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HIGHLIGHTS

e We assessed ecotechnologies with aquatic macrophytes and with periphyton.

e Azolla filiculoides, Pontederia crassipes and Salvinia auriculata were used.

¢ Nutrient removal was greater using aquatic macrophytes than using periphyton.

e Periphyton was not efficient in reducing the ammonia and nitrate contents.

Abstract: In aquaculture, biological treatments usually have an excellent benefit-cost ratio. This study
evaluated the efficiency of different ecotechnologies on aquaculture wastewater treatment. Two experimental
units were installed. In the first one, tanks were individually vegetated with free-floating aquatic macrophytes.
In the second experimental unit, 10.72 m2 of artificial substrate were added for periphyton colonization. The
hydraulic retention time of the wastewater was of 30 days. Both physical and chemical characterizations of
the effluent were carried out at the beginning and at the end of the experiment. The periphyton community
attached to the substrate was catalogued. In the first unit, the pH, nitrite, and orthophosphate values were
significantly different. The tanks vegetated with Azolla filiculoides were the only ones where the electrical
conductivity values were reduced. Tanks vegetated with Azolla filiculoides and Pontederia crassipes
presented decreased the nitrate concentration. On the other hand, the concentration of ammonia and total
phosphorus decreased in all vegetated tanks. In the second unit, only the nitrate and ammonia values did
not decrease in the last day of the experiment. 33 taxa belonging to the classes Cyanophyceae,
Chlorophyceae, Bacillariophyceae, Trebouxiophyceae, Coleochaetophyceae, Coscinodiscophyceae and
Zygnematophyceae were identified in the substrate. The experimental units were effective in mitigating the
nutrients in aquaculture wastewater that cause eutrophication.
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INTRODUCTION

Several countries have been through a massive expansion of aquaculture, especially in captive breeding,
whose output exceeds capture harvest [1]. This growth results from the high capacity of this segment to meet
the global food demand, which is stressed by the global human population increase [2]. Moreover, freshwater
aquaculture accounts for about 64% of total aquaculture [3]. In Brazil, targeting the domestic market,
aquaculture has grown faster than other sources of food production [4,5].

The Brazilian Semi-arid region, located predominantly in the Northeast region, is characterized by low
rainfall levels and high evapotranspiration [6] due to the occurrence of severe dry periods over the years [7].
As a result, water resources are scarce in this region, with two great rivers standing out — Sao Francisco and
Parnaiba — since most rivers are temporary [8]. Despite such conditions, aguaculture is growing in the region,
especially because the Séo Francisco River presents a rich fish diversity whose potential for economic use
is high [9-11]. However, this activity poses a great challenge because there must be sufficient water
resources for it to be installed and reach its entire potential production volume [12], and, also in this context,
rainfall in the Brazilian Semi-arid region is irregularly distributed across time and space [13-15], leading to
an increase in the ratio between water demand and availability in times of drought, as well as causing an
even higher water demand instead of a rationing in times of water drought [16]. These characteristics
aggravate the social context of the Brazilian semiarid region, especially when the little water resource
available in this region also suffers from the change in quality resulting from effluents when untreated
wastewater is discarded [17].

Legislation in Brazil is inefficient to limit the expansion of anthropogenic pressures on the aquatic
ecosystems, especially when water pollution from aquaculture enterprises is considered [18,19]. In the Semi-
arid region, the shortage of technology and specialized labor, which contribute to the harmlessness of
effluents in water systems, enhance the harmful effects of this type of livestock production. Treatment using
ecotechnologies that employ metabolic properties of aquatic communities such as aquatic macrophytes and
periphyton can work as a cost-effective alternative [20,21]. There are other methods to mitigate the effects
of aquatic pollution caused by these enterprises. Dauda and coauthors [2] highlighted that most cultivation
system ponds are absent of effluent management and one of the primary solutions is the feeding
management of the cultivated species, preventing the cultivation system from having a high rate of
undigested feed. Additionally, they discussed some technologies used, such as the Aquaculture Recirculation
System (ARS). However, the ARS needs improvements in order to increase efficiency to mitigate the negative
effects of nitrogen, phosphorus and dissolved solids accumulation, consequently, the high costs of installing
the ARS and the high level of knowledge required for operationalization make the system not very desirable
in enterprises.

Thus, the use of biological systems to mitigate pollution would replace chemical and physical techniques,
which are disadvantageous because are expensive to implement and to operate and, above all, inefficient to
purify pollutants in low concentrations, which accumulate in the long run to levels that cause adverse changes
to natural environments [22]. These aquatic communities deploy several different mechanisms to extinguish
pollutants. Aquatic macrophytes use rhizofiltration, phytoextraction, phytostabilization, phytovolatilization and
phytotransformation as mechanisms [19,23], whereas periphyton works in the transformation and
degradation of nutrients that attenuate water quality through a complex assembly of organisms [24,25].

The introduction of autotrophic aquatic communities into wastewater treatment systems has the potential
to reduce nutrient concentrations in natural aquatic environments, contributing to nutrient cycling and self-
depuration of aquatic ecosystems. When vegetated in tanks known as constructed wetlands, aquatic
macrophytes use a technology that does not demand continuous management, especially when vegetation
using free-floating macrophytes is used, since their roots cannot reach the substrates placed in the tanks [26]
and do not enter effluent inlet and outlet pipes, preventing clogs in the system. Another important feature of
aquatic vegetables is that they are phenotypically accumulators of substances that harm water quality and
store pollutant concentrations that are thousands of times higher than the adjacent water [19]. Regarding the
periphyton, the use of periphytic biofilm is advantageous because this community responds quickly to nutrient
enrichment of waters despite being influenced by seasonality [27,28]. Periphyton can absorb persistent
pollutants with biomagnification and bioaccumulation properties of several effluents because of its high
microbial diversity, which is sensitive to a wide range of environmental stressors [29]. Moreover, the complex
periphyton community has self-regulation skills, which allow these organisms to increase their resistance to
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changes in the characteristics of the effluent and maintain high levels of metabolic activity in wastewater
treatment [30].

In this setting, this study evaluated the efficiency of different ecotechnologies on aquaculture wastewater
treatment using aquatic communities of aquatic macrophytes and periphyton. For this purpose, we tested the
following hypotheses: (i) the concentration of nitrogen and phosphorus in the final stage of the treatments is
lower than the initial one and (ii) the ecotechnologies employed are equally efficient in minimizing the
concentrations of nutrients that reduce water quality in aquaculture businesses.

MATERIAL AND METHODS

Field of study

The ex-situ experimental units were installed in the facilities of the Bebedouro Integrated Center for
Fishery Resources and Aquaculture (CIB), which belongs to Brazil's Development Company of the S&o
Francisco and Parnaiba Valleys (Codevasf), near the municipality of Petrolina, Pernambuco, Brazil, in the
Bebedouro Irrigated Perimeter (Figure 1). The climate of the region is classified, according to Képpen, as
BSwh — Semi-arid climate — hot and dry [31]. Regarding hydrography, the locality is in the S&o Francisco
Basin.
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Figure 1. Geographical location map of the experimental units installed in the facilities of the Bebedouro Integrated
Center for Fishery Resources and Aquaculture (CIB), in the municipality of Petrolina, Pernambuco, Brazil.

Experimental design

The wastewater generated by one of the excavated ponds was drained weekly by means of a hydraulic
pump for eighteen individualized polyvinyl chloride (PVC) tanks with a volume of 1,000 L and a depth of 0.80
m. The tanks were organized in triplicates and a different ecotechnology was placed in each of them. The
studies were carried out using two different experimental units, one using aquatic macrophytes and the other
using periphyton, and were not performed simultaneously due to the interest of the CIB to add an
experimental unit with the periphyton community after the beginning of the experiment with aquatic
macrophytes.

The first experimental unit (Figure 2) used the aquatic macrophyte community with tanks in triplicates
named as follows: control treatment for the ecotechnology using aquatic macrophytes (CAM), treatment with
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the aquatic macrophyte species Azolla filiculoides Lam. (TAf), treatment with the aquatic macrophyte species
Pontederia crassipes Mart. (TPc), and treatment with the aquatic macrophyte species Salvinia auriculata
Aubl. (TSa). The choice of these species was made because they are free-floating macrophytes with a well-
developed root system, as well as due to their presence in many aquatic ecosystems of the Brazilian semiarid
region, especially in those that present a change in the trophic state of the water. As for the second
experimental unit, it had the periphyton community and the tanks in triplicates were organized as follows:
control treatment for the ecotechnology using the periphyton community (CPC) and treatment with periphytic
biofilm (TPB). The hydraulic retention time of the effluent in each tank was of 30 days (HRT-30).

The aquatic macrophyte species used in the tanks were free-floating. In addition, we selected species
whose life cycle allowed the experiment to be carried out within the 30-day hydraulic retention time of the
effluent in the treatment systems, with the subsequent removal of the species before decomposition. The
specimens were collected in the CIB, except for S. auriculata, which was collected in the Sdo Francisco
River, and were separated in the laboratory from those of other species. We used young plants, in process
of development, and discarded aging individuals undergoing senescence. To standardize initial biomass in
the tanks, about 37 g of each species were vegetated in each tank and we used parts of whole individuals in
this biomass.

The second experimental unit (Figure 2) was composed of the treatment with periphytic biofilm, where
0.10 mm transparent plastic substrates were placed, structured in 6 columns immersed in the effluent and
20 cm apart from each other. Thus, we obtained an area of 5.36 m2 of substrate and of 10.72 m2 in contact
with the drained effluent for periphyton adhesion on both sides of the substrate. The plastics were immersed
in the effluent using concrete weights wrapped in plastic.
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ytes and the other using periphyton.
CAM: control treatment for the ecotechnology using aquatic macrophytes; TAf: treatment with the aquatic macrophyte
species Azolla filiculoides Lam.; TPc: treatment with the aquatic macrophyte species Pontederia crassipes Mart.; TSa:
treatment with the aquatic macrophyte species Salvinia auriculata Aubl.; CPC: control treatment for the ecotechnology
using the periphyton community; TPB: treatment with periphytic biofilm.

Effluent analysis

In this stage, we collected 1-liter aliquots in the horizontal subsurface in polyethylene vessels. The
effluent was collected at the beginning of the hydraulic retention time (HRT-0), that is, prior to the adding of
the ecotechnologies, and at the end of the 30-day hydraulic retention time (HRT-30). Prior to collection,
effluent homogenization was performed. Also, the amount of effluent released in the tanks weekly was
important for the recovery of the effective volume and for the periodic homogenization of the water column.

The vessels were stored in a thermal box and sent to the Agro-Environmental Laboratory of the Brazilian
Agricultural Research Corporation (Embrapa) unit in the Semi-arid region (Embrapa Semiarido). These
samples were preserved following the recommendations for each analysis, according to the procedures of
the American Public Health Association [32]. For the analysis of abiotic variables, we determined the pH by
the electrometric method; electrical conductivity (uS-cm™?) by the conductivimetric method; and turbidity
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(NTU) by the nephelometric method. In addition, we evaluated the concentrations of the following nutrients
(in mg-LY): nitrate, by the second-derivative UV spectrophotometric method; nitrite, by the colorimetric
method; ammonia, by the sodium salicylate method — the procedures of these analyses were described by
the American Public Health Association [32]; orthophosphate (OP), by the ascorbic acid method [32,33]; and
total phosphorus (TP) by acid hydrolysis and phosphorus digestion using ascorbic acid [32,34].

Analysis of the periphyton community attached to the substrate

After HRT-30, the plastic substrates of each tank were cut into squares of about 10 x 10 cm below the
water-air interface. The cuts were made parallel to the diameter of the tank in each curtain of the plastic
substrate immersed in the effluent. Using a flat brush with soft synthetic bristles, the plastic substrate was
tenderly brushed to remove the periphyton community attached to it. As the substrate was brushed, jets of
distilled water poured out with the help of a wash bottle. The water that flowed to a 1-liter plastic beaker was
transferred to 60 mL ember glasses and three drops of 5% Lugol’s iodine solution were added for community
conservation. The use of distilled water is important because using the water from the effluent itself may
insert components of the phytoplankton community that are present in the effluent water column.

The samples were placed in a thermal box for sunlight protection and taken to the Laboratory of
Microscopy and Magnifying Glasses of the Federal University of the Sao Francisco Valley (UNIVASF). In the
laboratory, we prepared semi-permanent slides for microscopic analysis in the NOVA 180IT trinocular infinity-
corrected biological microscope. In the taxonomic identification of the organisms that form the periphyton
community, we followed the specialized literature [35—-43].

Statistical analysis

We performed the Shapiro-Wilk test for normality and the Levene test for the homogeneity of variance
of the raw data of each variable, using the Car package (version 3.0.11) for R (version 3.6.2). The data
showed a heteroskedastic non-normal distribution. Kruskal-Wallis analyses with Bonferroni post-hoc tests
were performed to assess statistical differences in data ordination between the experimental units (control,
aquatic macrophyte species and periphyton) and treatments (HRT-0 and HRT-30), using the DescTools
package (version 0.99.42) for R (version 3.6.2).

RESULTS

Table 1 displays the limnological and statistical data of the effluent at HRT-0 and HRT-30 obtained in the
experimental units. In general, it was observed that, at the beginning of the experiment, the tanks presented
similar values for all physical and chemical variables of the effluent, only changing at HRT-30. After 30 days
of effluent retention in the ecotechnologies, we observed an increase in the phytomass of the aquatic
macrophytes and the attachment of the periphyton community to the artificial substrates. Likewise, significant
differences were observed, mainly, in pH, nitrite, orthophosphate and total organic phosphorus.

Experimental unit using the agquatic macrophyte community

In the experimental unit with aquatic macrophytes, the species P. crassipes (Kruskal-Wallis, H=2.3333,
df=1, p=0.1266) and S. auriculata (Kruskal-Wallis, H=1.1905, df=1, p=0.2752) did not present significant
differences in electrical conductivity. Similarly, the nitrate concentrations in the control tanks for aquatic
macrophytes (Kruskal-Wallis, H=0.42857, df=1, p=0.5127) and vegetated with S. auriculata (Kruskal-Wallis,
H=1.1905, df=1, p=0.2752) were not significant after the HRT-30. The same occurred for total organic
phosphorus in the control tank for aguatic macrophytes (Kruskal-Wallis, H=0.42857, df=1, p=0.04953).

Comparing the tanks with aquatic macrophytes in the last day of treatment, the Bonferroni post-hoc test
indicated significant differences between the control tank and the tank vegetated with A. filiculoides regarding
electrical conductivity, turbidity, nitrate and total organic phosphorus; the same occurred for orthophosphate
between the tank vegetated with S. auriculata and the control tank.

The species A. filiculoides was the one that stood out at the end of the experiment (HRT-30). In these
tanks, the pH, the electrical conductivity, and the turbidity presented significant attenuation. Among the results
obtained for the nitrogen series, the best performance in nitrate attenuation was provided by the species A.
filiculoides. With this species and with S. auriculata, the ammonia concentration was obliterated. All the free-
floating aquatic macrophyte species were successful in decreasing the nitrite content of the aquaculture
effluent. In addition, for the phosphorus series, dissolved inorganic phosphate — orthophosphate —
concentrations were more attenuated than total organic phosphorus, demonstrating a preferential chemical
configuration of assimilation by these plants.
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Table 1. Limnological and statistical data of aguaculture wastewater in the experimental units with free-floating aquatic macrophyte community and periphyton community.

Physical Experiment unit with aquatic macrophytes Experiment unit with periphyton
and HRT Tanks Bonferroni Correction -(rrﬁglcjisan values of the Kruskal-Wallis Test
Chgmical (days) (median values of the triplicates) (horizontal comparison) riplicates) (horizontal comparison)
variables CAM TAT TPC TSa df _Hvalue _ SD CPC TPB df __Hvalue _ SD

H HRT-0 7.40@ 7.54@ 7.70@ 7.56@ 3 2.89 NS (p>0.05) 6.98@ 6.90@ 1 0.20 NS (p>0.05)
P HRT-30 | 6.69® 6.560) 6.930) 7.040) 3 9.05 NS (p>0.05) 7.08® 7.480) 1 3.86 CPC #TPB
EC HRT-0 65.80@ 67.90®@  66.30@  67.90@ |3 5.21 NS (p>0.05) 78.30@  77.10@ 1 1.19 NS (p>0.05)
(uS-cm?) HRT-30 | 111.00®  54.40®)  70.10@  70.10@ |3 9.38 CAM # TAf only 90.00®  155.00® |1 3.86 CPC #TPB
Turbidity HRT-0 19.90@ 12.50@  17.30@  14.20@ |3 8.44 CAM # TAf only 17.80@  16.00@ 1 3.86 CPC #TPB
(NTU) HRT-30 | 7.62® 0.280 0.53® 0.61 3 7.82 CAM # TAf only 17.00@  2.050) 1 3.86 CPC #TPB
Nitrate HRT-0 1.970@ 1.130@  1.160@  1.180@ | 3 5.44 NS (p>0.05) 1.320@  1.290@ 1 0.43 NS (p>0.05)
(mg-L1) HRT-30 | 2.320@ 0.684®  1.050®  1.050@ |3 7.52 CAM # TAf only 0.6300)  1.260@ 1 3.86 CPC #TPB
Nitrite HRT-0 0.030@ 0.019®@  0.019@  0.019@ |3 5.02 NS (p>0.05) 0.098@  0.049@ 1 3.86 CPC #TPB
(mg-L1) HRT-30 | 0.005®) 0.001®  0.000®  0.000® |3 3.86 NS (p>0.05) 0.072®)  0.002®) 1 3.86 CPC #TPB
Ammonia HRT-0 0.054@ 0.028@  0.044@  0.048@ |3 6.48 NS (p>0.05) 0.069@  0.007@ 1 0.05 NS (p>0.05)
(mg-L1) HRT-30 | 0.000®) 0.000®  0.014®  0.000® |3 2.78 NS (p>0.05) 0.174®)  0.041@ 1 3.86 CPC #TPB
oP HRT-0 1.360@ 1.060@  1.140@  1.080@ | 3 4.66 NS (p>0.05) 0.533@  0.526@ 1 0.20 NS (p>0.05)
(mg-L1) HRT-30 | 0.720®) 0.001®  0.000®  0.000® |3 8.28 CAM# TSaonly | 0.421®  0.016® 1 3.97 CPC #TPB
TOP HRT-0 0.388@ 0.367®@  0.374@  0.355@ | 3 7.67 CAM # TSaonly | 0.539®@  0.539@ 1 0.00 NS (p>0.05)
(mg-L1) HRT-30 | 0.406@ 0.106®  0.107®  0.121®) | 3 7.84 CAM # TAf only 0.293®)  0.127®) 1 3.86 CPC # TPB

CAM: control treatment for the ecotechnology using aquatic macrophytes; TAf: treatment with the aquatic macrophyte species Azolla filiculoides Lam.; TPc: treatment with the
aquatic macrophyte species Pontederia crassipes Mart.; TSa: treatment with the aquatic macrophyte species Salvinia auriculata Aubl.; CPC: control treatment for the
ecotechnology using the periphyton community; TPB: treatment with periphytic biofilm; df: degrees of freedom; EC: electrical conductivity; HRT: hydraulic retention time; HRT-
0: hydraulic retention time at the beginning of the experiment (day 0); HRT-30: hydraulic retention time 30 days after the beginning of the experiment; OP: orthophosphate;
TOP: total organic phosphorus; SD: significant difference; NS: not significant; (a) and (b) indicate whether the values changed in relation to the beginning of the hydraulic
retention time, according to the Kruskal-Wallis test.
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Experimental unit using the periphyton community

As for the experimental unit with periphyton, all variables were significant in the control tank for periphyton
except for turbidity (Kruskal-Wallis, H=0.42857, df=1, p=0.5127). On the other hand, at HRT-30, the tanks to
which plastic substrates were added had their pH and electrical conductivity values increased, whereas
turbidity presented lower values at the end of the experiment.

Regarding the nitrogen series, tanks with the substrate were not significant for nitrate (Kruskal-Wallis,
H=0.4285, df=1, p=0.5127) and ammonia (Kruskal-Wallis, H=1.2255, df=1, p=0.2683). For the phosphorus
series, the same characteristic of the experimental unit with aquatic macrophytes was observed, that is, total
organic phosphorus concentration was less attenuated than orthophosphate. Moreover, the tanks with
periphytic biofilm were significantly different from their respective control tanks through the correlation of each
physical and chemical variable at HRT-30.

In the TPB triplicate, we identified 33 taxa belonging to 7 classes and 22 families. Table 2 brings the
catalog of species of the periphyton community present in the artificial substrate installed and the specific
richness of the taxonomic classes. Of these taxa, 16 were identified at the species level, 14 at the genus
level, 1 at the family level and 2 were not identifiable.

Table 2. Algae taxa of the periphyton community present in the plastic substrate installed in the experimental treatment
unit with periphyton after a 30-day hydraulic retention time of the effluent in the tanks.

Class Family Species
Fragilariaceae Fragilaria crotonensis
Gomphonemataceae Gomphonema sp.

Bacillariophyceae
(Specific richness: 18.75%)

Naviculaceae
Rhopalodiaceae
Rhopalodiaceae
Tabellariaceae

Navicula sp.

Epithemia adnata
Rhopalodia gibba
Meridion circulare

Chlorophyceae
(Specific richness: 24.24%)

Hydrodictyaceae
Hydrodictyaceae
Radiococcaceae
Radiococcaceae
Scenedesmaceae

Selenastraceae

Selenastraceae

Sphaerocystidaceae

Pediastrum simplex
Stauridium tetras
Radiococcus sp.
Radiococcaceae sp. 1
Scenedesmus sp.
Ankistrodesmus
fusiformis
Monoraphidium
contortum
Sphaerocystis schroeteri

Coleochaetophyceae
(Specific richness: 3.03%)

Chaetosphaeridiaceae

Chaetosphaeridium sp.

Coscinodiscophyceae
(Specific richness: 6.06%)

Aulacoseiraceae

Aulacoseiraceae

Aulacoseira granulata
A. granulata var.
angustissima

Cyanophyceae
(Specific richness: 30.30%)

Aphanizomenonaceae
Calothricaceae
Chroococcaceae
Merismopediaceae
Microcystaceae
Microcystaceae
Nostocaceae
Nostocaceae
Nostocaceae
Oscillatoriaceae

Anabaenopsis sp.
Calothrix fusca
Chroococcus sp.
Merismopedia tenuissima
Gloeocapsa sp.
Microcystis aeruginosa
Anabaena sp.
Cylindrospermum sp.
Nostoc sp.

Phormidium sp.

Trebouxiophyceae
(Specific richness: 9.09%)

Chlorellaceae
Oocystaceae
Oocystaceae

Dictyosphaerium sp.
Eremosphaera viridis
Oocystis lacustris

Zygnematophyceae
(Specific richness: 3.03%)

Desmidiaceae

Cosmarium sp.

sp.1
sp.2
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DISCUSSION

Under the experimental conditions evaluated, the results confirmed the hypothesis that the nitrogen and
phosphorus concentrations at the end of the treatments would be lower than they were at the beginning, even
though the tanks vegetated with free-floating aquatic macrophytes presented more favorable results for the
mitigation of the effluent when compared to the inferior performance of the phytoremediation process,
performed only by the periphyton community.

Experimental unit using the aquatic macrophyte community

The tanks vegetated with the species A. filiculoides had the lowest pH value among the macrophytes —
pH values below 6.6 result from lower nitrification rates [44]. Thus, at the end of the experiment, the lower
nitrate concentration on the tanks vegetated with A. filiculoides evidenced the low nitrification. The pH values
of the tanks vegetated with P. crassipes and S. auriculata were closer to neutrality, favoring water nitrification
[45].

The increase in electrical conductivity in the tanks was due to the carrying of ions from the water of the
excavated ponds, since all the tanks were constantly reloaded to compensate for evaporation. Despite the
increase in electrical conductivity, the TPc and TSa tanks did not show significant differences in this variable.
On the other hand, TAf reduced electrical conductivity. The reduction of this variable in the effluent results
from either the accumulation, the adsorption or the absorption of several nutrients that contribute for electrical
conductivity such as calcium, sodium, potassium, phosphate, and others [46]. In parallel, Deval and
coauthors [47] verified that A. filiculoides reduces the concentration of ions, mainly sodium and potassium,
contributing to the decrease in electrical conductivity. Amare and coauthors [48] noted that effluents treated
with A. filiculoides presented lower values of this variable across long hydraulic retention times.

Aquatic macrophytes have a root zone capable of absorbing particles suspended in water and store
debris in lignin cells for further degradation by endophytic bacteria and by the plant enzyme system [49,50].
Such features are the main reasons for the reduction in the turbidity values promoted by the aquatic
macrophytes. The use of free-floating aquatic macrophytes with a dense root zone in shallow tanks favored
adsorption and precipitation of suspended particles [51]. The increase in the hydraulic retention time of the
effluent in the treatment system also helped attenuate turbidity [44].

In effluents with free-floating aquatic macrophytes, nitrate concentration depends on nitrification and
denitrification processes, water absorption, and root-associated microbes [52]. As previously demonstrated
about nitrate, the slight attenuation of its content in tanks with S. auriculata was not significantly different
when we compare the beginning and the end of the treatment, what implies a predominance of nitrification
reactions by this species, since the nitrate concentration values remained close to the initial concentration.
On the other hand, lower nitrate concentrations evidence the predominance of denitrification and absorption
by aquatic organisms [52]. Thus, among the plant species used in the study, tanks with A. filiculoides and P.
crassipes benefited the most from denitrification.

The attenuation of nitrite concentration at HRT-30 is mediated by the ammonia mineralization performed
by the aquatic macrophytes, as well as by the oxygen produced in the root zone of the plants and by the
symbiosis of the periphyton microorganisms, contributing to the removal of this intermediate compound [53].
It is possible that the free-floating aquatic macrophytes used in this study presented some tolerance for
ammonia assimilation. Nizam and coauthors [54] demonstrated that different macrophytes presented
differences in ammonia concentration at the end of the treatment and, after 12 days, the effluent displayed a
constant concentration of this compound, especially when vegetated with P. crassipes. Therefore, P.
crassipes may have reached its threshold in ammoniacal nitrogen absorption. S. auriculata absorbs the
ammoniacal fraction of nitrogen because this chemical configuration demands less energy than nitrate [55].
This characteristic may be the reason why the increase in the biomass of S. auriculata in the tanks with
aguaculture wastewater was four times greater than that of the other species.

Among the phosphorus fractions, the inorganic chemical configuration is the one preferred by the aquatic
macrophytes. This fact justified the low concentrations of orthophosphate in the effluent vegetated with the
macrophyte species. The other phosphorus fractions, mainly organic phosphorus, were degraded into the
inorganic form by the bacteria in symbiosis with the root zone, which, for their turn, were assimilated by the
symbionts and the species vegetated in the effluent. Among the species used, P. crassipes was more efficient
in absorbing phosphorus than S. auriculata. In the latter, the concomitant action of the periphyton was
essential in phosphorus absorption [56]. Moreover, P. crassipes absorbs excess phosphorus compounds to
meet its metabolic requirements and stores them in its tissue [57]. A. filiculoides was also less capable of
absorbing phosphorus than S. auriculata, mainly due to its biomass mortality because of the overcrowding in
the tanks [55].
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Experimental unit using the periphyton community

In the experimental unit with the periphyton, we observed that the effects of the treatment using this
community resembled those of the treatments with aquatic macrophytes for most of the physical and chemical
variables evaluated. The presence of periphytic algae colonized in the substrate is determined by the rate of
availability and loss of nutrients, especially nitrogen and phosphorus [58,59]. Thus, the periphyton community
attached to the substrate can be used as an indicator of pollution in aquaculture tanks. Species of the
Bacillariophyceae class are indicators of pollution from organic compounds [60,61]. The Chlorophyceae class
becomes dominant as the phosphorus concentration decreases in the effluent [62]. The Cyanophyceae can
take a high diluted organic load and tolerate large physical and chemical variations in the water [63]. These
characteristics corroborated the results of the present study since the dominance of the three aforementioned
taxonomic classes — mainly of the Cyanophyceae class — were observed.

The presence of some organisms from this community was a result of the characteristics of the effluent
because aquaculture wastewater is rich in compounds that favor periphyton colonization and the study area
was developed under propitious climatic conditions — frequent sunlight and high temperatures. In addition,
carrying out the experiment in a location of low precipitation avoids events of hydrological turbulence that
may hinder the succession of the periphyton community and, consequently, the diversity of these organisms.
Discussing some properties of such organisms, we notice that the presence of Aulacoseira granulata and A.
granulata var. angustissima are associated with shallow water bodies with high loads of suspended organic
matter with high turbidity values [64]. Microcystis aeruginosa is a frequent cyanobacterium in effluents rich in
nitrogen and phosphorus due to its potential for absorption of these elements dissolved in water [65] since it
has akinetes and heterocysts that store nitrogen. Monoraphidium contortum and Gomphonema sp. are
present in effluents with high concentration of nutrients [66]. Epithemia adnata responds proportionally to the
high nitrogenous nutrient supply and the increase in temperature [67].

On the other hand, the presence of some organisms indicates that the quality of the effluent is better
than prior to phytoremediation. Oocystis lacustris, Sphaerocystis schroeteri and some Chroococcus species
are associated with shallow environments and with lower turbidity, phosphorus, and nitrogen values after the
treatment [64]. Meridion circulare is frequent in waters with good physical and chemical parameters for
aquaculture [68]. Pediastrum simplex is an indicator of low turbidity and occurs at pH values close to neutral
[69]. These species, after HRT-30, withessed the minimization of the concentration of nutrients in water
caused by the periphytic biofilm.

Regarding the variables analyzed during the experimental procedure carried out with the periphyton, the
greater cumulative absorption of carbon dioxide and the photosynthetic activities of the periphytic algae
contributed to the increase in the pH and to phosphorus precipitation [70]. It is possible that the prolonged
hydraulic retention time of the effluent helped increase pH at HRT-30. The use of the periphyton community
alone was not enough to ensure the assimilation of the ions present in the effluent in order to reduce electrical
conductivity. In this variable, the increase can be explained by the carrying of ions that results from the
dissolution of salts, since tanks were constantly refilled with the effluent. As for turbidity, the same process
that the periphyton performs in symbiosis with the root zone of aquatic macrophytes occurred, that is, the
mineralization of dissolved organic and inorganic compounds.

The use of periphyton as an ecotechnology, alone, was not capable of reducing the ammonia and nitrate
concentrations. However, despite having a poor phytoremediation performance, it is noteworthy that this
community stimulates the processes of nitrification and denitrification of the effluent [70,71]. As
aforementioned, for the aquatic communities, the orthophosphate was the recommended assimilable form,
causing a higher concentration of total phosphorus at HRT-30. Therefore, Yu and coauthors [72] pointed out
that the presence of an aeration system in phytoremediation treatments contributes to phosphorus
assimilation in shorter hydraulic retention times. Thus, it would be interesting to assess these ecotechnologies
integrated with aeration mechanisms.

Caveats, difficulties experienced, and conclusions

Such considerations indicate that the use of free-floating aquatic macrophytes and the formation of
periphytic biofilm in artificial substrates was effective in attenuating physical and chemical characteristics of
the effluent that could be harmful both for aquaculture, making the aquatic environment unviable for
production, and for the adjacent receiving water body — in this case, the Sdo Francisco River. However,
reliance on electricity for pumping large volumes of effluent proved to be disadvantageous, as some rural
areas lack the electricity to run small-scale treatments, preventing these areas from being self-sufficient in
managing their own effluent. Performing the study within the fishponds would not be effective because there
is nutrient feedback caused by bioturbation of the sediment when the sediment is disturbed by the fish species
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being cultured. Also, the management of aquatic macrophytes within the mesocosms of the study proved to
be important for continuous treatment requiring maintenance of the biomass constantly. However, the fact
creates difficulties for the appropriate management of the green biomass of exceeding aquatic macrophytes,
since the disposal in terrestrial environments may give rise to the release of nutrients stored in the plant
tissues as the plant goes into senescence, especially when the plants remediate heavy metal ions that are
harmful to the environment.

In the experimental units, the aquatic macrophyte community performed better than the periphyton
community as an ecotechnology. Thus, it would be interesting to evaluate the integration of these two
experimental units in a single system to assess the purification of nutrients that cause water eutrophication
in aquaculture systems. It is also worth noting that, at the end of the experiment, the aquatic macrophytes
can be used for composting and organic fertilization, since the effluent comes from aquaculture, that is, is
both rich in nutrients and not contaminated by heavy metals. In addition, the use of free-floating macrophyte
species was of paramount importance because plants not rooted in the sediment are in immediate contact
with the effluent to work out the treatment [73—-75]. At the same time, the use of a technology based on the
periphyton community also helps develop an economic activity that is less impactful on ecosystems and
works as a food alternative for omnivorous species, given that the periphyton community is an important food
source for several aquatic organisms. Regarding the use of artificial plastic substrates for the colonization of
this community, it is important to note that the substrate can be re-established and reused in new colonization
processes, mitigating the environmental impacts of the disposal of plastic.

Aquatic species provide subsidies to other environments and ecosystems and are fundamental in the
cycling of several elements of the biogeochemical cycles. It is also noteworthy that these ecotechnologies
are effective in the treatment of other types of effluents such as those from livestock [76,77]; petroleum
products [78]; tannery [79]; textile industry [80]; and agriculture [81]. Thus, exploring the potential of these
organisms is important for low-cost wastewater management and contributes to the universalization of
wastewater treatment in places that do not have a centralized treatment structure.
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