
Citation: Carvalho, A.; Braga, Í.;

Chaar, F.; Cardozo, A.P.; Monserrat,

J.M.; Ramírez, J.R.B.; Wasielesky, W.,

Jr.; Poersch, L.H. Production of the

Macroalgae Ulva lactuca Integrated

with the Shrimp Penaeus vannamei in

a Biofloc System: Effect of Total

Suspended Solids and Nutrient

Concentrations. Phycology 2024, 4,

37–52. https://doi.org/10.3390/

phycology4010002

Academic Editor: Peer Schenk

Received: 5 December 2023

Revised: 21 December 2023

Accepted: 29 December 2023

Published: 31 December 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/).

Article

Production of the Macroalgae Ulva lactuca Integrated with the
Shrimp Penaeus vannamei in a Biofloc System: Effect of Total
Suspended Solids and Nutrient Concentrations
Andrezza Carvalho 1,*, Ítalo Braga 2, Florencia Chaar 1, Alessandro Pereira Cardozo 1, José María Monserrat 1,3 ,
Juan Rafael Buitrago Ramírez 1,3, Wilson Wasielesky, Jr. 1 and Luís H. Poersch 1

1 Marine Aquaculture Station, Institute of Oceanography, Federal University of Rio Grande—FURG,
Rua do Hotel n◦ 2, Cassino, Rio Grande 96210030, RS, Brazil; chaar128@gmail.com (F.C.);
ocalessandro@hotmail.com (A.P.C.); josemmonserrat@gmail.com (J.M.M.);
juanrafaelb25@gmail.com (J.R.B.R.); manow@mikrus.com.br (W.W.J.); lpoersch@gmail.com (L.H.P.)

2 Escola Agrícola de Jundiaí, Federal University of Rio Grande do Norte—UFRN, Jundiaí, Macaiba,
Rio Grande do Norte 59280-000, RN, Brazil; italo_96felipe@hotmail.com

3 Laboratory of Functional Biochemistry of Aquatic Organisms (BIFOA), Institute of Oceanography (IO),
Federal University of Rio Grande—FURG, Rua do Hotel, n◦ 2, Cassino, Rio Grande 96210-030, RS, Brazil

* Correspondence: andrezzachagas@hotmail.com

Abstract: This study focused on evaluating the effect of different concentrations of nutrients and
total suspended solids on the removal rate of nutrients and biocompounds from the macroalgae U.
lactuca in an integrated system with the shrimp Penaeus vannamei in biofloc. The experiment lasted
45 days and included five treatments with three replicates each, with percentages of 0 (control), 25,
50, 75, and 100% biofloc inoculum (73.3 ± 5.7 and 325.0 ± 21.2 mg L−1 initial nitrate and solids,
respectively, in the 100% inoculum), from a shrimp farm, resulting in different concentrations of solids
and nutrients. The macroalgae were introduced into 280 L tanks at a density of 0.88 kg m−2, along
with 200 shrimp m−3. The algae were separated by a floating structure. Water quality parameters
were measured, and the nutrient removal rate was evaluated. The treatment with 75% inoculum
showed a removal rate of 55.0 ± 4.0 and 31.0 ± 10.0% of nitrate and phosphate, respectively. There
was no difference in macroalgae growth between the treatments; however, macroalgae grown in 75%
inoculum had higher protein, chlorophyll-a, and lower ash values compared with the control. The
use of macroalgae in integrated production with shrimp under the conditions of the treatment with
75% biofloc inoculum proved to be viable and sustainable.

Keywords: removal rate nutrients; nitrate; phosphate; bioremediator; chlorophyll; alkalinity

1. Introduction

Large-scale production of macroalgae comes from open and coastal areas, totaling
35.1 million tons, according to the FAO in 2022 [1]. However, these cultures are affected
by the availability of nutrients, wave action, and the presence of herbivores, factors that
can influence the growth of macroalgae. To address these challenges, the integration of
macroalgae cultivation with animal production systems that generate nutrient-rich effluents,
such as shrimp farming, has gained prominence. This approach enables indoor cultivation
of macroalgae while concurrently serving as a means of bioremediation for aquaculture
wastewater. Studies by Alencar et al. [2] and Copertino et al. [3] have demonstrated the
effectiveness of cultivating Ulva algae using effluents from shrimp farms. They achieved
growth rates exceeding 8.0% per day and ammonia absorption rates of up to 90%, indicating
enhanced macroalgae development while effectively removing nutrients from the effluents.

More sustainable farming has also gained importance over time, with the aim of
producing animals with less environmental impact and effluent treatment systems. The
integration of different species in cultivation represents an alternative for improving water
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quality and the use of waste. This approach is known as Integrated Multitrophic Aqua-
culture (IMTA), which stands out for its sustainability. IMTA involves the cultivation of
both feeding species and consuming species that play a crucial role in recycling organic
matter and residual nutrients [4]. Macroalgae participate in the absorption of nutrients,
sequestration of carbon dioxide (CO2), and maintenance of dissolved oxygen [5]. Inte-
grating macroalgae into shrimp farming increases the system’s productivity, and two or
more species can be cultivated in the same area without negatively affecting their per-
formance, thus increasing economic viability [6]. The advantages of integrated systems
have been shown to be effective in studies such as Nobre et al. [7] with macroalgae and
abalone, Holanda et al. [8] with shrimp and fish, Verdian et al. [9], which showed improve-
ments in zootechnical performance when integrating shrimp, fish, and macroalgae, and
Poli et al. [10] with shrimp, fish, and halophytes.

Biofloc technology is a production approach characterized by minimal water exchange,
high productivity, and a reduced environmental impact. Central to this technology is the
role of heterotrophic bacteria. These bacteria play a vital role in assimilating the ammonia
produced by converting it into bacterial biomass, resulting in an increase in total suspended
solids-TSS and oxygen consumption [11]. In parallel, chemoautotrophic bacteria within the
system convert ammonia into nitrate while consuming inorganic carbon [11]. For shrimp
farming, the solids level should be kept between 100 and 300 mg L−1, with the excess being
removed from the system using clarifiers [12] or partial water changes. The constant use of
clarifiers to maintain a low concentration of solids can lead to greater energy expenditure.
In addition, the low concentration of solids can affect water quality, causing nitrite spikes
due to the low availability of bacteria in the system [13].

The minimal water exchange in cultures operated in biofloc systems favors the ac-
cumulation of nutrients and solids in the system, which, when released at the end of
cultivation into the receiving body of water, can cause eutrophication [14]. Although the
accumulation of nutrients is favorable to macroalgae growth, the successful production of
macroalgae biomass in a biofloc system requires adaptation to the environment due to the
distinct characteristics compared with the natural environment. Legarda et al. [15] showed
that introducing macroalgae collected from the natural environment into the biofloc system
can lead to stress and loss of biomass.

The production of solids in the water can harm the macroalgae since these solids block
the entry of light into the photosynthetic tissues [16]. In addition, the presence of these
solids limits the penetration of light into the water column, especially at greater depths [17].
Therefore, for the best development of macroalgae, the concentration of solids in the system
must be optimized. The use of water exchanges can help to decrease the concentration of
solids in the system, but it will increase energy costs and cause environmental problems
with the disposal of effluents. According to Queiroz et al. [14], the disposal of effluent
from shrimp farming in mangroves increases the nitrogen content in the soil and its
mineralization, factors that trigger the eutrophication of mangrove areas. Water exchange
in cultivation also leads to nutrient dilution, which can become a limiting factor or change
the N:P ratio for macroalgae growth [18].

Thus, adjusting water quality parameters for integrated macroalgae cultivation can
be used as a way of boosting macroalgae performance in biofloc systems. In addition to
the growth of macroalgae, their cultivation in an environment with different physical and
chemical factors can lead to changes in their biochemical and nutritional composition, which
may be of interest to the pharmaceutical and food industries [18]. Previous studies have
shown an increase in the protein content of the macroalgae Ulva lactuca when cultivated in
an integrated biofloc system. The values reached 22.4%, in contrast to the 12.40% observed
when cultivated in laboratory solution, highlighting its nutritional value [19]. He et al. [20]
described some factors that influence the increase in antioxidant capacity and phenol
content, such as salinities below 25, as well as the depletion or high concentrations of
nutrients that can influence the concentration of amino acids and fatty acids in macroalgae.
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Therefore, the medium and conditions under which macroalgae are cultivated can enhance
the biomass produced.

Therefore, the aim of this study is to evaluate nutrient absorption, nutritional com-
position, and bioactive compounds in the macroalgae Ulva lactuca when cultivated under
varying concentrations of nutrients and total suspended solids (biofloc) within an integrated
system with the white shrimp Penaeus vannamei.

2. Materials and Methods
2.1. Experimental Design and Facilities

The experiment was carried out at the Marine Aquaculture Station, Institute of
Oceanography of the Federal University of Rio Grande (IO-FURG), located on Cassino
Beach, Rio Grande, Rio Grande do Sul. The macroalgae species used was U. lactuca, col-
lected in a natural environment (32◦17′52.30′′ S–52◦15′59.80′′ W). After collection, the
macroalgae were taken to the laboratory to remove the epiphyte species and identified
using a molecular analysis and observing quadratic cells and a bilayer of cells characteristic
of this species, as also identified by Alencar et al. [2]. After confirming the species, it was
cultivated for 27 days before being stocked in the experimental units in a 1 m3 circular tank
with 10% biofloc inoculum, resulting in a concentration of 35.1 ± 2.74 mg L−1 of nitrate
and 2.24 ± 1.2 mg L−1 of phosphate. The shrimp came from a biofloc system grow-out
tank at the EMA/IO-FURG Carcinoculture Laboratory. The shrimp, with an initial weight
of 3.85 ± 0.73 g, were stocked at a density of 200 shrimp m−3 to maintain the biofloc.

The experiment lasted 45 days and was carried out in an agricultural greenhouse.
The experimental units were kept under constant aeration using a blower (4 HP), which
injected air into the experimental units through two pieces of micro-perforated hose
(each piece 20 cm long) per tank. During the experiment, the average light intensity
was 28.68 ± 8.53 µmol m−2 s−1, with a natural photoperiod of 14 h light and 10 h dark.
Fifteen tanks were used, arranged randomly in the greenhouse, with a base diameter
of 0.81 m, a height of 0.53 m, and a useful volume of 180 L (Figure 1). The shrimp and
macroalgae were kept in the same tank, but to separate the animals, the macroalgae were
cultivated inside a circular floating structure near the surface with a diameter of 0.60 m,
with 5 mm mesh openings, with a depth of 10 cm to allow the macroalgae to move within
the structure, at a density of 0.88 kg m−2 (Figure 1). The shrimp were fed with a commercial
feed of 36% protein (Guabi Aqua QS 2–3 mm, Guabi Nutrition and Animal Health S.A.,
Campinas, São Paulo, Brazil), according to the methodology proposed by Jory et al. [21],
twice a day, with the feed being adjusted weekly.
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Figure 1. Diagram of the experimental units used for shrimp and macroalgae. (A) Tanks with a 
useful volume of 180 L, with constant aeration, and a circular structure for the macroalgae. (B) Cir-
cular structure with a diameter of 0.60 cm for the cultivation of macroalgae. 

Figure 1. Diagram of the experimental units used for shrimp and macroalgae. (A) Tanks with a useful
volume of 180 L, with constant aeration, and a circular structure for the macroalgae. (B) Circular
structure with a diameter of 0.60 cm for the cultivation of macroalgae.

The experiment used a mature biofloc inoculum from a grow-out shrimp farm [11].
The nutrient concentrations of the inoculum were 0.09, 0.03, 73.33, and 1.60 mg L−1 of total
ammoniacal nitrogen, nitrite, nitrate, and phosphate, respectively, 20 mL L−1 of settleable
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solids, 304 NTU for turbidity and 325 mg L−1 of total suspended solids. This inoculum was
placed in different percentages in each treatment and diluted with seawater to complete
the useful volume of the tank, arriving at different concentrations of nutrients and solids
(Table 1).

Table 1. Initial characteristics of the treatments CONT (cultivation in clear water), T100 (use of 25%
biofloc inoculum, a concentration of approximately 100 mg L−1 of total suspended solids), T200 (use
of 50% biofloc inoculum, a concentration of approximately 200 mg L−1 of total suspended solids),
T250 (use of 75% biofloc inoculum, a concentration of approximately 250 mg L−1 of total suspended
solids), T300 (use of 100% biofloc inoculum, a concentration of approximately 300 mg L−1 of total
suspended solids).

Treatments

Parameters CONT T100 T200 T250 T300

Total ammonia N–NH3 (mg L−1) 0.02 ± 0.00 0.04 ± 0.01 0.04 ± 0.01 0.05 ± 0.03 0.09 ± 0.01
Nitrite NO2—N (mg L−1) 0.01 ± 0.01 0.02 ± 0.00 0.02 ± 0.00 0.01 ± 0.03 0.01 ± 0.03
Nitrate NO3—N (mg L−1) 0.05 ± 0.04 a 28.33 ± 5.77 b 45.00 ± 0.00 c 56.67 ± 5.77 d 73.33 ± 5.77 e

Phosphate P–PO4
−3 (mg L−1) 0.14 ± 0.03 a 0.81 ± 0.12 b 1.25 ± 0.05 c 1.55 ± 0.14 d 1.60 ± 0.00 e

SS (mL L−1) 0.00 ± 0.00 a 1.97 ± 1.38 b 8.00 ± 1.00 c 11.67 ± 0.58 d 19.67 ± 0.58 e

TSS (mg L−1) 11.67 ± 2.89 a 111.67 ± 63.31 b 213.33 ± 50.08 c 246.67 ± 2.89 d 325.00 ± 21.21 e

Turbidity (NTU) 2.57 ± 0.37 a 26.23 ± 18.01 b 74.63 ± 62.35 c 176.10 ± 18.36 d 304.10 ± 12.77 e

SS (Settleable Solids); TSS (Total Suspended Solids). Different letters in the same line represent significant
differences (p ≤ 0.05) between treatments after one-way ANOVA with Tukey’s post-hoc test.

The experiment consisted of five treatments with three replicates each. Presenting a
control treatment CONT—cultivation in clear water, with the addition of organic carbon when
ammonia reached concentrations of 1 mg L−1 [22]; and treatments with different percentages
of biofloc inoculum, with 25, 50, 75 and 100% biofloc, resulting in: T100—concentration of
approximately 100 mg L−1 of total suspended solids; T200—concentration of approximately
200 mg L−1 of total suspended solids; T250—concentration of approximately 250 mg L−1 of
total suspended solids; T300—concentration of approximately 300 mg L−1 of total suspended
solids (Table 1).

2.2. Physical and Chemical Parameters

Temperature (◦C), dissolved oxygen (DO, mg L−1), and pH were measured daily in
all tanks using a multi-parameter probe (model Pro-20, YSI Inc., Yellow Springs, OH, USA)
and a bench pH meter (Seven2Go S7 Basic, Mettler Toledo, São Paulo, Brazil). Salinity was
measured weekly using a multi-parameter probe (model Pro-20, YSI Inc., Yellow Springs,
OH, USA). For the water quality analyses, the samples were collected in plastic containers
and taken immediately for analysis. Total ammonia (N–NH3, mg L−1) and nitrite (NO2-N,
mg L−1) were analyzed twice a week according to the methodology of UNESCO [23] and
Bendschneider & Robinson [24], respectively. Nitrate (NO3-N) and phosphate (P–PO4

− 3)
(mg L−1) were analyzed using the methodology described by Aminot & Chaussepied [25]
and monitored twice a week. Turbidity and TSS were determined weekly. Turbidity (NTU)
was measured using a portable turbidimeter (2100P, Hach™, Loveland, CO, USA), and total
suspended solids (TSS) were quantified using filtration and gravimetry according to the
methodology described by Strickland and Parsons [26]. Total alkalinity (mg CaCO3 L−1)
was measured twice a week and monitored according to the methodology presented by
APHA [27]. Calcium hydroxide was used to maintain alkalinity above 150 mg L−1 [28].
The settleable solids (SS) were measured weekly using the Imhoff cone [27].

2.3. Growth and Nutrient Absorption by Macroalgae

The biomass yield of the macroalgae was measured weekly by weighing the fresh
biomass, where the macroalgae were removed from the water and left in the open air for
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20 min to remove excess water. The following formula was used to calculate the Relative
Growth Rate (RGR) [29]:

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

The nutrient absorption efficiency (NRR) of macroalgae was calculated using the
following formula [29]:

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)

2.4. Proximal Composition and Biocompounds of Macroalgae

Proximal composition analysis was carried out on the treatment with the biofloc
inoculum that showed the best growth performance and nutrient absorption at the end of
cultivation (T250) and on the CONT treatment for comparison. Random samples of algae
were collected manually from each experimental unit, washed in running water, and then
with distilled water. Excess water was removed using a manual centrifuge, followed by
drying with paper towels. The samples were weighed to determine their wet weight and
placed in an oven at 60 ◦C for 24 h, after which they were weighed again to obtain their dry
weight. The samples were then ground for analysis.

The nitrogen content of the algae was determined using the Kjeldahl titration method
according to AOAC [30] at the Laboratory of Aquatic Organism Nutrition-LANOA (EMA,
FURG, Rio Grande, Brazil). The formula used to convert nitrogen into protein was:

Protein (% of dry weight) = [(0.085 × 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 [31].
The crude fat content was determined using the Soxhlet method based on solvent

extraction (petroleum ether), and the ash content was obtained using the gravimetric
method in a muffle furnace at 600 ◦C. The crude fiber was obtained using washes in acidic
and basic media.

The macroalgae extract was obtained using the methodology of Barbarino & Lourenço [32],
with the addition of 1 mL of sodium hydroxide and centrifugation to prepare the crude
extract for protein analysis. The macroalgae protein was analyzed using the Biuret method,
following the methodology of Barbarino & Lourenço [32]. The extract and trichloroacetic
acid (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. 0.5 mL
of sodium hydroxide (0.1 N) was added to the pellet suspension, and 20 µL of the solution
and 1 mL of the total protein kit were removed.

To determine the concentration of chlorophyll-a, chlorophyll-b, carotenoids, phenolic
compounds, and DPPH (2.2-diphenyl-1-picrylhydrazyl), 500 mg of sample and 5 mL of
methanol were used. The samples were macerated, then incubated in the dark for 60 min
at 4 ◦C, and centrifuged (12,000× g × 10 min). Finally, the supernatant was collected for
analysis. The absorbances at 664 and 647 ηm were measured 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 [33].

Total phenolic compounds were determined by the Folin–Ciocalteau colorimetric method
using the methodology described by Schiavon et al. [34] with modifications. A total volume
of 2 mL of 2% Na2CO3 and 150 µL of Folin–Ciocalteau reagent (Sigma-Aldrich) were added
to 200 µL of macroalgae extract. After 15 min of incubation in the dark, the samples were
measured at 750 nm. The gallic acid standard curve was used (Sigma-Aldrich, St. Louis, MO,
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USA—100—1250 µg mL−1, y = 0.0008x − 0.0156, R2 = 0.999). The results were presented as
mg of gallic acid equivalent per g of mass (mg GAE g−1).

The DPPH radical scavenging effects of the samples were carried out using the method-
ology of Farasat et al. [35] with some modifications. A total volume of 400 µL of extract
and 400 µL of 0.16 mM DPPH methanolic solution were used. The mixture was vor-
texed for 1 min and then incubated for 30 min in the dark. The absorbance was read at
517 nm in a spectrophotometer, where the antioxidant capacity was calculated using the
following equation:

% Inhibition = (Acotrol − (Asample − Ablank)/Acotrol) × 100 (4)

where Acotrol is the absorbance of the control (DPPH without extract), Asample is the
absorbance of the extract (extract plus DPPH solution), and Ablank is the absorbance of the
extract (extract without DPPH solution).

2.5. Shrimp Performance

Shrimp growth data were obtained from weekly biometrics that included the following
formulas:

1. Mean final weight (g): final biomass of live animals (g)/total number of animals;
2. Weekly weight gain (g week-1): weight gain (g)/number of weeks.
3. Final biomass (g): ∑ final weight of all live animals (g);
4. Survival (%) = (final number of animals/initial number of animals) × 100;
5. Feed conversion factor (FCR) = ∑ration offered (g)/(biomass gains (g);
6. Productivity (kg m−3): (final biomass (kg)/tank volume (m3);

2.6. Statistical Analysis

The normality and homoscedasticity of these data were checked using the Shapiro–
Wilk and Levene tests, respectively. Once these assumptions had been met, ANOVA was
carried out, followed by Tukey’s post-hoc test for water quality, macroalgae, and shrimp
performance. Spearman’s correlation was carried out for each week of the experiment
between the variables treatment, nitrate concentration, phosphate concentration, total sus-
pended solids concentration, macroalgae weight gain, nitrate removal rate, and phosphate
removal rate. A student’s t-test was applied to the proximal and biochemical composition
of only the two treatments, CONT and T250. When the assumptions of ANOVA and
the student’s t-test were not met, the non-parametric Kruskal–Wallis test was used. A
minimum significance level of 5% (p ≤ 0.05) was applied in all analyses.

3. Results
3.1. Physical and Chemical Parameters

There were no significant differences (p > 0.05) between the treatments in the parame-
ters temperature, dissolved oxygen (D.O), and ammonia. The pH remained higher in the
T250 and T300 treatments, along with the alkalinity, which was also higher (p > 0.05) in
the same treatments. Salinity differed between treatments (p < 0.05), ranging from 28 to
30. The lowest nitrite concentrations were observed in the CONT treatment. Nitrate and
settleable solids (SS) had higher concentrations as the inoculum concentration increased.
Phosphate and turbidity were lower in the CONT and T100 treatments and remained
the same in the other treatments. Total suspended solids (TSS) in the CONT treatment
increased compared with the initial concentration but remained lower than in the other
treatments. The concentration of solids increased in the treatments in relation to the initial
inoculum concentrations (Table 2).
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Table 2. Water quality during the 45 days of cultivation, in treatments CONT (cultivation in clear
water), T100 (use of 25% biofloc inoculum, a concentration of approximately 100 mg L−1 of total
suspended solids), T200 (use of 50% biofloc inoculum, a concentration of approximately 200 mg L−1

of total suspended solids), T250 (use of 75% biofloc inoculum, a concentration of approximately
250 mg L−1 of total suspended solids), T300 (use of 100% biofloc inoculum, a concentration of
approximately 300 mg L−1 of total suspended solids).

Treatments

Parameters CONT T100 T200 T250 T300

Temperature (◦C) 26.92 ± 2.30 26.55 ± 2.18 26.56 ± 2.18 26.79 ± 2.46 26.56 ± 2.19
DO (mg L−1) 5.89 ± 0.70 6.03 ± 0.71 6.00 ± 0.70 5.90 ± 0.74 5.98 ± 0.71

pH 8.15 ± 0.09 c 8.18 ± 0.07 c 8.16 ± 0.08 b 8.23 ± 0.07 a 8.22 ± 0.07 a

Salinity (‰) 30.43 ± 1.81 a 30.00 ± 0.51 a 29.43 ± 1.57 a 29.19 ± 1.40 ab 27.90 ± 0.66 b

Alkalinity (mg CaCO3 L−1) 173.33 ± 23.93 cb 174.36 ± 21.40 cb 175.66 ± 24.69 cb 205.92 ± 34.15 a 183.08 ± 27.05 b

Total ammonia N–NH3 (mg L−1) 0.12 ± 0.07 0.11 ± 0.03 0.09 ± 0.03 0.10 ± 0.02 0.10 ± 0.03
Nitrite NO2—N (mg L−1) 0.26 ± 0.55 a 1.06 ± 1.36 b 1.30 ± 1.96 b 1.40 ± 2.43 b 0.35 ± 0.40 b

Nitrate NO3—N (mg L−1) 1.56 ± 3.13 a 19.53 ± 3.53 b 32.25 ± 4.85 c 44.97 ± 9.01 d 59.38 ± 6.80 e

Phosphate P-PO4
− 3 (mg L−1) 0.56 ± 0.36 a 0.79 ± 0.38 ab 1.21 ± 0.39 b 1.16 ± 0.30 b 1.67 ± 0.26 c

SS (mL L−1) 2.65 ± 2.34 a 5.93 ± 3.33 b 11.15 ± 3.17 c 15.08 ± 4.39 d 21.71 ± 4.98 e

TSS (mg L−1) 134.05 ± 81.36 a 232.62 ± 92.76 b 290.48 ± 65.36 b 354.05 ± 88.69 c 403.69 ± 79.03 c

Turbidity (NTU) 80.37 ± 62.71 a 106.26 ± 79.79 a 167.31 ± 95.65 ab 232.91 ± 101.9 b 287.48 ± 104.59 b

Calcium hydroxide (g L−1) # 0.13 ± 0.03 0.10 ± 0.00 0.13 ± 0.06 0.07 ± 0.06 0.08 ± 0.03

Removal rate

Nitrate (%) 00.00 ± 00.00 c 28.0 ± 13.0 b 17.0 ± 15.0 bc 55.0 ± 4.0 a 38.0 ± 11.0 ab

Phosphate (%) 00.00 ± 00.00 b 00.00 ± 00.00 b 00.00 ± 00.00 b 31.0 ± 10.0 a 00.00 ± 00.00 b

DO (dissolved oxygen); SS (Settleable Solids); TSS (Total Suspended Solids); # Use of calcium hydroxide per
treatment. Different letters in the same line represent significant differences (p ≤ 0.05) between treatments after
one-way ANOVA with Tukey’s post-hoc test.

As shown in Table 2, the best nitrate and phosphate removal rates were found in
the T250 treatment with 55.0 ± 4.0 and 31.0 ± 10.0%, respectively. In contrast, the CONT
treatment had an increase in nitrate and phosphate throughout the experiment.

When looking at the nitrate values, the initial concentrations of the T300, T250, T200,
and T100 treatments were higher than the final concentrations, showing a removal of the
nitrogenous compound (Figure 2). In the control treatment, there was an increase in nitrate
concentration on the 32nd day of the trial period. At the end of cultivation, the nitrate
concentrations between treatments T300, T250, T200, and T100 were statistically similar.

In general, there was a positive correlation between treatment and the concentra-
tion of total suspended solids, nitrate, and phosphate in all weeks of cultivation. In the
first week, there was a positive correlation between the weight gain of the macroalgae
and nitrate removal rate (correlation coefficient = 0.575; p valor = 0.025) and phosphate
removal rate (correlation coefficient = 0.627; p valor = 0.012). The second week showed
a positive correlation between the weight gain of the macroalgae and nitrate removal
rate (correlation coefficient = 0.596; p valor = 0.019). The third week showed a positive
correlation between treatment and nitrate removal rate (correlation coefficient = 0.542;
p valor = 0.037). The fourth week showed a positive correlation between nitrate removal
rate, treatment (correlation coefficient = 0.676; p valor = 0.006), nitrate concentration (cor-
relation coefficient = 0.657; p valor = 0.008), and phosphate concentration (correlation
coefficient = 0.738; p valor = 0.002). The fifth week showed a positive correlation between
the nitrate removal rate with treatment (correlation coefficient = 0.873; p valor = 0.000),
nitrate concentration (correlation coefficient = 0.864; p valor = 0.000), phosphate concentra-
tion (correlation coefficient = 0.555; p valor = 0.032) and total suspended solids (correlation
coefficient = 0.717; p valor = 0.003). In the last week, there was a positive correlation
between the treatment and the phosphate removal rate (correlation coefficient = 0.683;
p valor = 0.005) and a negative correlation between the weight gain of the macroalgae and
the nitrate removal rate (correlation coefficient = −0.729; p valor = 0.002).
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Figure 2. Nitrate concentrations in treatments CONT (cultivation in clear water), T100 (use of 25%
biofloc inoculum, a concentration of approximately 100 mg L−1 of total suspended solids), T200 (use
of 50% biofloc inoculum, a concentration of approximately 200 mg L−1 of total suspended solids),
T250 (use of 75% biofloc inoculum, a concentration of approximately 250 mg L−1 of total suspended
solids), T300 (use of 100% biofloc inoculum, a concentration of approximately 300 mg L−1 of total
suspended solids). Different lowercase letters on the same line represent a significant difference
(p ≤ 0.05) in the same treatment at the beginning and end. Different capital letters represent a
significant difference (p ≤ 0.05) between treatments on the same day after performing a one-way
ANOVA followed by Tukey’s test.

3.2. Macroalgae Performance

The average initial weight of the macroalgae in the treatments was 250.18 ± 0.28 g,
with a gain in biomass throughout the experiment indicated by the growth rate (Table 3).
There was no significant difference in final weight and relative growth rate (RGR) between
treatments.

Table 3. Performance of macroalgae during 45 days of cultivation, in treatments CONT (cultivation in
clear water), T100 (use of 25% biofloc inoculum, a concentration of approximately 100 mg L−1 of total
suspended solids), T200 (use of 50% biofloc inoculum, a concentration of approximately 200 mg L−1

of total suspended solids), T250 (use of 75% biofloc inoculum, a concentration of approximately
250 mg L−1 of total suspended solids), T300 (use of 100% biofloc inoculum, a concentration of
approximately 300 mg L−1 of total suspended solids).

Treatments

CONT T100 T200 T250 T300

Initial mean weight (g—FW) 250.31 ± 0.31 250.05 ± 0.02 250.0 ± 0.00 250.51 ± 0.41 250.06 ± 0.04
Final mean weight (g—FW) 387.33 ± 115.09 317.67 ± 60.86 289.0 ± 73.75 304.33 ± 76.20 275.0 ± 36.69

RGR (% dia−1) 0.89 ± 0.61 0.49 ± 0.41 0.27 ± 0.52 0.38 ± 0.52 0.19 ± 0.30

RGR (relative growth rate); FW (fresh weight).

3.3. Proximal Composition and Biocompounds of Macroalgae

The proximate and biochemical composition was carried out on the control treatment
(CONT), and the treatment with the best performance in nutrient absorption, the T250
treatment, was used. Table 4 shows that the highest protein and chlorophyll-a values were
found in the treatment with biofloc inoculum (T250), and the highest ash values were found
in the CONT treatment.
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Table 4. Proximal composition and biocompounds of the macroalgae (dry matter) at the end of
cultivation in the CONT (cultivation in clear water) and T250 (use of 75% biofloc inoculum, a
concentration of approximately 250 mg L−1 of total suspended solids) treatments.

Treatments

Proximal Composition CONT T250

Moisture (%) # 77.42 ± 0.09 b 75.50 ± 0.23 a

Protein content (%) 22.85 ± 0.37 b 24.26 ± 0.89 a

Lipids (%) 0.53 ± 0.19 0.48 ± 0.19
Ash (%) 30.17 ± 1.80 b 28.30 ± 0.64 a

Fiber (%) 10.65 ± 0.78 11.59 ± 3.41
Non-nitrogenous extract (%) 35.77 ± 1.30 35.58 ± 1.44

Biochemical Analysis

Protein (%) 23.30 ± 1.59 25.85 ± 2.81
DPPH (%) 90.31± 5.38 92.97 ± 5.80

Chlorophyll-a (mg g−1) 2.18 ± 0.03 b 2.27 ± 0.03 a

Chlorophyll-b (mg g−1) 2.99 ± 0.28 3.31 ± 0.10
Carotenoids (mg g−1) 0.19 ± 0.10 0.10 ± 0.03

Total Polyphenols (mg GAE g−1) 0.38 ± 0.12 0.33 ± 0.09
NNE (non-nitrogenous extract); # humid matter. Different letters represent significant differences (p ≤ 0.05)
between treatments after Student’s t-test.

3.4. Shrimp Performance

No significant differences were observed in shrimp performance parameters between
the treatments during the experimental period (Table 5). The shrimp grew during the
experimental period and survived successfully at the end of cultivation.

Table 5. Performance of the shrimp during the 45 days of cultivation, in the treatments CONT
(cultivation in clear water), T100 (use of 25% biofloc inoculum, a concentration of approximately
100 mg L−1 of total suspended solids), T200 (use of 50% biofloc inoculum, a concentration of ap-
proximately 200 mg L−1 of total suspended solids), T250 (use of 75% biofloc inoculum, a concentra-
tion of approximately 250 mg L−1 of total suspended solids), T300 (use of 100% biofloc inoculum,
a concentration of approximately 300 mg L−1 of total suspended solids).

Treatments

Shrimp CONT T100 T200 T250 T300

Final mean weight (g) 6.47 ± 0.27 6.60 ± 0.80 5.89 ± 0.25 6.72 ± 0.26 6.31 ± 0.16
WGW (g week−1) 0.38 ± 0.04 0.40 ± 0.12 0.30 ± 0.04 0.42 ± 0.04 0.36 ± 0.03
Final biomass (g) 232.78 ± 9.84 227.72 ± 12.62 211.97 ± 8.96 235.07 ± 4.38 216.45 ± 17.65

Survival (%) 96.30 ± 6.41 96.30 ± 6.41 100.0 ± 0.0 97.22 ± 4.81 95.37 ± 8.02
FCR 1.90 ± 0.19 2.13 ± 0.30 2.18 ± 0.27 2.03 ± 0.09 2.41 ± 0.59

Productivity (kg m−3) 1.28 ± 0.04 1.26 ± 0.07 1.18 ± 0.05 1.31 ± 0.02 1.20 ± 0.10

FCR (Food Conversion Rate); WGW (Weekly Weight gain).

4. Discussion

Chopin [4] mentions that integrated systems increase the productivity of a system,
with the production of two organisms in the same area with added economic value. The
conditions of salinity [36], dissolved oxygen [37], pH [38], alkalinity [28], and TSS [12]
were kept ideal for the cultivation of P. vannamei shrimp. However, the temperature was
below the optimum level, decreasing the animal’s metabolism and affecting its growth [39],
which explains the low weekly weight gain found in this study. Another factor that
may have influenced shrimp growth was the movement of the feed into the macroalgae
structure through aeration, making it impossible for the shrimp to consume all food. The
FCR obtained in this study (overall FCR of 2.26 ± 0.55) was similar to that found by
Samocha et al. [40] in a biofloc system and Morais et al. [41] with integrated cultivation of
shrimp and macroalgae in biofloc.
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The use of integrated culture with the biofloc system has been widely studied, but
there are few studies using macroalgae due to the high organic load and different variables
in the system. The difference in salinity between the treatments in this study is probably
due to the lower salinity found in the biofloc inoculum used compared with the salinity
found in seawater. However, the genus Ulva can tolerate wide ranges of salinity and can
grow well in salinities above 20 [42]. As a result, the difference in salinity between the
treatments did not represent a stressful situation for the macroalgae, as it was within the
macroalgae optimum performance range.

In cultivation systems that work with biofloc, alkalinity decreases throughout cul-
tivation, and the medium becomes more acidic. This is due to the nitrification process
carried out by the systems chemoautotrophic bacteria, which consume 7.0 g of alkalinity
for metabolism and produce 5.85 g of carbon dioxide [43]. According to Furtado et al. [28],
it is recommended that alkalinity be kept above 150 mg CaCO3 L−1. To maintain it at this
ideal level, calcium carbonate or calcium hydroxide can be used. Using a biofloc inoculum
characterized as mature, Ferreira et al. [11] used 112.91 ± 2.99 g of calcium hydroxide in
a useful volume of 300 L, resulting in 0.38 g L−1 of calcium hydroxide consumption over
35 days of cultivation. Data from this study showed reduced use of calcium hydroxide to
correct alkalinity, with the lowest value in the BIO75 treatment being 0.07 ± 0.06 g L−1 of
calcium hydroxide over 45 days of cultivation. The greater steadiness of alkalinity in our
treatments is probably related to the absorption of CO2 by the macroalgae. For macroalgae,
carbon absorption is essential to maintain a balanced C:N:P (carbon:nitrogen:phosphorus)
ratio, participating in the sequestration of carbon dioxide and reducing the acidity of
the environment [4]. Another explanation could be the consumption of ammonia by the
macroalgae, reducing the nitrification process in the system, and the use of inorganic
carbon, which is economically advantageous to the system.

According to Silva et al. [44], only 22% of the nitrogen input is converted into shrimp
biomass, 14% remains deposited in the sediment, and 57% is discarded into the environ-
ment, suggesting little efficiency in the use of available nitrogen. Ammonia is the most
toxic nitrogenous compound in cultivation, and its control methods include water renewal
in conventional cultivation or organic fertilization in biofloc systems [38,45]. The CONT
treatment, without the use of biofloc inoculum, aimed to use organic fertilization with
molasses when concentrations exceeded 1 mg L−1 in order to encourage the growth of
heterotrophic bacteria to convert the ammonia in the system into bacterial biomass [22].
However, our study showed that despite the high shrimp stocking (200 shrimp m−3) and
no water renewal in the control treatment, there was no increase in ammonia concentrations.
The highest daily concentration in the control treatment was 0.54 mg L−1, so it was not
necessary to use molasses throughout the experimental period. Macroalgae have a greater
affinity for absorbing ammonia because they require less energy during assimilation pro-
cesses [46]. In this study, the macroalgae in the CONT treatment were probably responsible
for the primary absorption of the ammonia produced in the culture, thus delaying the
nitrification process and an increase in nitrate concentrations in the culture, which was only
seen in the last week of cultivation. Only at the end of cultivation (day 32) was there an
increase in nitrate concentration, showing a possible growth of chemoautotrophic bacteria.
According to Ferreira et al. [11], the establishment of these bacteria is slow, requiring at
least 30 days with the use of chemical fertilizer for them to occur. The use of macroalgae to
absorb the compost is advantageous because of the use of residual nutrients to produce
biomass with commercial value, minimizing the impacts of the toxicity of this compost on
the animals.

In a biofloc system, nitrate is the most concentrated nitrogenous compound at the end
of cultivation and is constantly accumulated throughout the experiment due to nitrification
by bacteria, which convert ammonia into nitrite and then nitrate [38]. Improper disposal
of high levels of nitrate in water bodies can cause diseases such as methemoglobinemia
in the population [47]. Therefore, the use of macroalgae as a biological treatment can
provide improvements in water quality and effluent treatment. In the absence of high
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concentrations of ammonia, the macroalgae tend to absorb the nitrate present in the water,
which occurred in this experiment, showing an absorption rate of 55% of nitrate by the
macroalgae in the T250 treatment. Testing variations from 5 to 400 mg L−1 of nitrate in
the water, Farahdiba et al. [48] found an absorption rate of around 90% of nitrate in five
days in a static system. Our system is considered to be continuous, where ammonia is
produced daily from animal excretion and feed waste and converted into bacterial biomass
and nitrate by the bacteria present in the biofloc system. Even though nitrate is produced
in the system, there was a rate of removal by the macroalgae, where the final concentration
was lower than the initial concentration of the culture.

Phosphate is produced through the leaching of feed and is accumulated throughout
cultivation in a biofloc system, being important for macroalgae in the formation of tissues
and the process of photosynthesis. As observed by Ramos et al. [49], the use of a form of
biological phosphorus removal, such as macroalgae, can be more efficient than filtration
and sedimentation. The better rate of nitrate and phosphate absorption may be related
to the nitrogen:phosphorus (N:P) balance during the experimental period. According to
Zirino et al. [50], the most appropriate N:P ratio for macroalgae would be 30:1, and when it
is below 29, nitrogen can be limiting, and when it is above 29, phosphorus can be limiting.
During the 12 nutrient samplings, six times the N:P ratio in the T250 treatment was close
to ideal, unlike the other treatments which showed a phosphorus limitation in most of
the samplings.

The production of solids can come from heterotrophic bacteria, feces production, and
leaching from the feed [12]. As there was no addition of organic carbon in the control
treatment, the increase in total suspended solids was due to zero water renewal and the
accumulation of particulate organic matter, reaching an average of 134.05 ± 81.36 mg L−1

of total suspended solids. Therefore, at the end of the experiment, all treatments had a
load of solids present in the system. Even without a significant difference in final weight
between the treatments, the growth of the macroalgae may still have been affected due to
the low availability of light caused by the biofloc. Macroalgae are sessile organisms in the
system and can interfere with the movement of water and cause the accumulation of solids
on its surface, as seen in studies such as Carvalho et al. [19,51]. The deposition of solids
causes a “shading” effect on the macroalgae and limits their absorption of light. The use
of a larger surface area of the cultivation structure adopted in this study compared with
Carvalho et al. [19] may have minimized the effect of overlap due to greater movement of
the macroalgae in the water column.

The different concentrations of nutrients and solids are directly linked to greater
biomass production and nutrient uptake. In this study, the relative growth rate (RGR) of
algae had an overall average of 0.45± 0.27% day−1, showing an increase in biomass during
cultivation. These data differed from those found by Morais et al. [41], who obtained a
growth rate of 8.00 ± 0.01% day−1 with U. ohnoi at a density of 1 g L−1 in a biofloc system,
where the shrimp water was filtered and pumped into the macroalgae tank once a week,
presenting a lower solids load. This difference in growth can be explained by the fact that
the macroalgae in this experiment were grown in the same experimental unit as the shrimp
and were subject to the accumulation of solids, nutrients, and fluctuations in water quality
parameters. This system was used as a way of evaluating the insertion of macroalgae into
adapted shrimp farms. The low light incidence for the macroalgae was also a key factor in
the low growth rate caused by the greenhouse and the accumulation of solids.

It was also shown that the weight gain of the macroalgae was positively linked to
the rate of nutrient removal, indicating that the macroalgae were absorbing nutrients for
growth in the first and second weeks. However, in the last week, it was seen that a greater
absorption of nitrate was related to weight loss of the macroalgae. Lower growth rates
can also be caused by stress, which triggers reproductive events, with the loss of biomass
for spore formation [3], so it is likely that the macroalgae were absorbing nutrients and
converting this energy into reproductive events rather than growth. Drastic changes in
temperature in agricultural greenhouses have been reported, where the lowest temperatures
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were recorded in the morning and the highest temperatures in the afternoon, which can
cause intense spore release, as seen by Carl et al. [52]. In this experiment, the maximum
temperature was 30.3, and the minimum was 21.7 ◦C. A reproduction event can be noticed
due to the presence of “ghost tissues,” which are transparent parts due to the release of
spores [3], which was noticed in this study throughout the experiment. However, the
performance of the macroalgae obtained in this study differed from that presented by
Martins et al. [53], who obtained a decrease in biomass during the experiment, which may
be associated with the natural environment where the macroalgae were collected and the
acclimatization of the macroalgae to the system.

The composition of macroalgae can change according to the environment in which
it is found, which can affect its nutritional composition [18]. Msuya & Neori [54] showed
that the protein content increases significantly with increasing nutrient addition, reaching
44.3 ± 2.7% protein at the highest level of nutrient addition (38 g N m−2 day−1). The
macroalgae cultivated with a concentration of 56.67± 5.77 mg L−1 of nitrate (T250) showed
higher protein concentrations, probably due to the greater availability of nitrogen in the
water compared with the CONT treatment. Even so, the CONT treatment had a higher
protein content than studies carried out in clear water, such as Tabarsa et al. [55], who found
values of 10.69 ± 0.67 g 100 g−1 of protein in the macroalgae. This high concentration is
probably due to the continuous absorption of ammonia excreted by the shrimp. As for the
result found for ash, little is known about ash variations in the proximal composition of
macroalgae; however, some factors can alter this concentration, such as high macroalgae
densities and an inverse proportion of nitrogen concentration in the tissue [56]. There-
fore, the higher the nitrogen concentration in the macroalgae tissue, the lower the ash
concentration, both factors being verified in this study.

Chlorophylls are green pigments present in thylakoids and are essential in the reaction
to capture light and carry out photosynthesis, and their increase is associated with the
need to increase the number of pigments to maximize photosynthesis [57]. Therefore,
the higher concentrations of chlorophyll-a present in the treatment with inoculum (T250)
are associated with the higher organic load present in this treatment, compared with the
control, which started in clear water. The biofloc system contains microbial flocs that make
up the total suspended solids. This organic load reduces the entry of light into the water
and can negatively influence the growth of macroalgae.

The chlorophyll-b values found in this study were also higher than those found by
Silva et al. [58], who showed maximum values of 1.21 ± 0.10 µg mg in the macroalgae
U. rigida cultivated in a multitrophic system. According to Levavasseur [59], macroalgae
increase their absorption spectrum to maximize the capture of light energy. Therefore,
the macroalgae in this experiment increased the concentration of chlorophyll-b as a way
of capturing light. Fillit. [60], evaluating the effect of seasonal changes on the pigment
concentration of the macroalgae U. rigida showed that at times of the year with greater light
intensity and photoperiod, the pigment content decreased and that shading effects caused
by a greater density of algae also increased the pigment concentration.

Carotenoids are photosynthetic pigments responsible both for collecting light en-
ergy and for preventing the formation of reactive oxygen species caused by light and air
stress [61]. Our values were similar to those found by Yildiz et al. [62] in the macroalgae
U. rigida collected in the environment. However, Eismann et al. [63] show that the varia-
tion in total carotenoids is influenced by the growth rates of macroalgae. Therefore, high
growth rates increase the carotenoid content, which can reach 0.92 ± 0.57 mg g−1. The low
RGR values found in this study may be due to the deposition of solids in the macroalgae
because of their accumulation during cultivation and temperature variations, which may
have influenced lower concentrations of total carotenoids compared with those found in
the literature.

Sampath-Wiley et al. [64] showed that different stressors can affect antioxidant levels
in macroalgae. Macroalgae cultivated in the lower intertidal zone that were protected from
exposure to light and moisture loss showed a decrease in antioxidant levels. In contrast,



Phycology 2024, 4 49

the macroalgae cultivated in this study, which were subjected to temperature variations
and high concentrations of solids and nutrients and consequently showed a high DPPH
inhibition percentage, promoted an increase in antioxidant levels. For phenolic compounds,
according to Mabeau & Fleurence [65], the concentrations vary according to the group of
macroalgae studied. Green and red macroalgae have a higher protein content and lower
levels of phenolic compounds compared with brown macroalgae. Our study showed values
similar to those found by Silva et al. [58] of 0.74 ± 0.13 mg GAE g−1 with the macroalgae
U. rigida cultivated in an integrated system.

5. Conclusions

The utilization of macroalgae within an integrated system alongside shrimp proved to
be feasible in the nitrate and total suspended solids concentrations at 56.67 ± 5.77 mgL−1

and 246.67 ± 2.89 mgL−1, respectively. It also makes the system more sustainable by
reusing water from existing biofloc cultivation. The macroalgae exhibited favorable nitrate
and phosphate removal rates, indicating the assimilation of these compounds into biomass
formation and an increase in economically valuable pigments within the macroalgae.
Furthermore, in addition to nutrient absorption, the system effectively maintained alkalinity
and pH levels, facilitating the efficient upkeep of biofloc cultivation.
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