gross Energy
(cal 100 g−1)

Ether Extract
(%)

Crude Fiber
(%)

Pellet Size
(mm)

Feeding Rate (% of
Body Weight/Day)

60–200 34.4 336.5 4.1 7.1 4 4.5
200–500 36.1 337.7 4.1 6.8 6 3.5
500–700 36.1 337.7 4.1 6.8 6 2.5

700< 30.3 337.4 3.4 6.7 10 2.5

At the end of the experiment, ponds were drained, and all fish were harvested and
weighed in batches to obtain the total yield. Then, fish were counted, and 10 individuals
from each pond were weighed individually. The following variables were calculated:
(1) specific growth rate (% SGR day−1) = 100 × [(ln final weight − ln initial weight)/days
of experiment]; (2) daily feed intake (% live weight dia−1) = [total feed supplied/(final
biomass + initial biomass/2)]/days of experiment × 100; (3) apparent feed conversion
ratio (FCR) = total feed supplied/total weight gain; (4) survival = 100 × (final number of
fish/initial number of fish). Uneaten feed floated on the pond surface and the amount
observed was negligible. Thus, the amount of feed supplied was used as a proxy for the
actual feed intake.

2.2. Plankton Availability

Plankton was sampled monthly by dragging a 20 μm mesh net (for phytoplankton)
and a 68 μm mesh net (for zooplankton) along each pond, at approximately 30 cm below
the surface, over a distance of 10 m. Samples were concentrated in 500 mL and fixed in
4% formalin. Phytoplankton were counted using Neubauer chambers and results were ex-
pressed in individuals/L. Zooplankton was quantitatively analyzed using Sedwick–Rafter
chambers, and results were expressed in individuals/L for each taxonomic group.

157



Fishes 2024, 9, 139

2.3. Stomach Content Analysis

Five fish from each pond were sampled monthly, euthanized with eugenol bath
(35 mg/L) [38], individually weighted, and dissected for stomach removal. Fish did not
receive formulated feed for 24 h before sampling to enable better observation and identi-
fication of the ingested natural food. Stomachs were dissected and fixed in 4% formalin.
Then, they were weighed with and without their content. Stomach contents were analyzed
qualitatively and quantitatively. Food items were grouped according to the following
categories: (a) insects, (b)terrestrial plants, (c) phytoplankton, (d) sediment, (e) copepods,
(f) cladocerans, (g) rotifers, (h) ostracods and decapods, and (i) formulated diet. Frequency
of occurrence (FO) was calculated as the ratio between the number of stomachs containing a
specific food item and the total number of stomachs analyzed [39]. The relative abundance
(RA) of each item was calculated considering the relative-fullness method, in which the
contribution of each prey category is visually scored as the percentage of the total food
content in the stomach [40]. Food selectivity was measured using the Ivlev Electivity Index
(Ei) [41] calculated using the equation Ei = (r − p)/(r + p), in which r is the percentage of
each item in the fish stomach and p is the percentage of each item in the pond environment.
The resulting index values range from −1 to +1. Positive values indicate preferred items,
whereas negative values indicate avoided items; h zero indicates no selectivity.

2.4. Isotopic Analysis

Muscle samples were collected from eight fish at the beginning of the study and eight
fish per treatment at the end. Feed with different granulometry was sampled and pooled
for isotopic analyses. The plankton sample was obtained from a pool of sub-samples
collected monthly in Fert and NoFert ponds. The plankton sample included insects, net
plankton, ostracods, and decapods. All samples were dried in an oven at 65 ◦C for 72 h
and kept at 4 ◦C until analysis. The isotopic analyses were carried out at the Center for
Stable Isotopes of the Universidade Estadual Paulista (UNESP, Botucatu, Brazil). Each
sample was homogenized individually in a cryogenic mill at −196 ◦C and then weighed
in tin capsules (~0.5 mg). Homogenization was necessary to reduce the sample internal
variation of feed, because of its granulation, and for plankton because of the diversity of
organisms. The capsules were subjected to the simultaneous analysis of isotopic ratios
R(15N/14N) sample and R(13C/12C) sample in a CF-IRMS continuous flow isotopic ratio
mass spectrometry system, using an IRMS (Delta V, Thermo Scientific, Albuquerque, New
Mexico) coupled to an elemental analyzer EA (Flash 2000, Thermo Scientific) through
a gas interface (ConFlo IV, Thermo Scientific). The isotopic ratios were expressed as a
relative difference from the isotopic ratio δ15N and δ13C according to Equations (1) and
(2) below [42] reported on mUr [43], where R(15N/14N) air and R(13C/12C) VPDB are the
international standard isotope ratios for N and C, respectively. The standard uncertainty of
the simultaneous measure was estimated at ±0.15 mUr and ±0.20 mUr for δ15N and δ13C,
respectively. Values of δ15N e δ13C were normalized according isotopic reference materials
USGS61, USGS62 and USGS63, respectively [44,45].
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2.5. Assimilation of Feed into Muscle Using Isotopic Analysis

First, we estimated feed-specific trophic discrimination factors (Δ) that correct dif-
ferences in isotope δ13C values between consumers and feeds due to the differential as-
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similation of feed components and metabolic fractionation [46]. To do so, we used the
difference between the steady-state isotope δ13C values for the fish tissue at the beginning
of the experiment and the average isotope δ13C values for the formulated feed that fish
were consuming before this experiment (Equation (3)).

Δ13C = δ13Ctissue − δ13Cfeed (3)

To obtain the fish isotopic values without the trophic discrimination factors (δfish-Δ),
we calculate the difference between the average fish isotopic values at the end of the
experiment and the Δ13C. The proportion of plankton (P) in the muscle (expressed in %)
of the fish at the end of the experiment in each treatment was assessed using an isotopic
balance with δfish-Δ and the isotopic values of the two feeds available (δzooplankton, δfeed)
(Equation (4)) [42].

P =
δfish−Δ − δfeed
δplankton − δfeed

(4)

2.6. Water Quality Analyses

Temperature, dissolved oxygen, pH, and total ammonia nitrogen (TAN) were mea-
sured in situ three times a week with a specific probe (YSI Professional Plus, Yellow Springs,
OH, USA). Transparency was also measured three times a week with a Secchi disc. Alka-
linity and hardness, were measured biweekly with commercial colorimetric kits (Alfakit®,
Florianópolis, SC, Brazil). Phosphorus was analyzed monthly according to the method
described in APHA [47].

2.7. Economic Analysis

A partial budget analysis [48] was used to assess the economic impact of fertilization
management on tambaqui grow-out. Only the production costs associated with formulated
feed, fertilization inputs, and relevant labor were considered in this analysis since these
factors varied between treatments, consistent with previous studies performed by Veverica
et al. [49] and Liranço et al. [50]. The fertilization management in each pond was estimated
to be completed in 20 min, which was considered to estimate labor costs. The values of
each input are described in Table 2.

Table 2. Values of the items considered in the partial budget economic analysis to introduce fertiliza-
tion in tambaqui (Colossoma macropomum) grow-out in ponds. Prices were obtained in Palmas-TO,
Brazil, in January 2020. (US$ 1.00 = R$ 5.26).

Items Value (US$) Unit

Formulated feed (4 mm) 0.49 US$/kg
Formulated feed (6 mm) 0.49 US$/kg

Formulated feed (10 mm) 0.43 US$/kg
Urea 0.73 US$/kg

Triple superphosphate 0.30 US$/kg
Rice bran 0.18 US$/kg

Labor 1.27 h

2.8. Statistical Analysis

Data normality (Shapiro–Wilk) and homogeneity (Bartlett) of the residues were evalu-
ated and the transformation of Box & Cox [51] was used when these premises were not met.
To assess the differences between treatments for final weight, SGR, daily feed ingested, feed
conversion rate, fish yield, survival, alkalinity, hardness, and Zooplankton density, data
were subjected to Student’s t-test. Phytolankton density, dissolved oxygen concentration,
transparency, pH and TAN data were analyzed considering the periods of evaluation and
using a mixed model as a technique of measures repeated in time. Ponds were consid-
ered experimental units and evaluated as aleatory effects. Treatments, months, and their
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interactions were evaluated as fixed effects. When significant ANOVA was obtained, the
means were compared using the Tukey test. The other variables did not meet normality
and/or homoscedasticity even with transformed data, and thus, they were analyzed using
a non-parametric Kruskal–Wallis test. The data were presented as the mean ± standard
deviation, and statistical significance was assumed at a level of p close to 0.05. All statistical
analyses were performed using the 4.2.3 R software [52].

2.9. Legal and Ethical Aspects

The study complied with official Brazilian guidelines for the care and use of animals
for scientific and educational purposes (Concea—CEUA protocol 42/2018).

3. Results

3.1. Tambaqui Performance in Ponds

The growth of fish during the culture period, final mean weight, survival, and yield
showed no significant difference between the Fert and NoFert treatments (Figure 1A;
Table 3). The daily feed intake and feed conversion ratio (FCR) were observed to be lower
in Fert ponds compared to NoFert ponds (Table 3).

Table 3. Performance of tambaqui (Colossoma macropomum) produced in fertilized (Fert) and unfertil-
ized (No Fert) ponds for 10 months. SGR = specific growth rate.

Parameters
Treatment

p Value
Fert NoFert

Final mean weight (g) 1697.5 ± 88.8 a 1628.4 ± 63.8 a 0.2525
SGR (% day−1) 0.95 ± 0.02 a 0.94 ± 0.01 a 0.3903

Daily feed intake (% day−1) 1.16 ± 0.02 b 1.25 ± 0.05 a 0.0077
Feed conversion rate 2.04 ± 0.04 b 2.22 ± 0.08 a 0.0090

Fish yield (t/ha/cycle) 6.2 ± 0.3 a 6.1 ± 0.2 a 0.7552
Survival (%) 91.6 ± 5.6 a 94.4 ± 1.6 a 0.3701

Different letters in the same row indicate significant differences by t-test.

(A) 

Figure 1. Cont.
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(B) 

 
(C) 

Figure 1. Growth of tambaqui (Colossoma macropomum) (A), the variation of phytoplankton in water
pond (B), and weight of stomach content of tambaqui (C) during grow-out in fertilized (Fert) and un-
fertilized (NoFert) ponds. No significant difference in fish growth was observed between treatments
(p = 0.2525). The weight of stomach content (p = 0.0019) was higher in fertilized ponds. Whiskers
indicate SD. Ind. = individuals; * indicates significant differences between treatments each time.

3.2. Plankton Community

The interaction between fertilization management and culture time was significant
for phytoplankton density (p < 0.0001). Phytoplankton abundance was initially lower in
fertilized ponds during the first month, but significantly higher during the second, fourth,
and ninth months (Figure 1B). The peak of phytoplankton in the fourth month coincided
with an abnormally high concentration of phosphorous in the inlet water. The average
zooplankton density in the water of fertilized ponds (1079 ± 261 individuals/L) was higher
than in unfertilized ponds (716 ± 161 individuals/L) (p = 0.0561).

Fertilization increased the densities of cladocerans, copepods, and rotifers inside ponds
by approximately twofold (Table 4). However, the great variability in the samples obtained
in the different ponds during culture decreased the power of the t-test [51]. Thus, no
significant statistical differences were observed. The frequency of occurrence and relative
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abundance of food items in stomach contents had significant variations over time, but it
did not exhibit any pattern. Insects, followed by vegetable fragments, cladocerans, and
copepods showed the highest frequency of occurrence inside stomachs (Table 4). There
were interactions between treatments and culture duration regarding the frequency of
occurrence for copepods; higher frequencies were observed in fertilized ponds during the
fifth month, while lower frequencies occurred during the seventh.

Table 4. Density of zooplankton groups in pond water and frequency of occurrence (FO) and relative
abundance (RA) of food items in the stomach content of tambaqui (Colossoma macropomum) produced
in fertilized (Fert) and unfertilized (NoFert) ponds. FM = fertilization management. DIP = density
inside ponds. NQ = not quantified. Different letters in the same column indicate significant differences
between treatments.

Food Items FM
DIP

(Individuals/L)
FO (%) RA (%)

Cladocerans
Fert 77 ± 129 42 ± 35 10 ± 13 a

NoFert 39 ± 34 29 ± 35 6 ± 12 b

Copepods Fert 458 ± 493 25 ± 29 4 ± 7
NoFert 246 ± 224 17 ± 27 4 ± 9

Rotifers
Fert 641 ± 1199 2 ± 7 0 ± 0

NoFert 361 ± 336 0 ± 0 0 ± 0

Phytoplakton Fert 360 ± 376 6 ± 19 1 ± 3
NoFert 310 ± 367 6 ± 22 0 ± 2

Terrestrial Plants
Fert NQ 40 ± 32 12 ± 16

NoFert NQ 41 ± 35 14 ± 21

Insects
Fert 1 ± 1 62 ± 33 26 ± 24

NoFert 1 ± 1 65 ± 30 26 ± 21

Digested food Fert NQ 58 ± 36 15 ± 13
NoFert NQ 57 ± 33 16 ± 16

Sediment
Fert NQ 7 ± 15 1 ± 2

NoFert NQ 11 ± 23 1 ± 3

Feed
Fert 10 ± 23 1 ± 4

NoFert - 9 ± 24 1 ± 5

Ostracods and decapods Fert NQ 10 ± 22 2 ± 4
NoFert NQ 5 ± 11 0 ± 1

3.3. Stomach Content

The interaction between fertilization management and culture time was not significant
for the weight of tambaqui stomach content, but an independent effect was observed. The
weight of stomach content showed a tendency to increase with time in both treatments
(p < 0.0001) and was higher in unfertilized than in fertilized ponds (p = 0.0019) (Figure 1C).

The most abundant food items inside the stomachs were insects, vegetable fragments,
and cladocerans (Table 4). Cladocerans were more abundant in fertilized ponds, while
all the others showed similar abundance in both treatments (Table 4). Formulated feed
showed a low abundance and occurred in the fish stomach content from the seventh month
onward (Table 4). However, we have observed that tambaqui ingested commercial feed
since the first month. The adults and larvae of insects that live in the water column or
are associated with the water surface were observed. No typically benthic insects were
identified. Electivity indexes were very similar in both treatments. Thus, data were pooled
and showed together. Electivity indexes for cladocerans and copepods did not show a
pattern during the culture. However, they showed that tambaqui had a slight preference
for cladocerans and avoidance of copepods (Figure 2). Tambaqui showed great preference
for ingesting insects and avoided rotifers during all growth phases (Figure 2).
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Figure 2. Variation in Ivlev electivity index (Ei) for tambaqui, Colossoma macropomum, produced in
ponds in each month of culture.

3.4. Stable Carbon and Nitrogen Isotopes as Indicators of Food Assimilation

At the beginning of the experiment, the fish showed δ15N = +7.37 ± 0.64 mUr
and δ13C = −20.86 ± 0.32 mUr. At the end, fish produced in fertilized ponds showed
δ15N = +8.78 ± 0.74 mUr and δ13C = −19.07 ± 0.57 mUr; similar values were found for fish
produced in unfertilized ponds, which showed δ15N = +8.27 ± 0.46 mUr and δ13C = −18.59
± 0.40 mUr. Trophic discrimination factors were Δ15N = +4.16 mUr and Δ13C = +1.72 mUr
between fish muscle and diet. The dispersion of isotopic values is shown in Figure 3.
The commercial feed showed δ15N = +1.69 mUr and δ13C = −19.40 mUr, the plankton of
fertilized ponds δ15N = +4.51 mUr and δ13C = −22.92 mUr, and the plankton of unfertilized
pond showed δ15N = +10.47 mUr and δ13C = −27.96 mUr. At the end of the experiment, the
proportions of plankton and commercial feed in fish muscle were 39.4% and 60.6% for fish
produced in fertilized ponds and 10.67% and 89.33% for unfertilized ponds, respectively.
These proportions were calculated from δ13C values. Vegetables were not considered for
isotopic analysis and only insects caught in zooplankton samples were included.

Figure 3. Dispersion of the mean and standard deviation (Whiskers) values of δ15N (mUr) and
δ13C (mUr) of plankton, formulated feed, and tambaqui Colossoma macropomum before and after the
grow-out phase subjected to fertilization (Fert) and no fertilization (NoFert) management.
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3.5. Water Quality

The temperature was very similar in all ponds during the entire culture. Only water
transparency and dissolved oxygen showed a significant interaction between fertilization
management and time of culture (Table 5). Lower transparency occurred in the third and
ninth months, while higher oxygen values were observed in Fert ponds in the seventh
and ninth months. The pH was affected by the fertilization management and the time of
culture without interactions between these factors. However, the variation among ponds
was very low. TAN was influenced only by the time of culture, without differences among
treatments. The concentration of phosphorous in the water was higher in Fert ponds and
varied over time without a pattern. Alkalinity and hardness showed no temporal pattern
and did not differ between the treatments.

Table 5. Mean values (±SD) of water quality parameters obtained in ponds of tambaqui (Colossoma
macropomum) produced in fertilized (Fert) and unfertilized (NoFert) ponds for 10 months. Alkalinity
and hardness were not subjected to ANOVA with measures repeated in time because they did not
meet normality or homoscedasticity even after transformations. TAN = total ammonia nitrogen.

Water Parameters
Fertilization Management (FM) p Values

Fert NoFert FM Time F × Time

Temperature (◦C) 28.58 ± 0.06 28.56 ± 0.05 0.5289 <0.0001 0.0001
Transparency (cm) 66.26 ± 7.86 69.3 ± 12.26 0.3679 <0.0001 0.0029

Dissolved oxygen (mg L−1) 4.09 ± 0.31 3.61 ± 0.36 0.0006 <0.0001 0.0038
pH 7.26 ± 0.04 a 7.27 ± 0.09 b 0.0042 <0.0001 0.8512

TAN (mg L−1) 0.2725 ± 0.04 0.2675 ± 0.02 0.8682 <0.0001 0.2613
Phosphorus (mg/L) 0.41 ± 0.26 0.33 ± 0.22 0.0424 <0.0001 0.7673

Alkalinity (mg de CaCO3/L) 20.69 ± 2.52 21.12 ± 1.59 0.7860 - -
Hardness (mg de CaCO3/L) 15.34 ± 1.76 16.04 ± 2.02 0.6723 - -

Different letters in the same row indicate significant differences with Tukey test.

3.6. Economic Analysis

As no difference was observed for final weight and survival among treatments, the
average biomass of 370.6 kg was used to perform the economic analysis. The feed con-
version rate (FCR) was used to calculate the feed needed to produce the fish biomass in
each treatment. In general, it was necessary to have 8% of 4 mm, 35% of 6 mm, and 57% of
10 mm formulated feed for tambaqui grow-out. These percentages were used to estimate
the total feed cost. Fourteen fertilization events were computed for each pond during
culturing. These values were used to estimate fertilization and the relevant labor costs.
Despite the fertilization decrease FCR by 9%, this procedure increases production costs by
8% (Table 6).

Table 6. Economic costs of feed, fertilization, and labor to supply fertilizers in tambaqui (Colos-
soma macropomum) produced in fertilized (Fert) and unfertilized (NoFert) ponds for 10 months.
Prices were obtained in Palmas-TO, Brazil, in January 2020. Monetary values are in US Dollars
(US$ 1.00 = R$ 5.26).

Items Fert NoFert

Fish biomass (kg/600 m2 pond) 370.61 370.61
Feed conversion ratio 2.04 2.22

Total formulated feed (kg) 756.04 822.75
Formulated feed (4 mm) (US$) 28.47 30.98
Formulated feed (6 mm) (US$) 127.16 138.38
Formulated feed (8 mm) (US$) 180.35 196.27

Total feed costs (US$) 335.99 365.63
Total fertilizer costs 1 (R$) 53.66 0

Fertilization management labor costs 1,2 (US$) 5.85 0

Total cost (US$) 395.49 365.63
Cost increment in Fert management (%) 8.2%

1 Fourteen applications of fertilizer were computed for each pond; 2 operator spent 20 min for each fertilization.
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4. Discussion

Tambaqui consumed zooplankton, fragments of vegetables, and formulated feed dur-
ing the entire grow-out phase in both fertilized and unfertilized ponds. Results indicated
that pond fertilization increased zooplankton density in the pond water, through phyto-
plankton, thereby enhancing natural food availability. This allowed a greater exploration
of natural biota as food, characterized by a selective increase in zooplankton ingestion
by the tambaqui. Consequently, zooplankton accounted for 39.4% of all assimilated food,
whereas it constituted only 10.7% in unfertilized ponds. On the other hand, this greater
assimilation of natural food did not lead to higher growth or productivity. This suggests
that this species can interchange between natural food and a commercial diet without
compromising its development.

The limited availability of natural food may have constrained the contribution of this
food to muscle tissue growth, as evidenced by zooplankton density in unfertilized ponds.
The lack of natural food was compensated by the increase in formulated feed ingestion,
showed by a higher feed conversion rate (computed only using the feed supplied) of
tambaqui in unfertilized ponds. A high contribution of natural food to fish growth was
also observed in juvenile channel catfish (Ictalurus punctatus) reared in nursery ponds
receiving eutrophic water [53]. In this culture, natural food accounted for 57–58% of muscle
tissue growth when fish were fed commercial feeds at varying rates, suggesting that the
availability of formulated feed did not determine the consumption of natural food, and
rather, it was primarily influenced by its own abundance [53].

The stable isotope analysis has been utilized in food assimilation studies to quantify
the contribution of natural food to fish growth in farm ponds [27–30,54]. However, this is
the first study of tambaqui in ponds, despite the importance of this species for aquaculture.
As previously observed for other species, alterations in the isotopic signal were detected in
both treatments due to intake and nutrient assimilation from natural food and commercial
feed [53–55]. Fish reared in unfertilized ponds exhibited higher δ13C enrichment, indicating
greater formulated feed assimilation as confirmed by food-type assimilation analysis and
lower cladocerans ingestion resulting in a higher FCR. On the other hand, zooplankton
impacts more intensively in δ14N enrichment [56], which explains the higher δ14N enrich-
ment in tambaqui produced in fertilized ponds, corroborating the higher contribution of
natural food in this pond management. The high assimilation of plankton by tambaqui
demonstrates that these low-trophic fish may play an important role in recovering energy
and nutrients in pond systems even when receiving allochthonous feed. This characteristic
places the species as a promising candidate for restorative aquaculture in fed or unfed
cultures in which aquaculture provides ecological benefits to the environment leading to
improved environmental sustainability and ecosystem services, in addition to the supply
of food [1].

Interestingly, differences in plankton isotopic signals from fertilized and unfertilized
ponds were observed, which can be related to fertilization management. Narimbi et al. [30]
observed that an inorganic nitrogen source was the main isotopic signal responsible for
phytoplankton in ponds of tilapia culture even when organic fertilizer was available.
Similarly, in the present study, lower δ14N values were observed in plankton from fertilized
ponds. This observation can be explained by the utilization of urea as a nitrogen source,
which presents a δ14N signal close to zero [57].

The density of phytoplankton and concentration of TAN in the pond water did not dif-
fer between fertilized and unfertilized ponds during most of the culture period. Probably, in
fertilized ponds, phytoplankton rapidly assimilated the added nitrogen and phosphorous,
and the populations were regulated by the zooplankton, which increased with the cascade
effect. Zooplankton supports the nutrient flow between phytoplankton and fish, contribut-
ing to restoring nutrients and energy in the pond system [58]. However, Brucet et al. [59]
and Vakkilainen et al. [60] highlighted a more significant influence of fish predation than
nutrient enrichment (via phytoplankton) in regulating zooplankton populations.
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We observed a high presence of insects and terrestrial plants in tambaqui stomachs.
The vegetables were seeds and leaf fragments, possibly from the vegetation that surrounded
ponds. Conversely, insects and terrestrial plants have low importance in tambaqui food
in Amazonian rivers [33,56]. The differences may be related to the availability of these
food items in the water or a change in the food preference of tambaqui in culture ponds.
In the present study, isotopic analyses neglected vegetables and insects because we chose
the principal items observed in the natural field. Although insects were present in the
zooplankton sample, it may not have covered all the diversity and abundance of insects
present in the ponds. Thus, the contribution of these natural food items to tambaqui muscle
tissue growth was subestimated.

The density of cladocerans, copepods, and rotifers was quite variable during the cul-
ture; however, on average, it was approximately double in fertilized ponds. Nevertheless,
only cladocerans were more abundant in the stomachs of fish raised in fertilized ponds,
indicating a feed preference for this group. These results may be due to the capacity to
catch prey or selectivity pre- or post-capture. Larvae of tambaqui showed substantial
ingestion of rotifers [61], while juveniles [62] and adults (present results) showed low
consumption of it. Thus, it is likely that a gill raker limitation to capture this small prey
is developed with the growth of tambaqui. On the other hand, copepods have similar or
higher sizes than cladocerans, and thus lower consumption of them indicates an avoidance
and a real preference for cladorerans. Therefore, further research should be conducted
on fertilization management to boost cladocerans and insect populations. An additional
benefit of increased zooplankton density in fishponds is the action of this community to
improve the effectiveness of the biological carbon pump that regulates the atmospheric
carbon dioxide levels, which is an ecosystem service of aquaculture [58,63]. Techniques
promoting the intensification of natural food such as fertilization, the addition of substrates
for growing periphyton, and bottom nutrients suspension may contribute to reducing
tambaqui’s reliance on formulated feed and enable ecological intensification of production
through ecological processes and functions [64].

The natural biota plays a crucial role in nutrient cycling within aquaculture ponds,
contributing to biogeochemical cycles and solar energy fixation. These fundamental pro-
cesses form the basis for a restorative aquaculture practice [1,58]. The observed 8% decrease
in the feed conversion ratio (FCR) in fertilized ponds indicates that the natural biota can
partially substitute commercial diet in tambaqui production without compromising pro-
ductivity, thereby reducing reliance on formulated feed. Therefore, an increase in natural
food is desirable in this production system. Isotopic analyses showed that about 40% of
tambaqui biomass comes from the aquatic biota. Therefore, tambaqui may be a candidate
for restorative aquaculture practices. This characteristic may bring a new perspective to the
production of this Amazon species.

The lower weight of tambaqui stomach content in fish produced in fertilized ponds
could be because of the fastest movement of natural food in the gut [65] and its greater
digestibility [65,66]. On the other hand, higher ingestion of formulated feed and its high
participation in muscle building in unfertilized ponds justify the greater weight of stomach
content in this treatment because it is less digestible. The stomachs were fixed in formalin
solution until the analysis, and natural food may have had higher dehydration than formu-
lated feed due to its humidity (~90%), increasing the difference observed [67]. Formulated
feed was observed inside tambaqui stomachs despite the feeding stopped a day before gut
samples. This presence is due to the long time elapsed from ingestion to gastric evacuation.
In tambaqui, the gut is empty after 24 h of the last feeding only in 50% of fish [68]. In
pacu, Piaractus mesopotamicus, a species of the same family of tambaqui, gastric emptying
can occur in 56 h, depending on water temperature [69]. The ingestion rate of tambaqui
decreased during the development, as it was demonstrated by the ratio of stomach weight
and total fish weight.

In general, fertilization promotes an increase in natural food productivity in fishponds,
which supplement formulated feed and result in higher fish growth and productivity [4].
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The positive effect of fertilization on fish production was described for many fish species,
such as carps in monoculture and polyculture [2,5,8,70], red-breasted tilapia (Coptodon
rendalli, former Tilapia rendalli) [9], Nile tilapia (Oreochromis niloticus), North African catfish
(Clarias gariepinus) [49], and pirarucu (Arapaima gigas) [71]. However, in the present study,
fertilization did not improve tambaqui productivity, similar to what was observed by
Gomes and Silva [22] in tambaqui and Duodu et al. [72] in Nile tilapia (Oreochromis niloticus)
in combining feed with fertilization (N:P ratio of 1:1 and 1.6:1, respectively). In the present
study, the commercial feed supplied in unfertilized ponds compensated for the lower
natural food ingestion and did not affect fish growth. Thus, commercial feed available
for tambaqui is probably well-balanced and allows fish to grow with a low dependence
on natural food. As tambaqui is not a territorial or aggressive fish, it may be produced in
intensive systems where natural food is negligible.

The water quality parameters meet those recommended for fish production by Boyd [73]
in both fertilized and unfertilized ponds. Therefore, they did not affect the growth and
survival of tambaqui. The temperature was similar in ponds of both treatments and fluctu-
ated according to weather variations over the study (cf. INMET data [74]). Transparency
was lower, and phytoplankton density was higher in some months in fertilized ponds,
corroborating the impact of fertilization procedure in ponds described by Boyd [4]. The
dissolved oxygen increased up to the fifth month, when it decreased, possibly because of
an elevation in fish biomass that demands more oxygen. TAN decreased until the middle
of the production cycle when it increased owing to an elevation in tambaqui biomass,
as observed previously by Gomes and Silva [22] and indicated by Boyd [75]. Boyd [73]
reports that feed and fertilizers are the primary sources of TAN in aquaculture systems.
The similarity among treatments suggests that fertilizers had a low impact on TAN levels or
that the ammonia was rapidly assimilated by phytoplankton in fertilized ponds. However,
phosphorous concentration was significantly higher in fertilized ponds, suggesting that the
ratio N:P in fertilizer was unbalanced for fulfilling the phytoplankton requests. Alkalinity
and hardness were similar in all ponds of both treatments, probably because they were
equally limed. Generally, the results indicated that the fertilization of earthen ponds using
5 g of urea, 3 g of triple superphosphate, and 10 g of rice bran per square meter produces a
low effect on water quality in tambaqui ponds.

Fertilization management increased production costs despite reduced feed use. The
costs of fertilizer and labor to handle it surpassed the expenditure reduction in commercial
feed by 8%. Duodu et al. [72] also observed a slight increment in the production costs
of Nile tilapia (Oreochromis niloticus) in Ghana when fish were produced by combining
inorganic fertilization (1.6:1, N:P ratio) with commercial feed. As inorganic fertilizers are
expensive, organic fertilizers could be an alternative to decrease the costs [76]. Further
studies should be conducted to define the cost-effective composition and quantity supplied
of fertilizers to lead to the best composition of zooplankton to feed tambaqui.

Generally, a large amount of nutrients is accumulated in fishpond bottoms [77]. Thus,
techniques to suspend the sediments, such as aeration, may contribute to making nutrients
laid in sediment available to the phytoplankton community [60]. The use of benthic
species integrated with the culture of tambaqui may resuspend nutrients in the sediment
by bioturbation with no cost [77–79]. Therefore, the culture of tambaqui combined with
benthic feeders or iliophagus species may be advantageous to recovering sequestered
nutrients, saving fertilizers and commercial diet. This practice increases the circularity and
restorative capacity of the production system. In addition, it increases the productivity and
diversity of products, transforming pollution into biomass of high economic value. Further
studies should be performed to determine the best species and stocking densities and ratios
for improving productivity in integrated systems.

5. Conclusions

Results indicated that the fertilization of tambaqui farming ponds with 2.45 g of
nitrogen and 0.80 g of phosphorus per square meter (N:P ratio by mass of 3:1) every
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two weeks combined with a commercial diet does not affect fish growth, survival, and
productivity and has a limited effect on water quality and production costs. However,
fertilization can increase zooplankton density in the water column (via phytoplankton),
which raises natural biota and autochthonous food availability. Natural food may represent
about 40% (at least) of all assimilated food in the tambaqui muscles. However, this species
can interchange between natural food and commercial feed without compromising its
development. Therefore, tambaqui may be farmed in restorative and integrated aquaculture
systems, following the principles of the circular economy, but also in intensive systems
that rely on commercial feed. Further studies should be conducted increasing the levels of
nitrogen and phosphorus and varying their ratio (N:P) in fertilizers, as well as the frequency
of fertilization to determine the optimal fertilization management to improve tambaqui
production in semi-intensive aquaculture.

Author Contributions: Conceptualization, A.F.L.; data curation, A.F.L.; formal analysis, A.F.L.,
A.G.P.d.R., V.E.C. and W.C.V.; investigation, A.F.L. and A.G.P.d.R.; methodology, A.F.L. and V.E.C.;
project administration, A.F.L.; writing—original draft, A.F.L. and V.E.C.; writing—review and editing,
W.C.V. All authors have read and agreed to the published version of the manuscript.

Funding: This research was part of BRS Aqua Program, supported by the Brazilian Development
Bank—Technologic Fund (BNDES-Funtec), grant number 16.2.0225.1, Ministry of Agriculture, Live-
stock And Food Supply (MAPA), grant number 00350.000111/2014-50, Brazilian Agricultural Re-
search Corporation (EMBRAPA), grant number 21.17.02.001.05.00, and the Brazilian National Council
For Scientific and Technological Development (CNPq), grant number 421502/2017-7.

Institutional Review Board Statement: The study was conducted in accordance with the Brazilian
guidelines for the care and use of animals for scientific and educational purposes and approved
by the Animal Ethics Committee of EMBRAPA FISHERIES AND AQUACULTURE (protocol code
42/2018).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: Author Adriana F. Lima and Anderson G. P. Reis were employed by the
company Brazilian Agricultural Research Corporation (EMBRAPA). The remaining authors declare
that the research was conducted in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

References

1. Alleway, H.K.; Waters, T.J.; Brummett, R.; Cai, J.; Cao, L.; Cayten, M.R.; Costa-Pierce, B.A.; Dong, Y.; Hansen, S.C.B.; Liu, S.; et al.
Global principles for restorative aquaculture to foster aquaculture practices that benefit the environment. Conserv. Sci. Pract. 2023,
5, e12982. [CrossRef]

2. Bhakta, J.N.; Bandyopadhyayl, P.K.; Jana, B.B. Effect of different doses of mixed fertilizer on some biogeochemical cycling bacterial
population in carp culture pond. Turk. J. Fish. Aquat. Sci. 2006, 6, 165–171. Available online: http://www.trjfas.org/pdf/issue_6_
2/165_171.pdf (accessed on 11 August 2021).

3. Boyd, C.E.; D‘Abramo, L.R.; Glencross, B.D.; Huyben, D.C.; Juarez, L.M.; Lockwood, G.S.; McNevin, A.A.; Tacon, A.G.J.; Teletchea,
F.; Tomasso, J.R.; et al. Achieving sustainable aquaculture: Historical and current perspectives and future needs and challenges. J.
World Aquac. Soc. 2020, 51, 578–633. [CrossRef]

4. Boyd, C.E. Aquaculture pond fertilization. CAB Rev. 2018, 13, 1–12. [CrossRef]
5. Garg, S.K.; Bhatnagar, A. Effect of fertilization frequency on pond productivity and fish biomass in still water ponds stocked with

Cirrhinus mrigala (Ham.). Aquac. Res. 2000, 31, 409–414. [CrossRef]
6. Garg, S.K.; Bhatnagar, A. Effect of different doses of organic fertilizer (cow dung) on pond productivity and fish biomass in

stillwater ponds. J. Appl. Ichthyol. 1999, 15, 10–18. [CrossRef]
7. Bhakta, J.N.; Sarkar, D.; Jana, S.; Jana, B.B. Optimizing fertilizer dose for rearing stage production of carps under polyculture.

Aquaculture 2004, 239, 125–139. [CrossRef]
8. Tabinda, A.B.; Ayub, M. Effect of high phosphate fertilization rate on pond phosphate concentrations, chlorophyll a, and fish

growth in carp polyculture. Aquac. Int. 2010, 18, 285–301. [CrossRef]
9. Kang’Ombe, J.; Brown, J.A.; Halfyard, L.C. Effect of using different types of organic animal manure on plankton abundance, and

on growth and survival of Tilapia rendalli (Boulenger) in ponds. Aquac. Res. 2006, 37, 1360–1371. [CrossRef]

168



Fishes 2024, 9, 139

10. Rahman, M.M.; Nagelkerke, L.A.J.; Verdegem, M.C.J.; Wahab, M.A.; Verreth, J.A.J. Relationships among water quality, food
resources, fish diet and fish growth in polyculture ponds: A multivariate approach. Aquaculture 2008, 275, 108–115. [CrossRef]

11. Milstein, A.; Azim, M.E.; Wahab, M.A.; Verdegem, M.C.J. The effects of periphyton, fish and fertilizer dose on biological processes
affecting water quality in earthen fish ponds. Environ. Biol. Fishes 2003, 68, 247–260. [CrossRef]

12. Woynárovich, A.; Van Anrooy, R. Field Guide to the Culture of Tambaqui Colossoma macropomum, Cuvier, 1816. In FAO
Fisheries and Aquaculture Technical Paper; FAO: Rome, Italy, 2019; Volume 624. Available online: https://books.google.com.br/
books?id=WbKIDwAAQBAJ&printsec=frontcover&source=gbs_ge_summary_r&cad=0#v=onepage&q&f=false (accessed on 11
November 2022).

13. Azim, M.E.; Verdegem, M.C.J.; Khatoon, H.; Wahab, M.A.; Van Dam, A.A.; Beveridge, M.C.M. A comparison of fertilization,
feeding and three periphyton substrates for increasing fish production in freshwater pond aquaculture in Bangladesh. Aquaculture
2002, 212, 227–243. [CrossRef]

14. Azim, M.E.; Little, D.C. Intensifying aquaculture production through new approaches to manipulating natural food. CAB Rev.
2007, 1, 23. [CrossRef]

15. Cremer, M.C.; Smitherman, R.O. Food habits and growth of silver and bighead carp in cages and ponds. Aquaculture 1980, 20,
57–64. [CrossRef]

16. Spataru, P.; Wohlfarth, G.W.; Hulata, G. Studies on the natural food of different fish species in intensively manured polyculture
ponds. Aquaculture 1983, 35, 283–298. [CrossRef]

17. Chakrabarti, R.; Jana, B.B. Plankton intake as a function of body weight by common carp fry in different feeding conditions.
Aquaculture 1991, 93, 21–34. [CrossRef]

18. Sipauba-Tavares, L.H.; Braga, F.M.D.S. Study on feeding habits of Piaractus mesopotamicus (Pacu) larvae in fish ponds. Naga
ICLARM Q. 1995, 22, 24–29.

19. Mai, M.G.; Zaniboni-Filho, E. The effect of storage age in external tanks in the larvicultura performance of Salminus brasiliensis
(Osteichthyes, Characidae). Acta Sci. Anim. Sci. 2005, 27, 287–296.

20. Sipaúba-Tavares, L.H.; Braga, F.M.S. The feeding activity of Colossoma macropomum larvae (tambaqui) in fishponds with water
hyacinth (Eichhornia crassipes) fertilizer. Braz. J. Biol. 2007, 67, 459–466. [CrossRef]

21. Ribeiro, D.F.O.; Oliveira Nuñer, A.P. Feed preferences of Salminus brasiliensis (Pisces, Characidae) larvae in fish ponds. Aquaculture
2008, 274, 65–71. [CrossRef]

22. Gomes, L.C.; Silva, C.R. Impact of pond management on tambaqui, Colossoma macropomum (Cuvier), production during growth-
out phase. Aquac. Res. 2009, 40, 825–832. [CrossRef]

23. Castelo Branco, M.A.; Arruda, M.A.; Gamito, S. Feeding habits of Solea senegalensis in earthen ponds in Sado estuary. J. Sea Res.
2010, 64, 446–450. [CrossRef]

24. Aya, F.A.; Corpuz, M.N.C.; Garcia, L.M.B. Diet composition, feed preferences and mouth morphology of early stage silver
therapon (Leiopotherapon plumbeus, Kner 1864) larvae reared in outdoor tanks. J. Appl. Ichthyol. 2015, 31, 77–82. [CrossRef]

25. Lima, A.F.; Tavares-Filho, A.; Moro, G.V. Natural food intake by juvenile Arapaima gigas during the grow-out phase in earthen
ponds. Aquac. Res. 2018, 49, 2051–2058. [CrossRef]

26. Cyrus, M.D.; Bolton, J.J.; Macey, B.M. The use of stable isotope ratios δ13C and δ15N to track the incorporation of Ulva and other
important dietary ingredients into the gonads of the sea urchin Tripneustes gratilla. Aquac. Nutr. 2020, 26, 174–185. [CrossRef]

27. Asano, Y.; Hayashizaki, K.I.; Eda, H.; Khonglaliang, T.; Kurokura, H. Natural foods utilized by Nile tilapia, Oreochromis niloticus,
in fertilizer-based fish ponds in Lao PDR identified through stable isotope analysis. Fish. Sci. 2010, 76, 811–817. [CrossRef]

28. Filbrun Jesse, E.; Reynolds, C.A.; Culver, D.A. Effects of feeding rate on habitat quality in fish rearing ponds. J. World Aquac. Soc.
2013, 44, 198–209. [CrossRef]

29. Abimorad, E.G.; Ducatti, C.; Castellani, D.; Jomori, R.K.; Portella, M.C.; Sartori, M.M.P.; Carneiro, D.J. Dietary lysine deficiency
increases the incorporation rate of nitrogen-free compounds in muscle of pacu (Piaractus mesopotamicus). Aquaculture 2017, 479,
522–527. [CrossRef]

30. Narimbi, J.; Mazumder, D.; Sammut, J. Stable isotope analysis to quantify contributions of supplementary feed in Nile Tilapia
Oreochromis niloticus (GIFT strain) aquaculture. Aquac. Res. 2018, 49, 1866–1874. [CrossRef]

31. Zhou, H.; Gu, B. Using stable isotope analysis to assess the relationship among dietary protein sources, growth, nutrient turnover
and incorporation in Nile tilapia (Oreochromis niloticus). Aquac. Nutr. 2020, 26, 1443–1452. [CrossRef]

32. Hilsdorf, A.W.S.; Hallerman, E.; Valladão, G.M.R.; Zaminhan-Hassemer, M.; Hashimoto, D.T.; Dairiki, J.K.; Takahashi, L.S.; Corrêa
Albergaria, F.C.; Gomes, M.E.S.; Venturieri, R.L.L.; et al. The farming and husbandry of Colossoma macropomum: From Amazonian
waters to sustainable production. Rev. Aquac. 2022, 14, 993–1027. [CrossRef]

33. Goulding, M.; Carvalho, M. Life history and management of the tambaqui (Colossoma macropomum, Characidae): An important
Amazonian food fish. Rev. Bras. Zool. 1982, 1, 107–133. [CrossRef]

34. Da Silva, J.A.M.; Pereira-Filho, M.; de Oliveira-Pereira, M.I. Seasonal variation of nutrients and energy in tambaqui’s (Colossoma
macropomum Cuvier, 1818) natural food. Braz. J. Biol. 2000, 60, 599–605. [CrossRef]

35. FAO. Fishery and Aquaculture Statistics—Yearbook 2020. In FAO Yearbook of Fishery and Aquaculture Statistics; FAO: Rome,
Italy, 2023. [CrossRef]

36. Valladão, G.M.R.; Gallani, S.U.; Pilarski, F. South American fish for continental aquaculture. Rev. Aquac. 2018, 10, 351–369.
[CrossRef]

169



Fishes 2024, 9, 139

37. Valenti, W.C.; Barros, H.P.; Moraes-Valenti, P.; Bueno, G.W.; Cavalli, R.O. Aquaculture in Brazil: Past, present and future. Aquac.
Rep. 2021, 19, 100611. [CrossRef]

38. Roubach, R.; Gomes, L.C.; Leão Fonseca, F.A.; Val, A.L. Eugenol as an efficacious anaesthetic for tambaqui, Colossoma macropomum
(Cuvier). Aquac. Res. 2005, 36, 1056–1061. [CrossRef]

39. Hyslop, E.J. Stomach contents analysis—A review of methods and their application. J. Fish Biol. 1980, 17, 411–429. [CrossRef]
40. Amundsen, P.-A.; Sánchez-Hernández, J. Feeding studies take guts—Critical review and recommendations of methods for

stomach contents analysis in fish. J. Fish Biol. 2019, 95, 1364–1373. [CrossRef]
41. Ivlev, V.W. Experimental Ecology of the Feeding of Fishes; Yale University Press: New Haven, CT, USA, 1961; p. 302.
42. Coplen, T.B. Guidelines and recommended terms for expression of stable-isotope-ratio and gas-ratio measurement results. Rapid

Commun. Mass Spectrom. 2011, 25, 2538–2560. [CrossRef]
43. Brand, W.A.; Coplen, T.B. Stable isotope deltas: Tiny, yet robust signatures in nature. Isot. Environ. Health Stud. 2012, 48, 393–409.

[CrossRef]
44. Paul, D.; Skrzypek, G.; Fórizs, I. Normalization of measured stable isotopic compositions to isotope reference scales—A review.

Rapid Commun. Mass Spectrom 2007, 21, 3006–3014. [CrossRef]
45. Schimmelmann, A.; Qi, H.; Coplen, T.B.; Brand, W.A.; Fong, J.; Meier-Augenstein, W.; Kemp, H.F.; Toman, B.; Ackermann, A.;

Assonov, S.; et al. Organic reference materials for hydrogen, carbon, and nitrogen stable isotope-ratio measurements: Caffeines,
n-alkanes, fatty acid methyl esters, glycines, l-valines, polyethylenes, and oils. Anal. Chem. 2016, 88, 4294–4302. [CrossRef]

46. Britton, J.R.; Busst, G.M.A. Stable isotope discrimination factors of omnivorous fishes: Influence of tissue type, temperature, diet
composition and formulated feeds. Hydrobiologia 2018, 808, 219–234. [CrossRef]

47. APHA. Standard Methods for the Examination of Water and Waste Water, 21st ed.; American Public Health Association: Washington,
DC, USA, 2017.

48. Engle, C.R. Aquaculture Economics and Financing: Management and Analysis; John Wiley & Sons: Hoboken, NJ, USA, 2010.
49. Veverica, K.; Bowman, J.; Gichuri, W.; Izaru, P.; Mwau, P.; Popma, T. Relative Contribution of supplemental feed and inorganic

fertilizers in semi-intensive tilapia production. In Seventeenth Annual Technical Report; McElwee, K., Burke, D., Niles, M.,
Cummings, X., Egna, H., Eds.; Pond Dynamics/Aquaculture CRSP, Oregon State University: Corvallis, OR, USA, 2000; pp. 23–28.

50. Liranço, A.D.D.S.; Romagosa, E.; Scorvo-Filho, J.D. Growth performance of Pseudoplatystoma corruscans stocked in rearing systems:
Semi-intensive (ponds) and intensive (cages). Ciência Rural. 2011, 41, 524–530. Available online: http://www.scielo.br/scielo.
php?pid=S0103-84782011000300027&script=sci_arttext&tlng=es (accessed on 9 March 2018). [CrossRef]

51. Box, G.E.P.; Cox, D.R. An analysis of transformation. J. R. Stat. Soc. 1964, 26, 211–243. [CrossRef]
52. R Core Team, R. A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: 2021, Viena,

Austria. Available online: https://www.r-project.org/ (accessed on 15 June 2023).
53. Filbrun, J.E.; Culver, D.A. Stable isotopes reveal live prey support growth of juvenile channel catfish reared under intensive

feeding regimens in ponds. Aquaculture 2014, 433, 125–132. [CrossRef]
54. Jomori, R.K.; Ducatti, C.; Carneiro, D.J.; Portella, M.C. Stable carbon (δ13C) and nitrogen (δ15N) isotopes as natural indicators of

live and dry food in Piaractus mesopotamicus (Holmberg, 1887) larval tissue. Aquac. Res. 2008, 39, 370–381. [CrossRef]
55. Lima, A.F.; Rodrigues, A.P.O.; Costa, V.E. Frozen zooplankton is efficient as natural food during pirarucu Arapaima gigas weaning.

Aquac. Res. 2021, 52, 4227–4236. [CrossRef]
56. Oliveira, A.C.B.; Martinelli, L.A.; Moreira, M.Z.; Soares, M.G.M.; Cyrino, J.E.P. Seasonality of energy sources of Colossoma

macropomum in a floodplain lake in the Amazon—Lake Camaleão, Amazonas, Brazil. Fish. Manag. Ecol. 2006, 13, 135–142.
[CrossRef]

57. Bateman, A.S.; Kelly, S.D. Fertilizer nitrogen isotope signatures. Isot. Environ. Health Stud. 2007, 43, 237–247. [CrossRef]
58. Lomartire, S.; Marques, J.C.; Gonçalves, A.M. The key role of zooplankton in ecosystem services: A perspective of interaction

between zooplankton and fish recruitment. Ecol. Indic. 2021, 129, 107867. [CrossRef]
59. Brucet, S.; Boix, D.; Quintana, X.D.; Jensen, E.; Nathansen, L.W.; Trochine, C.; Meerhoff, M.; Gascón, S.; Jeppesena, E. Factors

influencing zooplankton size structure at contrasting temperatures in coastal shallow lakes: Implications for effects of climate
change. Limnol. Oceanogr. 2010, 55, 1697–1711. [CrossRef]

60. Vakkilainen, K.; Kairesalo, T.; Hietala, J.; Balayla, D.M.; Becares, E.; Van De BUnd, W.J.; Van Donk, E.; Fernandez-Alaez, M.;
Gyllstrom, M.; Hansson, L.-A.; et al. Response of zooplankton to nutrient enrichment and fish in shallow lakes: A pan-European
mesocosm experiment. Freshw. Biol. 2004, 49, 1619–1632. [CrossRef]

61. Sipaúba-Tavares, L.H. Análise da seletividade alimentar em larvas de tambaqui (Colossoma macropomum) e tambacu (híbrido,
pacu Piaractus mesopotamicus e tambaqui Colossoma macropomum) sobre os organismos zooplanctônicos. Acta Limnol. Bras. 1993, 6,
114–132.

62. Lima, A.F.; Pereira, A.S.; de Oliveira Costa-Fernandes, T.; Rodrigues, A.P.O.; Costa, V.E.; Maciel-Honda, P.O. The effect of
nursery production system (in cage and pond) on performance, health status, and plankton ingestion of the low trophic level fish
tambaqui, Colossoma macropomum. Aquaculture 2024, 586, 740721. [CrossRef]

63. Chary, K.; van Riel, A.; Muscat, A.; Wilfart, A.; Harchaoui, S.; Verdegem, M.; Filgueira, R.; Troell, M.; Henriksson, P.J.G.; de Boer,
I.J.M.; et al. Transforming sustainable aquaculture by applying circularity principles. Rev. Aquac. 2023, 16, 656–673. [CrossRef]

170



Fishes 2024, 9, 139

64. Aubin, J.; Callier, M.; Rey-Valette, H.; Mathé, S.; Wilfart, A.; Legendre, M.; Slembrouck, J.; Caruso, D.; Chia, E.; Masson, G.; et al.
Implementing ecological intensification in fish farming: Definition and principles from contrasting experiences. Rev. Aquac. 2019,
11, 149–167. [CrossRef]

65. Watanabe, T.; Kiron, V. Prospects in larval fish dietetics. Aquaculture 1994, 124, 223–251. [CrossRef]
66. Bakke, A.M.; Glover, C.; Krogdahl, Å. Feeding, digestion and absorption of nutrients. Fish Physiol. 2010, 30, 57–110. [CrossRef]
67. Mitra, G.; Mukhopadhyay, P.K.; Ayyappan, S. Biochemical composition of zooplankton community grown in freshwater earthen

ponds: Nutritional implication in nursery rearing of fish larvae and early juveniles. Aquaculture 2007, 272, 346–360. [CrossRef]
68. da Silva Reis, Y.; Leite, J.L.R.; de Almeida, C.A.L.; Pereira, D.S.P.; Vidal, L.V.O.; de Araujo, F.G.; Fortes-Silva, R. New insights into

tambaqui (Colossoma macropomum) feeding behavior and digestive physiology by the self-feeding approach: Effects on growth,
dial patterns of food digestibility, amylase activity and gastrointestinal transit time. Aquaculture 2019, 498, 116–122. [CrossRef]

69. Dias-Koberstein, T.C.R.; Carneiro, D.J.; Urbinati, E.C. Gastrointestinal passage time length and gastric emptying of pacu (Piaractus
mesopotamicus) in different temperatures. Acta Scientiarum Anim. Sci. 2005, 27, 413–417.

70. Garg, S.K.; Bhatnagar, A. Effect of varying closes of organic and inorganic fertilizers on plankton production and fish biomass in
brackish water fish ponds. Aquac. Res. 1996, 27, 157–166. [CrossRef]

71. Rezende, F.P.; Lima, A.F. Effect of pond fertilization on growth performance of pirarucu during grow-out phase. Lat. Am. J. Aquat.
Res. 2022, 50, 22–30. [CrossRef]

72. Duodu, C.; Boateng, D.; Edziyie, R. Effect of pond fertilization on productivity of tilapia pond culture in Ghana. J. Fish. Coast.
Manag. 2020, 2, 56–64. [CrossRef]

73. Boyd, C.E. Water Quality: An Introduction; Springer: Cham, Switzerland, 2020; 440p. [CrossRef]
74. INMET. INMET Tempo. 2021. Available online: https://tempo.inmet.gov.br/ (accessed on 19 October 2021).
75. Boyd, C.E.; Ammonia Nitrogen Dynamics in Aquaculture. Global Aquaculture Advocate. Available online: https://www.

aquaculturealliance.org/advocate/ammonia-nitrogen-dynamics-in-aquaculture/ (accessed on 8 October 2018).
76. Das, S.K.; Jana, B.B. Pond fertilization regimen: State-of-the-art. J. Appl. Aquac. 2003, 13, 35–66. [CrossRef]
77. Flickinger, D.L.; Costa, G.A.; Dantas, D.P.; Moraes-Valenti, P.; Valenti, W.C. The budget of nitrogen in the grow-out of the Amazon

River prawn (Macrobrachium amazonicum Heller) and tambaqui (Colossoma macropomum Cuvier) farmed in monoculture and in
integrated multitrophic aquaculture systems. Aquac. Res. 2019, 50, 3444–3461. [CrossRef]

78. Flickinger, D.L.; Costa, G.A.; Dantas, D.P.; Proença, D.C.; David, F.S.; Durborow, R.M.; Moraes-Valenti, P.; Valenti, W.C. The
budget of carbon in the farming of the Amazon river prawn and tambaqui fish in earthen pond monoculture and integrated
multitrophic systems. Aquac. Rep. 2020, 17, 100340. [CrossRef]

79. Flickinger, D.L.; Dantas, D.P.; Proença, D.C.; David, F.S.; Valenti, W.C. Phosphorus in the culture of the Amazon River prawn
(Macrobrachium amazonicum) and tambaqui (Colossoma macropomum) farmed in monoculture and in integrated multitrophic
systems. J. World Aquac. Soc. 2020, 51, 1002–1023. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

171



Citation: Iitembu, J.A.; Fitzgerald, D.;

Altintzoglou, T.; Boudry, P.; Britz, P.;

Byron, C.J.; Delago, D.; Girard, S.;

Hannon, C.; Kafensztok, M.; et al.

Comparative Description and

Analysis of Oyster Aquaculture in

Selected Atlantic Regions:

Production, Market Dynamics, and

Consumption Patterns. Fishes 2023, 8,

584. https://doi.org/10.3390/

fishes8120584

Academic Editor: Wagner C. Valenti

Received: 20 October 2023

Revised: 21 November 2023

Accepted: 24 November 2023

Published: 29 November 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

fishes

Article

Comparative Description and Analysis of Oyster Aquaculture
in Selected Atlantic Regions: Production, Market Dynamics,
and Consumption Patterns

Johannes A. Iitembu 1,*, Daniel Fitzgerald 2,†, Themistoklis Altintzoglou 3, Pierre Boudry 4, Peter Britz 5,

Carrie J. Byron 6, Daniel Delago 7, Sophie Girard 4, Colin Hannon 8, Marcia Kafensztok 9, Francisco Lagreze 10,

Jefferson Francisco Alves Legat 11, Angela Puchnick Legat 11, Adriane K. Michaelis 12, Ingelinn Eskildsen Pleym 3,

Simone Sühnel 9,13, William Walton 12 and Åsa Strand 14,*

1 Department of Fisheries and Ocean Sciences, University of Namibia, Henties Bay 13005, Namibia
2 Ecole Supérieure d’Agricultures, 55 Rue Rabelais, 49000 Angers, France; daniel@smallaxepeppers.com
3 Nofima, Muninbakken 9-13, 9291 Tromsø, Norway; themis.altintzoglou@nofima.no (T.A.);

ingelinn.eskildsen.pleym@nofima.no (I.E.P.)
4 Département Ressources Biologiques et Environnement, Ifremer, 29280 Plouzané, France;

pierre.boudry@ifremer.fr (P.B.); sophie.girard@ifremer.fr (S.G.)
5 Department of Ichthyology and Fisheries Science, Rhodes University, Makhanda 6140, South Africa;

p.britz@ru.ac.za
6 School of Marine and Environmental Programs, University of New England, 11 Hills Beach Road,

Biddeford, ME 04005, USA; cbyron@une.edu
7 Ocean Era Inc., 73-970 Makako Bay Drive, Kailua-Kona, HI 96740, USA; dan@ocean-era.com
8 Marine and Freshwater Research Centre, Atlantic Technological University,

Dublin Road, H91 T8NW Galway, Ireland; colin.hannon@atu.ie
9 Primar Aquacultura, Estrada RN 03, km 10, Sítio São Félix, Piau, Tibau do Sul 59178-000, RN, Brazil;

primarorganica@gmail.com (M.K.); ssuhnel@gmail.com (S.S.)
10 Center of Marine Research, Federal University of Paraná, Av. Beira-Mar, s/n, Pontal do Sul,

Pontal do Paraná 83255-976, PR, Brazil; lagreze@ufpr.br
11 Brazilian Agricultural Research Corporation, Embrapa Coastal Tablelands, Av. Beira Mar 3250,

Aracaju 49025-040, SE, Brazil; jefferson.legat@embrapa.br (J.F.A.L.); angela.legat@embrapa.br (A.P.L.)
12 Virginia Institute of Marine Science, College of William and Mary, Andrews Hall 440,

Gloucester Point, VA 23062, USA; amichaelis@vims.edu (A.K.M.); walton@vims.edu (W.W.)
13 AquaInspiration and Innovation, Rua Túlio de Oliveira, 195, Armação, Florianópolis 88066-303, SC, Brazil
14 Department of Environmental Intelligence, IVL Swedish Environmental Research Institute, Kristineberg 566,

45178 Fiskebäckskil, Sweden
* Correspondence: jiitembu@unam.na (J.A.I.); asa.strand@ivl.se (Å.S.)
† Current address: Small Axe Peppers, New York, NY 10001, USA.

Abstract: In the face of an increasing world population and a subsequent need for an increase in
sustainable and healthy food production, low trophic species, such as oysters, emerge as a promising
alternative. However, regional variations in oyster production techniques, market dynamics, and
consumption patterns create challenges for both the global and local industry’s growth. In this study,
a descriptive qualitative analysis of oyster markets across seven Atlantic regions was carried out. The
Pacific oyster (Crassostrea gigas) was found to be farmed in most Atlantic regions except the US but
is classified as invasive in Sweden and potentially invasive in South Africa. Other farmed and/or
harvested species include native species (C. gasar and C. rhizophorae) in Brazil, the American cupped
oyster (C. virginica) in the US, and the European flat oyster (Ostrea edulis) in France, Sweden, and
the US. In Irish farms, Pacific oysters are primarily for export to European markets. The marine
aquaculture sectors of Sweden, South Africa, and Namibia, as well as Brazil’s farming for C. gasar,
were found to be underdeveloped. This study also observed a variation in licensing, property rights,
and regulatory frameworks. Financial challenges for small businesses, ecological implications of seed
production techniques, biosecurity risks, and public health considerations are emphasized as critical
areas for attention. This study offers valuable insights into the selected markets and can serve as a
useful resource for policymakers, aquaculture practitioners, and stakeholders in optimizing global
shellfish industry strategies.
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Keywords: Atlantic regions; oysters; production; markets; aquaculture; low trophic

Key Contribution: Qualitative analysis of oyster markets in seven Atlantic regions highlights varia-
tions in the species farmed, production techniques, and market dynamics. Key challenges identified
include financial hurdles for small businesses, ecological concerns related to seed production, biose-
curity risks, and public health issues. These findings could inform policymakers and stakeholders in
refining oyster industry growth strategies at both global and local levels.

1. Introduction

Humans have consumed shellfish since ancient times. Archaeological studies provide
evidence of its consumption dating back to the initial migrations of Homo sapiens out of
Africa, approximately 100,000 to 200,000 years ago [1]. Oysters, among shellfish species,
have been prized as aphrodisiacs from the time of Roman emperors to contemporary
Casanovas. For millennia, oysters have sustained civilizations from the Ancient Romans [2]
to various Chinese dynasties [3] up to modern consumers. Few types of seafood can
boast such a storied history. This popularity has resulted in overexploitation globally [4].
In Europe, overfishing led to the depletion of European flat oyster (Ostrea edulis) beds
starting from the 18th century [5–7]. In a similar vein, eastern American oyster (Crassostrea
virginica) reefs in the United States experienced a decline by the 1940s [6]. Globally,
oysters represent the leading farmed molluscan species in terms of quantity produced,
with increasing production since 1950 [8]. Global oyster production is dominated by China,
while the next five countries with significant oyster aquaculture production include France,
the US, South Korea, Japan, and the Philippines [8]. Asia dominates the global production
and consumption of oysters [9] and production in other regions has also seen an increase
since 1950 [8].

Oysters also play significant ecological roles in addition to their importance as a food
source. They are recognized as ecosystem engineers due to their direct or indirect control
over resource availability for other organisms [10]. Oysters trap organic-enriched particles
with their shells and create three-dimensional structures, thereby facilitating the presence of
additional fauna and seaweed, particularly in soft-sediment environments [11,12]. As filter
feeders, oysters contribute to water clarity through their filtration process. This increased
clarity allows for greater light penetration, which benefits adjacent vegetated habitats such
as seagrass beds [13]. These vegetated habitats are vital as nursery areas and for carbon
sequestration [13]. Furthermore, oyster filtration helps reduce the occurrence of harmful
algal blooms, which have significant ecological and economic impacts [13,14].

As food, oysters are a highly nutritious source, containing essential nutrients not
provided by land-based proteins [15,16]. They are considered one of the most nutrient-
dense seafood options [17] while offering a high-protein, low-fat product that contains
good levels of healthy Ω-3 fatty acids [9]. Oyster aquaculture, recognized as low-trophic,
is also valued for its reduced environmental impacts, lower feed requirements [18], and
potential significant contributions to circular economics [19]. Various research initiatives
have focused on expanding the products and processes of low-trophic species in marine
aquaculture value chains across the Atlantic [20,21]. However, globally, oyster production
has faced recurring setbacks due to disease and parasitic outbreaks [8]. Furthermore,
translocations of farmed oysters between geographical areas and the introduction of new
species for culture have contributed to the dispersal of invasive species, pathogens, and
parasites over time [22].

Despite these challenges, the global production of oysters has shown an upward trend,
indicating a sustained increase in oyster aquaculture production for various markets [8].
In terms of regional and country/region-specific productions, it has stagnated in most
countries and the increase is primarily driven by the Asian market [8]. While oyster pro-
duction and consumption have been increasing in some regions [8,23], there are also areas
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where oysters are underutilized as a resource [24]. The underutilization of oysters in some
regions may be attributed to the marketing of oysters, which is influenced by factors such
as growth, mortality, quality, price [25], and existing sanitation programs (food safety) [26].
Additionally, there is a lack of knowledge about the comparative characteristics of various
regions regarding production, consumption patterns, and market dynamics. This study,
therefore, aimed to conduct a qualitative description of oyster production, consumption
patterns, and market dynamics in seven regions (the US, Brazil, France, Sweden, Ireland,
South Africa, and Namibia) along the Atlantic Ocean, to enhance understanding of these
markets. The research questions included understanding how oyster production methods
differ among the seven Atlantic regions, the implications of these differences for the in-
dustry’s sustainability and growth, the unique consumption patterns of oysters in each
region, and how market dynamics and strategies vary across these regions. Comparing
these similarities and differences among the regions can serve as a crucial resource for
understanding and optimizing global and local oyster production, marketing, and con-
sumption strategies. Additionally, the findings from this study can also be used as a basis
for detailed investigations of oyster farming strategies and practical adoption of farming
methods in specific markets.

2. Methods and Materials

2.1. Study Areas

The geographical regions included in this study encompassed North America, South
America, Europe, and Africa, all of which border the North and South Atlantic Oceans
(Figure 1). These regions were selected based on their participation in or association with
the AquaVitae project, to provide a snapshot of variability among nations/regions based
on overall market trends. Due to the large geographical scale and diversity of the Brazilian
and American markets, these areas were further subdivided into northern US, southern
US (including the Gulf of Mexico), northeast Brazil, and southern Brazil to facilitate more
detailed analyses of these regions (Figure 1). The chosen markets within these regions
included (a) markets with high levels of production and consumption (mature): France,
the US, and southern Brazil; (b) markets known for low levels of oyster consumption
and production (immature): Sweden and northern Brazil; and (c) markets that did not
comfortably fit into either category (a) or (b) (mixed): Namibia, South Africa, and Ireland.

 

Figure 1. A world map illustrating the geographical regions (shaded in colours) examined in this study.
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2.2. Data Collection and Analysis

This study employed questionnaires (open-ended questions) and personal communi-
cations with academic experts from the selected markets (Table 1) and literature searches.
The experts were selected based on their substantial knowledge of the selected markets
and their participation in or association with the AquaVitae project. The purpose was to
conduct a qualitative description of the selected markets to gain insights into the historical
trends in oyster aquaculture, consumer perceptions of oyster aquaculture, and current
market trends related to oyster consumption and production. Qualitative descriptive
analysis was used because this study drew from the perspectives of the selected experts,
employed a purposeful selection of experts, and involved content analysis of various lit-
erature and reports [27,28]. The questionnaires, given to the experts, included a current
overview of oyster production and consumption in each market. The data extracted from
the questionnaires and expert interviews were utilized to profile the selected markets using
the PEST (political, economic, social, and technological) analysis framework to provide
insights into market characteristics [29]. For the application of PEST, the political factors
(P) account for the political situation. In this study, they included governance, licensing,
and regulatory measures related to health considerations. The economic factors (E) cover
issues that may influence business operations and profitability. This study included issues
related to the challenges and opportunities for financing. Social (S) factors cover aspects
related to consumers and producers, with this study incorporating aspects of the roles of
producer organizations and cooperatives. The technological (T) factors cover issues related
to operations and production, which are critical for the long-term future of oyster farming
in various markets. Technological considerations in this study included seed production
techniques and regulation, the role of hatcheries in oyster seed production, the advantages
of triploid oysters, production techniques, postharvest processing, the importance of depu-
ration facilities, and food safety through traceability. The data used included production
numbers, production methods, aquaculture cultivation, wild harvest, native and exotic
species, import and export markets, consumer profiles, safety standards, and value-added
products relevant to the chosen markets. Other parameters for each market considered
included licensing structures, governance, food safety requirements, financing/investment
availability, insurance availability, hatcheries/seed production, triploid production, wa-
ter monitoring programs, producer cooperatives and organizations, and native oyster
cultivation/restoration (Table 2).

Table 1. List of experts selected from each market considered.

Market Expert ID Affiliation

US (north) 1 University of New England

US (north) 2 University of New England

US (north) 3 University of New England

US (south) 4 Virginia Institute of Marine Science

US (south) 5 Virginia Institute of Marine Science

Brazil (north) 6 Brazilian Agricultural Research Corporation (EMBRAPA)

Brazil (north) 7 Primar Aquacultura

Brazil (south and north) 8 Primar Aquacultura, AquaInspiration and Innovation

Brazil (south and north) 9 Universidade Federal do Paraná

France 10 Ifremer

France 11 Ifremer

Sweden 12 IVL Swedish Environmental Research Institute

South Africa 13 Rhodes University

Namibia 14 University of Namibia
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3. Results and Discussions

3.1. General Description of Production, Market, and Consumption Patterns of the Selected Markets
3.1.1. The United States

The native C. virginica is the primary oyster species on the eastern seaboard of the
United States and is the most valuable marine aquaculture species in the US [30]. In 2019,
Atlantic Ocean oyster landings, including aquaculture and wild harvest, were valued
at approximately USD 192 million, with over 148,000 metric tons of farmed oysters and
almost 38,000 metric tons of wild-harvested oysters (Table 2) [31]. Various production
techniques are employed for oyster production, ranging from harvesting wild oysters from
wild grounds to on-bottom culture using shell deployment to collect naturally produced
seed, or young oysters transplanted to private, leased grounds. More intensive methods
used involve off-bottom, floating, and other types of container culture, with oyster seed
obtained from commercial hatcheries. Equipment commonly used varies by location,
largely depending on local system dynamics (e.g., water depth, tidal fluctuation, and
accessibility) and US state regulations. In the US, nearshore aquaculture adheres to federal
regulations and is managed at the state level. In some cases, states allow for even more
localized management of oyster aquaculture, and it is managed and permitted at township
or county levels.

In terms of markets, wild oysters are typically sold at lower prices compared to
aquaculture-farmed oysters and have traditionally been associated with the canning mar-
ket. However, there is a shift in consumer preferences towards fresh, raw oysters. In
1970, 76% of oysters produced were consumed as fresh and raw, increasing to 92% by
1994 [32]. Shellfish consumers, according to national seafood surveys, tend to have higher
education and household income than average [33,34]. They are also more likely to be over
50 years of age [35]. Experienced oyster consumers show a preference for farmed oysters,
while infrequent oyster consumers are more inclined towards the concept of wild-caught
oysters [36].

Certification under the National Shellfish Sanitation Program (NSSP) is mandatory
for all oyster dealers in the US to market oyster products across state lines. However, the
proportion of oyster production exported is relatively small, partly due to the 10-year ban
on shellfish trade with the EU, although this was recently lifted [37]. This shift may be
linked to changes in the typical oyster consumer. Additionally, the US imports oysters from
both China and South Korea, including both farmed and wild species [38].

3.1.2. Brazil

Oyster production in Brazil primarily revolves around the Crassostrea genus, which
includes two native species (Crassostrea gasar (=Crassostrea brasiliana) and C. rhizophorae)
and one exotic species (C. gigas, introduced in Brazil in 1974), with the latter being the
most produced and consumed. In 2019, Brazil’s total oyster production reached 2700 tons,
consisting of 1700 tons from aquaculture and 1000 tons from capture fisheries, with a farm
oyster value estimated at USD 1.8 million (Table 2) [31]. The native species (C. gasar and
C. rhizophorae) are widely distributed across Brazilian estuaries and have been harvested
by low-income fishing communities in various mangrove areas [39]. However, in several
regions, oyster growers expressed concerns over the low market value of wild oysters,
which imposes limitations on both market prices and farmed oysters. Sometimes, juveniles
are harvested from the mangrove and used for grow-out in fisheries-based aquaculture
systems. Some producers also employ seed collectors to capture native species of Crassostrea
ssp. seeds. Oyster hatcheries play a crucial role in producing seeds for C. gigas farming in
southern Brazil, where no wild seed collection occurs. In 2019, the estimated production of
hatchery seeds reached about 46,000 seeds, although there are limited hatcheries for the
native species [40], with the seed of C. gasar being produced in a private hatchery in the
northeast of Brazil and in a public hatchery in southern Brazil.

Regarding production techniques, the majority of producers utilize suspended lanterns
in longline systems and bags for grow-out. In the southern regions, suspended systems,
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such as longlines with lantern nets (off-bottom culture) are common, particularly in shallow
and protected areas with minimal tidal variation [40], with one case in on-bottom culture
in Paraná. In contrast, bottom-based systems, particularly fixed tables with plastic bags,
are prevalent in other states, especially in the northeast and north. There are also cases of
pond-based production of oysters in the northeast. The variation in production techniques
across states is primarily influenced by the specific grow-out areas. For instance, in Santa
Catarina and Rio de Janeiro, cultivation occurs in bay areas near the coast, while in the
northeastern and northern states, estuarine areas are primarily utilized for oyster grow-out,
with Paraná and São Paulo in both conditions, bay and estuarine areas. The duration of
the grow-out cycle of C. gigas and C. gasar ranges from 6 to 12 months, depending on the
harvest size and area of production.

The consumption of native oysters from wild capture is a longstanding tradition
in all coastal states of Brazil, although it lacks comprehensive documentation. On the
other hand, the consumption of C. gigas oysters, which is well documented, is based on
aquaculture production. The majority of oyster products are consumed locally by Brazilians
and tourists [41], particularly during the summer months (December to February), when
the majority of the population goes on vacation and there is an increase in the flow of
tourists to coastal regions. In the northeast region, there is also an increase in consumption
in the month of July, as it is also a vacation period. The Brazilian oyster market exhibits
segmentation between high-end and low-end markets. Cultured oysters sold in restaurants
or stores are typically associated with the high-end market, while oysters collected by
artisanal fishermen and sold in public seafood markets or by street vendors on the beaches
cater to the low-end market. Oyster products in Brazil can be marketed as whole, freshly
shucked, steam-cooked, boiled, or frozen [39]. In terms of regulatory measures, as of 2023,
only one state in southern Brazil, Santa Catarina, has implemented a monitoring program
for oyster production, with Geographical Indication (GI) for C. gigas from Florianópolis.
Additionally, Alagoas in the northeast region of Brazil possess a government-certified
shellfish depuration facility. Besides initiatives to export oysters (such as to Singapore, the
US, and China) there are no exports from, or imports to, the Brazilian oyster market yet.

3.1.3. France

France holds the position of the largest oyster producer in Europe. In 2019, the
total oyster production amounted to approximately 86,000 tons (Table 2) [31], with the
Pacific oyster (C. gigas) accounting for 93% and the native European flat oyster (O. edulis)
comprising only 1165 tons (7%) [22]. The value of oyster cultivation in the same year
reached USD 446 million, with the Pacific oyster contributing USD 438 million and the flat
oyster generating USD 8 million [22]. The production of flat oysters remains limited due to
the presence of parasites of the genus Bonamia and Marteilia [7]. While wild harvest plays
a minimal role in production, the cultivation of farmed oysters involves the traditional
seasonal collection of oyster seeds during summer. Oyster hatcheries of Pacific oyster
(C. gigas) and European flat oyster (O. edulis) now meet approximately 30–50% of the seed
demand, supplying seed almost year-round. Notably, 90% of the hatchery-produced seed
consists of triploid oysters [42]. In areas where local seed collection is feasible, many oyster
farmers utilize both sea-collected and hatchery-produced seeds.

The primary production method in France involves the use of racks and trestles located
in the intertidal zone. Oysters are cultivated from the seashore to deeper waters, primarily
in protected shallow bays at depths ranging from 10 to 15 m [42]. In the Mediterranean Sea,
where the tidal range is limited, longline suspended culture is predominantly employed [42].
Deep-water culture (on-bottom) is practiced in south Brittany, where the seed is deployed
in large concessions and subsequently harvested through dredging. The duration of the
grow-out cycle ranges from 2 to 4 years, depending on the specific area, applied techniques,
oyster species, and the type of seed used. The transfer of developing oysters between
production areas is a common practice to leverage the advantages offered by different
regions, such as seed collection, on-growing, and finishing processes.
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Oysters have traditionally been considered a luxury product, primarily sold live and
consumed raw [7,43]. Oyster consumers tend to be older than average and mainly belong
to higher income brackets [7]. Consumption patterns involve at-home consumption, which
is highly seasonal, and sales through super/hypermarkets [7]. In France, oyster production
follows the European Union Food Hygiene Regulations, which establish standards for end
products. However, Marennes-Oléron oysters stand out with a Protected Geographical
Indication (PGI), certifying the refinement of Pacific oysters in “claires” (or ponds originally
used to produce sea salt) within the Marennes-Oléron basin. This certification ensures
the production of the highly prized fine-de-claire oysters, known for their exceptional
quality [44]. France’s oyster exports remain relatively low, primarily directed towards Italy,
China, Hong Kong, the Netherlands, and Spain. Import-wise, France receives just over
5100 tons of oysters from Ireland, primarily as juveniles to finish growing in French waters.

3.1.4. Ireland

Ireland’s total oyster production reached approximately 10,700 tons (2019) (Table 2) [31],
with the majority consisting of Pacific oysters (C. gigas) at 10,460 tons and flat oysters (O. edulis)
at 256 tons. The total value amounted to USD 51 million for Pacific oysters and nearly USD
1.4 million for flat oysters [31]. Oyster production is spread across 11 counties in Ireland,
with Waterford and Donegal collectively accounting for around 60% of the country’s
production by tonnage [45]. While Ireland has several hatcheries, the industry heavily
relies on imported seeds primarily from hatcheries in France and, to a lesser extent, from
British hatcheries [46].

The main cultivation method for Pacific oysters in Ireland is through the use of bags
and trestles. Ireland’s oyster industry is primarily export-focused, with France accounting
for 88% of Ireland’s exports between 2012 and 2014, with 78.4% destined for the French
market in 2021 with the increase in purchasing from other European markets. In 2021,
the output volume and sales value of 10,624 tons valued at EUR 47.55 million (USD
51.8 million) [47]. The industry has been supported by French–Irish joint ventures [7].
Ireland also imports 241 tons of oysters, mainly seeds from the UK, and 72 tons of oysters
from France. Oyster production follows the European Union Food Hygiene Regulations,
which establish standards for end products. O. edulis production capacity is growing in
Ireland with the redevelopment of spatting ponds by aquaculture enterprises and the
further redevelopment of native oyster production beds at sea by fishermen’s co-ops
through the deployment of cultch and coupelles [48].

3.1.5. Sweden

Sweden’s oyster production is relatively small, with a total of 21 tons (Table 2) [31].
Aquaculture production in Sweden primarily focuses on the native flat oyster (O. edulis).
The Pacific oyster (C. gigas) has been invasive in Sweden since its establishment in 2006 [49],
and its cultivation is prohibited. For wild harvest, approximately half of the oyster catch
consists of Pacific oysters while the other half comprises European flat oysters with a small
portion of farmed O. edulis. The aquaculture production is constrained by seed availability
and seeds are sourced mainly using sea-based collectors. A hatchery established in 2006
produces insufficient seed for sale to the rest of the industry [50]. The harvest of wild
O. edulis (fisheries) remains relatively stable over time. In contrast, the harvest of wild
C. gigas has seen an increase in recent years, with production rising from 1 ton to 8 tons
between 2009 and 2019.

Wild oysters are harvested through diving (O. edulis and C. gigas) or handpicking
(C. gigas) [51]. Farming of O. edulis is carried out using surface-based floating cages or
suspended cages from longline systems or other structures. Sea-based seed capture is
the primary method for oyster farming. Oyster consumption patterns in Sweden align
with Scandinavian per capita consumption of shellfish, which remains relatively small
compared to many other developed countries in Europe and North America [52]. The
oyster market is primarily local, with oysters mainly consumed in restaurants and as
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half-shells. Grilled and gratinated wild-harvested Pacific oysters are gaining popularity.
However, the demand from Swedish consumers exceeds the supply, resulting in a steady
increase in oyster consumption. Imported oysters, mainly from the Netherlands and France,
meet the demand, while there are no exports from Sweden. Import volume has increased
significantly, from 30 tons in 2002 to 350 tons in 2010 [52]. The native flat oyster commands
a premium price compared to locally harvested Pacific oysters, which are priced higher
than imported Pacific oysters.

3.1.6. South Africa

Aquaculture in South Africa’s marine environment is underdeveloped due to the
limited presence of estuaries or sheltered bays suitable for culture operations. In 2019, the
total oyster production in South Africa was 406 tons, with 383 tons from aquaculture, mainly
the Pacific oyster (C. gigas), and 23 tons from native rock oyster (Striostrea margaritacea)
captured for subsistence consumption and commercial use (Table 2) [53]. The aquaculture
value amounted to USD 5 million [31]. The introduction of the Pacific oyster to South
Africa occurred in 1973, while the current market for native oysters relies entirely on wild
harvesting [54]. Wild oysters are either collected by subsistence fishers in the Eastern Cape
province for their own consumption or are sold for income [55], or by licensed commercial
harvesters in the southern Cape for sale to the restaurant trade. Early efforts to farm
native rock oysters were abandoned due to their slower growth compared to Pacific oysters
and limited cultivation knowledge [53]. Commercial oyster culture in South Africa is
predominantly located in the Western Cape, specifically in the Saldanha Bay area, where
the Pacific oyster is farmed in baskets suspended on longlines [53]. Currently, it takes three
to four months to grow oysters to a marketable size, with the industry relying on imported
oyster seed from Chile, England, and local hatcheries [53].

The South African oyster market is a niche market primarily supplying restaurants,
with higher sales during December to March. South African oysters are mainly sold fresh
(80–85%), with the wild rocky oyster sought after for its rich, wild taste. It commands a
price premium over farmed Pacific oysters, with cultured oysters and rock oysters fetching
a 20–30% premium. Oysters are sold shucked, whole frozen, or frozen in half shells, with a
small portion value-added with sauce and crumbs. Smoked and canned oyster products in
South Africa are imported, as well as the majority of frozen oyster products, as imports
dominate the postharvest value-added market [56]. Exporting oysters from South Africa
faces challenges due to the lack of international health certification standards, limiting
access to most countries. Currently, oysters are exported to southeast Asian countries like
Hong Kong, where health standards are less stringent. Efforts are underway to implement
a shellfish water quality monitoring program to obtain EU certification and expand market
access. However, high production costs and low volumes tend to make South African
oyster producers uncompetitive in export markets [57].

3.1.7. Namibia

In 2019, Namibia’s oyster production reached 350 tons, exclusively from aquaculture,
with a value of USD 1.9 million (Table 2) [31]. The main shellfish farming areas are found
around Lüderitz, Walvis Bay, and Swakopmund [58]. The Pacific oyster (C. gigas) is the
primary cultured species in Namibia, known for its relatively shorter growth period of 9 to
15 months compared to competitors in Europe, Japan, and the US [59].

Longlines are the predominant production method in Namibia, although some pond-
based production also exists. Oyster (C. gigas) seed is provided by a hatchery established
in Walvis Bay. The local Namibian market for oysters is limited due to the absence of
traditional seafood consumption and the relatively small population of around 2.8 mil-
lion inhabitants. Growers in Namibia primarily sell to wholesalers, as direct selling to
restaurants for small orders requires significant effort [60]. The main markets for Namibian
oysters are South Africa and southeast Asia, with only a small proportion sold in the local
market [61]. Namibia is a significant exporter of oyster products to South Africa and a
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major competitor for local producers there [56]. However, the expansion of the oyster
aquaculture industry in Namibia is hindered by limited access to other export markets,
such as the EU, the United States, Russia, and Asian countries. Compliance with approved
sanitation standards is crucial for Namibian oysters and other high-quality shellfish to
enhance access to these export markets [62].

3.2. Political, Economic, Social, and Technological (PEST) Considerations in Oyster Aquaculture
3.2.1. Political Considerations (P)
Governance and Licensing

The aquaculture sector faces various challenges related to governance, including legal
insecurity, cumbersome administrative procedures, and weak participatory approaches [63].
Good governance and a sound regulatory framework are crucial to address these con-
straints, along with effective decision-making, planning, and monitoring tools [63]. In this
study, licensing requirements for oyster aquaculture were found to vary among the studied
markets. For example, the US operates under well-established leasing programs that vary
by state, while Brazil has no licensing for on-bottom culture, and Sweden requires culture
permits [64]. The duration of leases and permits also differs, with some countries granting
3–5-year approvals (South Africa and Sweden) and France leasing for 30 years [65]. Lease
costs are a factor influencing aquaculture development in the US, and high fees may hinder
growth and discourage entry into the sector in some states [8].

Moreover, the balance of multiple-use conflicts among maritime actors can cause
significant delays and obstacles in permit issuance [66]. Different approaches are employed
to address these challenges in the studied markets. As noted above, leasing regulations vary
by state, but as one example in the Gulf of Mexico of the US (Alabama), prospective farmers
obtain oyster riparian rights either through waterfront property ownership or leasing
from other waterfront property owners, ensuring control over designated harvesting
areas [67]. In Sweden, fishing laws regulate ownership of natural oyster stocks, with
oysters belonging to land/water owners up to 200 m from the shore [52], yet harvest
is only allowed in designated production areas for food safety reasons. Leasing rights
and culture licensing should also protect ecologically valuable public oyster grounds
and consider the natural carrying capacity of bays and inlets, as shellfish production
relies on complex ecological processes [52]. In Namibia, licenses are granted based on a
positive environmental assessment report, and when no significant environmental risks
are identified [58]. Consequently, clear licensing and ownership rights are essential to
ensure the sustainability of natural oyster reef exploitation and aquaculture activities.
Uncertainty arising from the absence of clear regulations may reduce financial institutions’
and investors’ willingness to provide necessary funding for expansion in production.

Regulatory Measures Related to Health Considerations

Consuming oysters carries significant health risks due to potential contamination with
algal biotoxins, fecal-associated viruses, bacteria, and heavy metals [68]. Consequently,
maintaining high food safety standards is essential to protect consumers and ensure the
growth of the oyster industry. Hence, to ensure the safety of raw oysters, public health
controls and monitoring programs are necessary. The occurrence of such structures ap-
pears to be less related to the maturity state of the market than many of the other aspects
evaluated in this study. In the United States, the National Shellfish Sanitation Program
(NSSP) regulates molluscan shellfish food safety, with oyster-growing waters classified as
approved, restricted, or prohibited based on water quality parameters. State shellfish con-
trol authorities map areas open or closed for harvesting, and shellfish sanitation programs
are funded by permit and license fees [69]. Similarly, the European Union (EU) has strin-
gent regulations for shellfish water classification, with different security measures required
based on classifications [70]. EU directives mandate quality standards, health conditions,
and maximum levels of contaminants in shellfish [52]. The European Commission has a
National Marine Biotoxin Monitoring Program implemented to detect toxins, and shellfish
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harvesting and sale are prohibited if unsafe levels are found [71]. The same structures
apply to both mature and evolving markets, regardless of developmental stage. In contrast,
South Africa and Namibia have no general regulations; however, oyster aquaculture permit
conditions prescribe regular testing for heavy metals, biotoxins, and bacterial contamina-
tion. Namibia and South Africa have both established shellfish sanitation programs to
meet international standards for access to export markets but have not yet achieved EU ap-
proval [59]. In Brazil, regulations mainly focus on testing for E. coli, toxins (in bivalve meat),
and harmful algae concentration, with enforcement challenges in some regions. Brazil has
new legislation for the shellfish sanitation program (National Safety Bivalves Mollusks
Program MoluBis; Portaria SDA/MAPA 884, 06/09/2023), with standards based on US and
EU sanitary legislation, where other contaminants will be included, and area classification
will be used. The above shows that the implementation of regulatory measures, such as the
Shellfish Sanitation Program and the Marine Biotoxin Monitoring Program across various
regions, can potentially contribute to optimizing oyster industry growth at both global and
regional levels.

3.2.2. Economical Consideration (E)
Challenges and Opportunities for Financing

Securing financing was pointed out as a challenge in oyster aquaculture in all consid-
ered markets, except in the US. Small businesses in the industry could benefit from capital
investment or low-interest loans provided by provincial and national governments, as
recommended in South Africa [57]. In the US, financing options are also available through
the Farm Service Administration, aimed at small operators and potential entrants who
do not qualify for conventional lending [72]. Moreover, insurance plays a crucial role in
ensuring economic security at a larger scale, but it is rare in aquaculture, especially for
low-trophic species. The absence of ISO standards for infrastructure dimensioning further
complicates the situation. There are, however, examples of how these challenges can be
addressed. Aquaculture insurers in North America provide coverage for intensive and
semi-intensive production systems, and as such, hatchery and nursery operations qualify
for insurance [73]. Nonetheless, the number of insurance policies in effect for oyster crop
protection in the US is estimated to be less than 100, covering only 2.5% of the industry [73].
In Brazil, although aquaculture insurance exists for other species, there is demand for
this service by the oyster culture. Finding innovative solutions to address financing and
insurance gaps is essential for the sustainable growth of the oyster aquaculture sector. In
Sweden, the European Maritime, Aquaculture, and Fisheries Fund combined with national
funds to implement the national food strategy has been used to channel funding to invest-
ments and R&D in the aquaculture sector. In Namibia, financial institutions are assessing
ways to provide support to existing shellfish farms, and expertise in aquaculture is being
encouraged to assist financial institutions in assessing loan proposals [59].

3.2.3. Social Considerations (S)
The Roles of Producer Organizations and Cooperatives

In emerging oyster sectors, the lack of facilitative structures for investment in production-
related infrastructure poses challenges for farmers. However, the presence of social networks
and producer cooperatives has been found to enhance production and performance within
the industry [74]. Small-scale producers benefit from these organizations, as they allow for
resource sharing and a unified voice in advocating for the sector’s interests. In Ireland,
collective efforts in areas such as depuration facilities, food safety standards, logistics,
marketing, and insurance against adverse events have been recognized as potential benefits
of sector collaboration [45]. Similarly, in Sweden and Brazil, producer organizations and co-
operatives provide support in governance, strategic development, day-to-day management,
and ensuring food safety standards [41]. The establishment of these collaborative structures
enables information exchange, adaptation to volatile conditions, and the empowerment of
oyster growers as primary income sources [74].
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3.2.4. Technological Considerations (T)
Seed Production Techniques and Regulation

Extensive oyster seed collection relies on natural variations in abiotic conditions, such
as temperature, salinity, and substrate availability. This approach presents challenges
in terms of control during the production cycle but offers advantages in robustness and
lower resource use [75]. Sea-based seed collection methods, including hand picking, cultch
deployment, and collector deployment, are practiced in different regions, indicating a
dependence on wild oyster beds (several regions of the United States to varying extents,
northern Brazil, eastern South Africa, Sweden, and Ireland). The most extensive collection
noted in the studied markets was seed production in Brazil, where most traditional oyster
farmers collect naturally settled oyster seed from the roots of the mangrove or purchase
such seed from fishermen. Larger oysters are conserved as “mother oysters” to sustain
larval production [76]. However, unmanaged seed harvest can deplete natural resources
and is therefore sometimes regulated. For instance, Sweden prohibits the harvest of oysters
smaller than 6 cm [77], while some US Gulf States restrict seed oyster collection from public
reefs to private leases [61]. Louisiana manages public oyster grounds for seed production,
allowing oyster producers to obtain seed for cultivation on private leases [78]. In this
area, transplanting seeds from public to private areas is considered a restoration activity
following natural disasters, as seen after Hurricane Rita and Hurricane Katrina [79]. Cultch
deployment is practiced in Ireland and the US but is limited in areas where shallow-water
dredging is prohibited, such as Sweden. Transplanting oyster seeds between areas, however,
carries significant biosecurity risks, as demonstrated by the spread of oyster herpesvirus
(OsHV-1) resulting in mass mortality events in France [41]. Prior to the outbreaks, Marennes-
Oleron Bay supplied seed to multiple regions, potentially facilitating the transfer of the
virus [80].

Role of Hatcheries in Oyster Seed Production

Hatcheries are vital to oyster aquaculture, serving as a reliable seed source, especially
in areas where natural settlement is uncertain or species are locally depleted or extinct,
while also aiding genetic improvement and boosting market potential. Namibia’s oyster
industry exemplifies the advantages of establishing a hatchery. By transitioning from
importing oyster seed to domestic production, Namibia achieved self-sufficiency, reduced
the risk of importing diseases and invasive species, and developed seeds better adapted
to local environmental conditions, resulting in significant production advantages [59].
Hatchery production requires advanced technological and scientific expertise, making it
a costly endeavor that benefits from economies of scale [52]. During production, oyster
larvae are settled on shell fragments, cultch, or can be produced as a single seed without the
addition of cultch. Moreover, recently, larvae have also been produced from remote setting
techniques, enhancing the hatcheries’ role in oyster production and diversification [81].
Hatcheries can also impact the marketability of oysters by offering desirable traits like shell
color patterns and shapes that are heritable traits [82,83]. This will ensure that market-
specific attributes are met, for example, the US east coast prefers the lighter shell and mantle
colors found in eastern oysters [84].

Hatchery-Produced Seed and the Advantages of Triploid Oysters

Hatcheries play a pivotal role in improving oyster production by selecting broodstock
and utilizing genetic advancements. In the Pacific Northwest of the US, British Columbia,
Canada, and France, the production of triploid oysters, with one extra set of chromosomes,
has revolutionized the oyster industry, as triploids exhibit faster growth rates, consistent
quality and texture compared to diploids [85,86]. It is important to note that triploid or
tetraploid shellfish are not genetically modified organisms but possess the same genomes
as diploid oysters, with one or two additional sets of chromosomes. Polyploidy can
occur naturally in wild oyster populations. Their sterility reduces energy investment in
reproduction, allowing for year-round consumption and shorter production cycles. Initially,
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concerns were raised by producers regarding the consumer acceptability of triploids, but
the exceptional performance and quality of triploid oysters have resulted in a booming
demand for triploid seed [43]. The development of tetraploid oysters has also greatly
facilitated the production of triploid seed, obtained by crossing tetraploid males with
diploid females. For example, in the US and France, triploid production has become a
significant component of shellfish hatchery output [84]. In order to fully capitalize on the
benefits of triploid oyster production and to overcome traditional seasonality perceptions,
innovative labelling and consumer education strategies may be necessary. This would
shift the perception of triploid oysters as a year-round food item, emphasizing their more
consistent quality and flavor [85].

Production Techniques

Oyster cultivation encompasses a range of intensities, from extensive wild harvest-
based seed to intensive floating or suspended culture using hatchery-produced seeds.
Mature markets have shifted away from relying on the harvest of wild populations while
emerging markets still have a mix of wild harvest and aquaculture. Harvest of wild oyster
beds results in a product that is less refined than cultivated oysters, showing variations in
shape, size, and growth alignments (e.g., cluster oysters)

On-bottom culture farms are particularly susceptible to market price fluctuations and
oyster volume sold [87]. Similar practices are seen in one region in Brazil and in Ireland,
albeit with different end products. In France, off-bottom culture on trestles has become the
predominant technique, accounting for 60% of total production, while suspended culture
(5%) involves hanging oysters on ropes or cages in Mediterranean lagoons or open sea
lines [81]. In Brazil, various on-growing systems have been developed, including fixed
tables for areas with tidal variation, longline suspended systems (the most used system) for
deeper waters, and intertidal longlines. In Sweden, most farmers have developed locally
adapted versions of different on-growing systems. Deep water methods like longlines can
mitigate conflicts near the shore and address capacity issues in bays, allowing for greater
production area utilization and expansion in total volume [43].

Postharvest Processing and the Importance of Depuration Facilities

Since adherence to food safety standards is crucial for consumer trust and market
expansion [41], various processing methods are employed to enhance the shelf life, quality,
and usability of oysters. In addition to traditional methods (i.e., hand sorting and grading),
oysters can undergo postharvest processing (PHP) techniques. Depuration plants are the
most commonly used PHP method, known for their effectiveness in reducing pathogens
while being low-maintenance and free from hazardous byproducts. Other techniques
to add value and improve product quality are irradiation, cryogenic individual quick-
freezing (IQF), cool pasteurization, and hydrostatic pressure [84]. The establishment of
reliable depuration facilities is essential for public health and increasing the value and
acceptability of oysters in the market. Brazil has seen the positive impact of partnering
with international agencies to establish depuration facilities, resulting in increased sales
volume, higher income for growers, and enhanced consumer confidence [41]. Depuration
or live storage facilities are also commonly utilized in other regions across the Atlantic,
including the United States and Europe (France, Ireland, and Sweden), and in some places
in Brazil. The establishment of reliable depuration facilities and setting standards for these
facilities may therefore increase the value and acceptability of oysters in the market.

Food Safety through Traceability

Traceability plays a crucial role in ensuring food safety and mitigating risks in the
oyster industry. It allows for the tracking of oysters from farm to consumer, particularly
during product recalls, which can have significant health and economic implications [30].
Effective traceability practices contribute to maintaining the reputation of businesses and
industries while minimizing negative impacts. In the United States, shellfish tags are
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vital for traceability, containing essential information such as harvester address, harvest
location, and date of harvest. These waterproof tags are required by law to be stored at the
final point of sale for 90 days [30]. Additionally, wholesalers play a key role by assigning
lot numbers to shipments and maintaining metadata about the product. While digital
traceability technology has been developed and piloted in some regions, its widespread
adoption remains limited [88].

Similarly, in the European Union, traceability regulations mandate that all fisheries and
aquaculture products be traceable throughout the production, processing, and distribution
stages. Adequate labelling with essential information, including species identification,
production method, catch or farming area, and fishing gear category, is required [89].
These measures ensure transparency and facilitate effective traceback in the event of issues
or recalls. Compliance with traceability requirements enhances consumer confidence,
safeguards public health, and supports the responsible and sustainable development of the
oyster industry.

4. Conclusions and Recommendations

Oyster production and consumption across Atlantic regions show marked differences
in production methods, species farmed, and market dynamics. The US, France, and Brazil
have robust oyster industries, while Namibia and South Africa show growth potential
despite challenges. Ecological concerns arise from seed production techniques, though
innovations such as hatcheries and triploid oysters offer benefits, despite resource and
acceptance issues. Public health measures and a range of postharvest processing methods,
focusing on depuration facilities and traceability, are vital for consumer protection and
industry growth. To tackle financial hurdles, particularly for small businesses, policy
reforms, innovative solutions, and government support are necessary. Enhanced insurance
coverage is needed for risk mitigation and industry stability. Regulatory frameworks and
property rights need strengthening to foster responsible oyster exploitation and sustainable
aquaculture. The establishment of hatcheries is recommended for stable seed supply,
marketability, and reducing dependence on imported seeds. Improvement in postharvest
processing methods and robust traceability systems are essential for food safety and market
value. While continued research is essential to produce innovative practices, enhance
cultivation techniques, and ensure responsible market dynamics, this study concludes
that to achieve significant growth at both global and regional levels, identified variations
may need to be harmonized. While this study produced important findings, it is vital that
more comprehensive research on future market dynamics and consumer preferences across
regions be conducted for effective market strategies. Additionally, assessing the impact of
regulatory changes on the oyster industry’s growth and sustainability, as well as exploring
advanced risk management strategies and insurance models tailored to the specific needs
of the oyster industry, may be crucial steps for future research.
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26. Weir, M.; Rajić, A.; Dutil, L.; Uhland, C.; Bruneau, N. Zoonotic bacteria and antimicrobial resistance in aquaculture: Opportunities
for surveillance in Canada. Can. Vet. J. 2012, 53, 619–622. [PubMed]

187



Fishes 2023, 8, 584

27. Kim, H.; Sefcik, J.S.; Bradway, C. Characteristics of qualitative descriptive studies: A systematic review. Res. Nurs. Health 2017, 40,
23–42. [CrossRef] [PubMed]

28. Sandelowski, M. What’s in a name? Qualitative description revisited. Res. Nurs. Health 2010, 33, 77–84. [CrossRef] [PubMed]
29. Carruthers, H. Using PEST analysis to improve business performance. In Practice 2009, 31, 37–39. [CrossRef]
30. Love, D.C.; Lane, R.M.; Kuehl, L.M.; Hudson, B.; Harding, J.; Clancy, K.; Fry, J.P. Performance and conduct of supply chains for

United States farmed oysters. Aquaculture 2020, 515, 734569. [CrossRef]
31. FAO. FAO Yearbook. Fishery and Aquaculture Statistics 2019/FAO Annuaire. Statistiques des Pêches et de L’aquaculture 2019/FAO

Anuario; Estadísticas de pesca y Acuicultura: Rome, Italy, 2019. [CrossRef]
32. Lipton, D.; Kirkley, J. A Profile of the Oyster Industry Northeastern United States. 1994. Available online: https://scholarworks.

wm.edu/cgi/viewcontent.cgi?article=2297andcontext=reports (accessed on 30 May 2023).
33. Posadas, B.; Posadas, R.; Andrews, L. Consumer Preferences for Postharvest-Processed Raw Oyster Products in Southern

California. 2011. Available online: https://repository.library.noaa.gov/view/noaa/38154/noaa_38154_DS1.pdf (accessed on 30
May 2023).

34. Jahns, L.; Raatz, S.K.; Johnson, L.K.; Kranz, S.; Silverstein, J.T.; Picklo, M.J. Intake of seafood in the US varies by age, income, and
education level but not by race-ethnicity. Nutrients 2014, 6, 6060–6075. [CrossRef]

35. Zhang, X.; House, L.; Sureshwaran, S.; Hanson, T.R. At-home and away-from-home consumption of seafood in the United States
(No. 1364-2016-108069). In Proceedings of the Southern Agricultural Economics Association (SAEA) 2004 Annual Meeting, Tulsa,
OK, USA, 14–18 February 2004. [CrossRef]

36. Kecinski, M.; Messer, K.D.; Knapp, L.; Shirazi, Y. Consumer preferences for oyster attributes: Field experiments on brand, locality,
and growing method. Agric. Resour. Econ. Rev. 2017, 46, 315–333. [CrossRef]

37. Food and Drug Administration (FDA). Equivalence Determination Regarding Implementation by Spain and the Netherlands of
the European Union System of Food Safety Control Measures for Raw Bivalve Molluscan Shellfish with Additional Controls.
2020. Available online: https://www.govinfo.gov/content/pkg/FR-2020-09-24/pdf/2020-20755.pdf (accessed on 12 May 2023).

38. Wilbon, A.; Bundy, M.; Clark, K. Entrepreneurship in the Chesapeake Bay Oyster Industry. 2011. Available online:
https://www.researchgate.net/profile/Anthony-Wilbon/publication/295547389_Entrepreneurship_in_the_Chesapeake_Bay_
Oyster_Industry/links/56cb23e408aee3cee5415c1c/Entrepreneurship-in-the-Chesapeake-Bay-Oyster-Industry.pdf (accessed
on 30 May 2023).

39. Barroso, G.F. Assessing the Potential for Mangrove Oyster Aquaculture in an Estuarine System of the Southeastern Coast of
Brazil: A Geographic Information System Approach. 2004. Available online: https://dspace.library.uvic.ca/bitstream/handle/18
28/648/barroso_2004.pdf?isAllowed=yandsequence=1. (accessed on 30 May 2023).

40. Valenti, W.C.; Barros, H.P.; Moraes-Valenti, P.; Bueno, G.W.; Cavalli, R.O. Aquaculture in Brazil: Past, present and future. Aquac.
Rep. 2021, 19, 100611. [CrossRef]

41. de Souza Sampaio, D.; Tagliaro, C.H.; Schneider, H.; Beasley, C.R. Oyster culture on the Amazon mangrove coast: Asymmetries
and advances in an emerging sector. Rev. Aquac. 2019, 11, 88–104. [CrossRef]

42. Robert, R.; Sanchez, J.L.; Pérez-Parallé, L.; Ponis, E.; Kamermans, P.; O’Mahoney, M. A glimpse on the mollusc industry in Europe.
Aquac. Eur. 2013, 38, 5–11.

43. Buestel, D.; Ropert, M.; Prou, J.; Goulletquer, P. History, status, and future of oyster culture in France. J. Shellfish. Res. 2009, 28,
813–820. [CrossRef]

44. Mariojouls, C.; Paquotte, P. Labelling and Product Differentiation in the French National Market for Oysters and Mussels. Quality of Fish
from Catch to Consumer: Labelling, Modelling and Traceability; Wageningen Academic Publishers: Wageningen, The Netherlands,
2003; p. 441.

45. Renwick, A. Regulatory failure and risk in Aquaculture: A case study of the Irish Oyster Industry. In Proceedings of the
Agricultural Economics Society AES 90th Annual Conference, Warwick University, Coventry, UK, 4–6 April 2016. [CrossRef]

46. Fox, M.; Christley, R.; Lupo, C.; Moore, H.; Service, M.; Campbell, K. Preventing and mitigating farmed bivalve disease: A
Northern Ireland case study. Aquac. Int. 2020, 28, 2397–2417. [CrossRef]

47. BIM. The Economic Contribution of the Aquaculture Sector. Across Ireland’s Bay Areas. Report. 2022. Available online:
https://bim.ie/wp-content/uploads/2022/05/BIM-Collective-Bay-Areas-Report-SPREADS.pdf (accessed on 2 October 2023).

48. zu Ermgassen, P.S.E.; Strand, Å.; Bakker, N.; Blanco, A.; Bonačić, K.; Boudry, P.; Brundu, G.; Cameron, T.C.; Connellan, I.; Costa
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