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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.
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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 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 concentration 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 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: cultivation 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.



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 temperature 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 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 culture 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 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.





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, 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:




	
Final average weight (g): final biomass of live animals (g)/total number of animals;



	
Final biomass yield (g): final weight of all live animals (g);



	
Survival (%) = (final number of animals/initial number of animals) × 100;



	
Feed conversion rate (FCR) = feed offered (g)/(final biomass (g) − initial biomass (g));



	
Specific growth rate (g week−1): weight gain (g)/number of weeks;



	
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).



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).



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.




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).



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.



During the 35 days of cultivation in non-climatized greenhouse conditions, the water quality parameters, such as temperature, dissolved oxygen, pH, salinity, phosphate, and nitrite 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, Figure 3 and Figure 4).



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 difference 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).





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 throughout 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 concentrations 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, 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 probably 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 concentrations 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 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.



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.
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Figure 1. The rectangular floating structure used for U. lactuca cultivation in the shrimp tank. 
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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. 
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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. 
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Table 1. Composition of von Stosch enrichment medium modified and adapted by Guiry and Cunningham [22].
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	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
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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.






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.
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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.
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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.
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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.
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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.
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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.






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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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.






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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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.






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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