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ABSTRACT 
River regularization plays an important role in socio economic development. However, it 

also modifies the natural flow system of the river and its biotic and abiotic characteristics, 

causing significant impacts on rivers. To evaluate the impacts on the macroinvertebrate 

community caused by dam construction on the Poxim-Açú River, metrics of composition and 

community structure of the macroinvertebrates were analyzed, as well as ecological and 

biological traits of the region. Macroinvertebrates were collected at three sites located 

downstream the dam, before (2013) and after (2015) dam construction. The water quality was 

classified as “good” to “excellent” according to the biotics indices. The alterations of the flow 

regime of the river after the dam construction influenced the macroinvertebrate communities, 

modifying their diversity, equitability, richness, and the number of individuals. 

Keywords: bioindicators, dam impacts, environmental monitoring. 

Impactos da construção de barragem na comunidade de 

macroinvertebrados no rio Poxim-Açu numa região tropical 

ABSTRACT 
A regularização de rios tem papel fundamental para o desenvolvimento socioeconômico 

de uma região, porém resulta em alterações em larga escala no regime de fluxo natural e 

modifica potencialmente uma ampla gama de fatores abióticos e bióticos, sendo considerado 

um dos impactos ambientais mais significativo nos rios em todo o mundo. Este estudo tem 

como objetivo avaliar os impactos na comunidade de macroinvertebrados ocasionado pela 

construção de uma barragem para armazenamento de água no rio Poxím-Açú, bem como 

características biológicas e ecológicas locais. Foram realizadas coletas de macroinvertebrados 

em três pontos a jusante da barragem em dois períodos distintos: anterior a construção da 

barragem (2013) e posterior a barragem (2015). A qualidade da água foi classificada como de 

boa e excelente qualidade, respectivamente, por meio dos índices bióticos. Alterações nas 
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comunidades de macroinvertebrados foram observadas devido as modificações do regime de 

vazão, como resultado da construção da barragem, que influenciou na composição e estrutura 

das comunidades de macroinvertebrados e se reflete nas mudanças na diversidade, 

equitabilidade, riqueza e número de indivíduos no período anterior e posterior a barragem. 

Palavras-chave: bioindicadores, impactos de barragens, monitoramento ambiental. 

1. INTRODUCTION 

In the last two decades, it has become evident that several anthropic activities in aquatic 

environments are connected with the imbalance of biological communities (Camargo et al., 

2019). Among them, the damming of the rivers potentially modifies various biotic and abiotic 

conditions in the lotic ecosystems, being considered one of the most significant anthropic 

impacts on rivers worldwide (Tonkin et al., 2018; Krajenbrink et al., 2019). 

Dam construction could discontinue the connections between habitats upstream and 

downstream of the river (Dynesius and Nilsson, 1994), altering physical, chemical, and 

biological components of the lotic and lentic environments (Brooks et al., 2018). Generally, 

physical impacts are related to the flow regime of the river, water temperature, water 

transparency, and reduction of sediments downstream of the dam (White et al., 2017; Wu et al., 

2019). The most common chemical impacts are the reduction of dissolved oxygen in water and 

the reduction of phosphorus and nitrogen nutrients. The biological impacts could be related to 

the avoidance of migratory movement, reduction of the reproduction rate, reduction of the 

physiological efficiency due to the absence of oxygen, shifts in the diet pattern of the species, 

increase in the abundance of the most dominant and tolerant species, facilitation for the 

colonization process and establishment of exotic species. 

To monitor environmental quality, aquatic macroinvertebrates are generally used, since 

several groups of these animals are highly sensitive to anthropogenic changes (Baptista, 2008). 

Macroinvertebrates are useful indicators, due to their specificity with certain types of impacts, 

as many species are demonstrably sensitive to one type of pollutant, or more tolerant to others 

(Pompeu et al., 2005). Most studies around the world discuss the effect of dam construction on 

the ecological structure of the aquatic communities (Wang et al., 2019).  

However, there is a lack of this information on tropical regions, especially related to the 

Brazilian Northeast portion; direct comparison between macroinvertebrate communities in the 

periods before and after the construction of the dam has been impossible due to the absence of 

monitoring data (Maynard and Lane, 2012). Most studies have compared sites downstream of 

dams with control sites that do not represent natural conditions downstream (Holt et al., 2015). 

On the other hand, this work compares macroinvertebrate occurrence data downstream of the 

reservoir before and after the damming of the river.  

The main objective was to identify differences in the structure and composition of the 

macroinvertebrate community related to the construction of the Jaime Umbelino de Souza Dam 

on the Poxim-Açú River. 

2. MATERIAL AND METHODS 

2.1. Study site 

The Poxim-Açu River is the main tributary of the hydrological basin of the Sergipe River 

(10°55’S, 37°12’ W). The micro-basin has an area of 128,08 km², with a main river channel of 

26.7 km and an altitude range of 478 m (Figure 1).  It is possible to observe different land cover 

and land uses over the Poxim-Açú River course, including livestock (50.30%), seasonal forest 

(36.56%), cultivated agricultural areas, exposed soil (6.97%), riparian forest (3.11%), and 

degraded areas (2.31%) (Rocha et al., 2014).  
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Figure 1. Representation of the Poxim-Açu River Basin, showing the 

location of the data collection downstream from the dam. 

The region has a humid tropical climate, with a dry season from August to March and a 

rainy season from April to July, with an annual average precipitation varying from 1,600 to 

1,900 mm and annual average temperature of 27°C, varying from 23 to 31°C. The Jaime 

Umbelino de Souza Dam was built over the Poxim-Açu River in Sergipe, and it was inaugurated 

in 2013 for the purpose of water storage. The dam is located at Timbo’s village, Municipality 

of São Cristóvão, Sergipe department. The dam’s reservoir has an area of 5.2 km2 and a water 

storage capacity of 32 million cubic meters (Rocha et al., 2014). 

2.2. Insects Collection 

Collection of macroinvertebrates and abiotic data was carried out monthly in three places 

on the river in the period before (January to August 2013) and after (August 2014 to July 2015) 

dam construction. The characteristics of the sampling points downstream of the dam with 

average distances of 300 m were: Point 1 (10º55’183” S, 37º11’264” W, altitude 38 m) - 

presenting substrate with pebbles and gravel, with less than 5% of the disposal of the sludge at 

the bottom of the river and a lack of it at the backwaters. More than 50% of the river bottom 

has diversified habitats with the presence of submerged trunks and gravel. There are changes 

in the river channel with the opening of ditches, felled trees, related to the channeling of the 

dam's mains, dragging sediment, and contributing to the siltation of the river. 

Point 2 (10º55’188” S, 37º11’180” W, altitude 30 m) - substrate mainly composed of 

gravel and some pebbles.  Ten to 30% of the habitats are stable, but substrates are frequently 

modified by anthropic actions that increase gravel, sand, and sludge disposal. In addition, 5 to 

30% of the river bottom is affected by these actions, causing some disposal at the river’s 

backwaters. 

Point 3 (10º55,195’ and S 37º11, 119’ W altitude 27 m) - a substrate formed by gravel, 

sand, and some pebbles is predominant. The type of bottom is considered medium, where there 

are 10 to 30% of stable habitats; substrate frequently modified mainly by increasing gravel, 

sand or mud; 5 to 30% of the affected amount; gentle deposition in the backwaters. 

The insects were collected using a “D” net with a 0.05 mm mesh opening over marginal 

vegetation, bottom sediments, and water column. The entomological material was sorted in the 

field with the help of tweezers, plastic trays and placed in bottles with 70% alcohol. The 

material was taken to the Entomology Laboratory of the Federal Institute of Sergipe, Campus 

São Cristóvão, and identified at the family level with the aid of a stereoscopic microscope and 

specialized literature (Magnai et al., 2010).  
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2.3. Biotic Index and Data Analysis  

 Initially, all data were evaluated for normality using the Shapiro-Wilk test, aiming to 

determine the application of parametric or nonparametric analyses. To assess the diversity of 

the three sampling points, the total richness (S), Shannon-Wiener Log Base 10 index (H'), 

Pielou equitability (J'), and the dominance of the main taxon (k) were used. The latter is defined 

by the percentage of occurrence of the most abundant taxon with the others. To determine these 

indices, the PAST Software was used (Hammer, 2017).  

To assess water quality, the Biological Monitoring Working Party (BMWP) index was 

applied. This index is a scale from 1 to 10, along which the sensitivity of various insect and 

other macroinvertebrate families are scored, with the highest scores assigned to species most 

sensitive to organic pollution. To interpret the total scores of the BMWP index, the table of 

values proposed by Alba-Tercedor (1996) was used, correlating these values to the water quality 

in the three sampling points shown respectively (Table 1). 

Table 1. BMWP index scores interpretation 

according to Alba-Tercedor (1996). 

Class BMWP  Water quality 

1 
>150 

101-120 
Excellent 

2 61-100 Good (Acceptable) 

3 36-60 Medium (Doubtful) 

4 16-35 Bad (Critical) 

5 <15 Very Bad (Very Critical) 

Another index used was the EPT (proportion of Ephemeroptera, Plecoptera, and 

Trichoptera), where all organisms of the orders Ephemeroptera, Plecoptera, and Trichoptera 

present in the sample are considered, and the relative abundance of these orders concerning the 

total number of organisms in the sample is calculated, the result is obtained through the 

Equation 1: 

𝐸𝑃𝑇% =
𝑛º 𝐼𝑛𝑑𝑖𝑣í𝑑𝑢𝑜𝑠 (𝐸𝑝ℎ𝑒𝑚𝑒𝑟𝑜𝑝𝑡𝑒𝑟𝑎+𝑃𝑙𝑒𝑐𝑜𝑝𝑡𝑒𝑟𝑎+𝑇𝑟𝑖𝑐ℎ𝑜𝑝𝑡𝑒𝑟𝑎)

𝑛º 𝑡𝑜𝑡𝑎𝑙 𝑑𝑒 𝑖𝑛𝑑𝑖𝑣í𝑑𝑢𝑜𝑠
 𝑥 100       (1) 

The result of this index is compared with the values that Gonçalves (2011) proposed 

(Table 2) below. 

Table 2. EPT index scores 

interpretation, according to 

Gonçalves (2011). 

EPT (%) Water quality 

75% -100% Very Good 

50% - 74% Good 

25% - 49% Average 

0% - 24% Bad 

3. RESULTS AND DISCUSSION 

In this study 12,362 individuals were collected, distributed into 32 families. Among these, 

12,356 belong to Class Insecta, and the others to Class Crustacea (04) and Phylum Annelida 

(02). The number of individuals of each taxon and each sampling point is presented in Table 3. 
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Table 3. Macroinvertebrates were collected at three points of the Poxim-Açú River before (BD) and after (AD) 

the construction of the Jaime Umbelino de Souza Dam. 

Orders Families 
Score 

Before the Dam (BD)  

(2013) 

After the Dam (AD)  

(2015) 

BMWP* P1 P2 P3 Total P1 P2 P3 Total 

Hemiptera 

Veliidae 3 160 207 556 923 287 155 303 745 

Belostomatidae 3 7 1 3 11 22 20 30 72 

Notonectidae 3 0 1 0 1 5 10 7 22 

Gerridae 3 27 8 35 70 42 24 41 107 

Nepidae 3 0 2 0 2 8 1 5 14 

Naucoridae 3 0 0 0 0 1 1 5 7 

Mesoveliidae 3 0 0 0 0 0 0 5 5 

Ephemeroptera 

Leptophlebiidae 10 131 198 60 389 417 371 236 1024 

Leptohyphidae 6 654 475 678 1807 150 59 35 244 

Baetidae 4 52 44 57 153 29 20 22 71 

Caenidae 4 0 0 0 0 1 2 4 7 

Diptera 

Culicidae 2 0 0 0 0 0 3 0 3 

Simulidae 2 8 10 7 25 27 22 0 49 

Tipulidae 4 1 1 1 3 4 6 3 13 

Empididae 2 0 6 0 6 0 0 3 3 

Chironomidae 2 224 82 36 342 27 47 29 103 

Ceratopogonidae 2 0 0 0 0 0 1 0 1 

Trichoptera 

Hydropsychidae 5 162 267 44 473 608 481 180 1269 

Polycentropodidae 7 0 0 0 0 54 42 72 168 

Philopotamidae 8 0 0 0 0 402 592 227 1221 

Leptoceridae 10 0 0 0 0 0 0 1 1 

Xiphocentronidae 7 0 0 0 0 0 1 0 1 

Megaloptera Corydalidae 4 0 0 0 0 7 21 7 35 

Continue… 
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Continued… 

Odonata 

Aeshnidae 8 0 0 1 1 14 2 0 16 

Libellulidae 8 86 160 114 360 323 462 311 1096 

Corduliidae 8 0 0 0 0 7 0 7 14 

Calopterigidae 8 43 21 44 108 107 239 215 561 

Dicteriadiadae 8 0 0 0 0 0 16 0 16 

Megapodagrionidae 10 0 0 0 0 2 1 2 5 

Perilestidae 8 0 0 0 0 0 0 3 3 

Coenagrionidae 6 15 8 6 29 83 111 98 292 

Gomphidae 8 2 4 24 30 50 38 51 139 

Coleoptera 

Gyrinidae 3 0 0 0 0 68 92 75 235 

Dytiscidae 3 1 0 0 1 11 0 1 12 

Crysomelidae 3 0 0 0 0 0 1 0 1 

Staphilinidae 3 1 0 0 1 1 0 2 3 

Elmidae 5 4 6 4 14 0 6 2 8 

Lepidoptera Pyralidae 7 3 0 14 17 0 6 1 7 

Crustacea Isopoda 3 0 0 0 0 0 2 0 2 

Phylum Annelida Hirudinea 1 0 0 0 0 1 0 0 1 

 Total - 1581 1501 1684 4766 2758 2855 1983 7596 

BMWP- Biological Monitoring Working Party Index, according to Alba-Tercedor (1996); P=Sampling 

collection points. 
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Before the construction of the dam, 4,766 individuals were collected, divided mainly into 

five orders: Ephemeroptera (49%), Hemiptera (21%), Odonata (11%), Trichoptera (10%), and 

Diptera (8%), with all the other orders representing less than 1%. In the period after the 

construction of the dam, 7,596 individuals were collected, divided mainly into five orders: 

Trichoptera (35%), Ephemeroptera (28%), Odonata (28%), Hemiptera (13%), and Coleoptera 

(3%), with all the other orders representing less than 2%.  

It is noteworthy that there was an increase in the number of Trichoptera in the period after 

the construction of the dam. This can be explained by the control of the river's flow, which 

maintained the stability of the habitats and reduced the carrying of particles and organisms 

(Copatti et al., 2014). This action contributes to the improvement of the BMWP biotic index 

due to the presence of a greater number of families (Bispo et al., 2001), but there was a reduction 

in the EPT index (Table 4).  

Table 4. Abiotic parameters before and after the dam construction. 

Parameters 

Sampling Periods 

Before the dam After the dam 

Maximum Flow Regime (m3 s-1) 6.94 4.71 

Average Depth (m) 0.34 0.28 

pH 7.10 7.70 

Turbidity (NTU) 43.10 7.68 

Nitrate (mg L-1) 3.02 0.86 

Total Phosphorus (mg L-1) 0.40 0.07 

Chlorophyll (μg L -1) 21.10 3.09 

OD (mg L-1) 7.40 7.47 

Comparing the sampled sites and periods of macroinvertebrate collection, the greatest 

diversity, equitability, richness, and number of individuals were recorded after dam 

construction. These results can be explained by the regularization of the river, which favored 

the fixation of the macroinvertebrate community downstream of the dam in the Poxim-Açu 

River. The abiotic changes that occurred in the Poxim-Açu River in the period before and after 

the construction of the dam can be seen in (Table 4), there was a reduction of the maximum 

flow values (6.94 m3 s-1 to 4.71 m3 s-1) and the average depth reduction (0.46 m to 0.34 m).  

Among the water quality alterations, the turbidity was reduced (43.1 NTU to 7.68 NTU), as 

well as the nitrate (3.02 mg L-1 para 0.86 mg L-1) and the chlorophyll (21.01 μg L-1 to                      

0.86 μg L-1).  

Flow regularization contributes to increasing the availability and variety of habitats, 

increasing the composition of biotic communities (Callisto et al., 2011). Studies on 

macroinvertebrate communities after dam construction showed shifts in the structure, 

biodiversity, and richness of the communities, due to changes in the type of substrate, river-

flow speed and water temperature upstream of the dams (Kjaerstad et al., 2018; Phillips et al., 

2015; 2016). In addition, another study showed that the construction of dams cause an increase 

of biomass and a reduction of macroinvertebrate taxon richness at sites upstream of the dam 

(Wu et al., 2019). 

Galdean et al. (2000) clarify that the study of the diversity of habitats offers an opportunity 

for a proper assessment of the levels of anthropic impacts on river basin sites, constituting an 

important tool for Environmental Monitoring Programs. For a better estimation of the 
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Macroinvertebrate Biodiversity parameters, the Shannon-Wiener Diversity Index (H’), the 

Pielou Equitability Index (J’), the EPT Index (Ephemeroptera, Plecoptera and Trichoptera), the 

Total Richness (S), Total Number of Individuals (n) and the Dominance (k) for each sampling 

site and period were calculated (Table 5). 

Table 5. Shannon-Wiener Diversity (H’), Pielou Equitability (J’), EPT; Total Richness(S), 

Number of Individuals (n) and Dominance (k) for each Sampling Site before and after Dam 

Construction. 

Estimators 

Periods of Data Collection 

Before the Dam (2013) After the Dam (2015) 

Point 1 Point 2 Point 3 Mean Point 1 Point 2 Point 3 Mean 

H' 1.90 1.95 1.68 1.84 2.39 2.37 2.53 2.43 

J' 0.66 0.67 0.59 0.64 0.72 0.68 0.74 0.71 

S 18.00 18.00 17.00 17.66 28.00 32.00 31.00 30.33 

N 1581.00 1501.00 1684.00 1588.66 2758.00 2855.00 1983.00 2.532.00 

K (%) 0.22 0.18 0.28 0.22 0.12 0.13 0.10 0.11 

EPT (%) 63.18 65.55 49.82 59.51 60.22 54.92 39.18 51.44 

BMWP 93.00 93.00 102.00 96.00 147.00 155.00 164.00 155.33 

In this study, dam construction also affected the community structure of 

macroinvertebrates. The Coleoptera order increased in the number of individuals, from 16 

(0.33%) before the dam construction to 259 (3.4%) after the dam construction. The Coleoptera 

species are known to be generalists, exploring a diversity of habitats, and are also very tolerant 

to pollutants. On the other hand, there was a decrease in the number of individuals of the Orders 

Hemiptera from 1007 (21.12%) to 972 (12.79%) and Diptera from 376 (7.88%) to 172 (2.26%). 

Among the orders sensitive to disturbances and pollution, there was a reduction in the number 

(2,349 - 49.28%) of Ephemeroptera to 1,346 (17.71%); however, the Orders Trichoptera 473 

(9.92%); 2,660 (35.01%) and Odonata 528 (11.07%); 2,142 (28.19%) increased in many 

individuals and proportions. 

In addition, Vallania and Corigliano (2007) showed that the distribution of 

macroinvertebrate functional feeding groups was also affected after dam construction, 

presenting an increase in the number of filter-feeding macroinvertebrates, scrapers, and 

predators and a decline in the number of collectors and shredders after dam construction. 

In this study, 6.828 specimens of the Ephemeroptera and Trichoptera orders were collected 

(55.23% of the total of individuals collected). The order Ephemeroptera was the most abundant 

in the number of individuals (3.695), distributed in 4 taxons, while the order Trichoptera was 

represented by 3.133 individuals distributed in 5 taxons.  

Among aquatic insects, these orders play an important role as bioindicators of water 

quality, mainly due to their great abundance in the structure of benthic communities and due to 

their contribution to species’ diversity (Callisto et al., 2001). Taking into consideration the EPT 

environmental quality index, the values obtained for Points 1 and 2 allow us to classify the 

water quality as “Good” for both periods, with values of 63.18 and 65.55 for the period before 

the dam and values of 60.22 and 54.22 after the construction of the dam, while Stretch 3 presents 

values that classify them as “Regular”. 

The BMWP index presented an average score of 155 after dam construction (Table 4), 

classifying the water quality as “Excellent” (Class 1; >150) (Alba-Tercedor, 1996) (Table 1). 

This result differed from that of Oliveira (2013), before dam construction, where the water 

quality was classified as “Good” (Class 2; BMWP=96; Table 1). The BMWP index is 

qualitative, and it considers only the presence or absence of families. The greater the Family 

score, the greater the Family sensitivity to anthropic impacts along the river, comparing 
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different degrees of environmental integrity. Some families have an exceedingly small weight 

in the index, which is not representative, so they are not considered for the BMWP index 

analysis.   

4. CONCLUSION 

The construction of the Poxim-Açu River dam affected the composition and structure of 

the macroinvertebrate community. After the construction, there was an increase in diversity and 

species richness. 

The BMWP index calculated after the dam construction indicated an improvement of water 

quality when comparing the two periods, probably because the damming of the river and the 

control of its flow favored the stabilization of the macrofauna, while the EPT index indicated 

no change in the quality of the water. 

Further research is needed to determine the long-term impacts of dam construction on 

biodiversity of aquatic communities, especially with a focus on the migration routes dynamics, 

habitats fragmentation, shifts in the river-flow rates, temperature, water quality, sediments and 

substrates dynamics, food availability and on other physical-chemical parameters at sites 

upstream and downstream of the damming. 
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ABSTRACT  
Considering the importance of the development of simplified technologies and social 

control in sanitation actions, this study investigated the use of laterite for phosphorus removal 

in synthetic effluents, through adsorption, as a low-cost alternative with the possibility of 

reusing the generated effluent, for communities where access to sanitation is limited. In the 

experimental design, the variables pH, contact time, granulometry and laterite dosage were 

used. Factorial planning was used for processing, for optimization and desirability. It was 

observed that the removal efficiency did not have significant interference in relation to the pH 

and contact-time variables. The kinetics of the batch experiments showed that the ideal contact 

time was 6.4 hours and pH of around 4. The adsorption capacity was plotted against equilibrium 

concentration for the Freundlich and Langmuir isotherms. The Langmuir isotherm was more 

suitable for phosphorus adsorption. The results show that laterite was effective in phosphorus 

adsorption in the order of removal of 87%, showing itself to be a potential adsorbent material. 

Keywords: laterite, phosphate adsorption, simplified effluent treatment. 

Material de baixo custo como substrato ativo para remoção de fósforo 

em efluentes sintéticos: uma proposta de tecnologia social para o 

tratamento 

RESUMO 
Considerando a importância do desenvolvimento de tecnologias simplificadas e de 

controle social nas ações de saneamento, este estudo investigou a utilização da laterita para 

remoção de fósforo em efluentes sintéticos, por adsorção, como alternativa de baixo custo com 

possibilidade de reuso do efluente gerado, para comunidades onde o acesso ao saneamento é 

limitado. No delineamento experimental, foram utilizadas as variáveis pH, tempo de contato, 

granulometria e dosagem de laterita. O planejamento fatorial foi usado para processamento, 

otimização e conveniência. Observou-se que a eficiência de remoção não interferiu 

significativamente em relação às variáveis pH e tempo de contato. A cinética dos experimentos 

em batelada mostrou que o tempo de contato ideal foi de 6,4 horas. A capacidade de adsorção 

foi plotada contra a concentração de equilíbrio e a isoterma de Freundlich e Langmuir. 

Apresentando-se a isoterma de Langmuir como a mais adequada para adsorção de fósforo. Os 

resultados mostram que a laterita foi eficaz na adsorção de fósforo na ordem de remoção de 
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87%, mostrando-se um potencial material adsorvente. 

Palavras-chave: adsorção de fosfato, laterita, tratamento simplificado de efluentes. 

1. INTRODUCTION 

The lack of sanitation services is a global problem that affects about 4.5 billion of the world 

population, as 663 million people worldwide still consume water from unsafe sources (UNICEF 

and WHO, 2015); these are located mainly in small towns, peri-urban areas, and rural areas. 

Due to the low economy of scale in many of these locations, there is little interest in 

promoting sanitation in these areas, resulting in a precarious infrastructure from capture to 

distribution. This primarily impacts the most vulnerable populations, such as rural areas and 

regions with less political and economic power (Murtha et al., 2015). This in turn contributes 

to the proliferation of waterborne diseases (Ercumen, 2014; Kronenberger et al., 2011) that also 

primarily affect vulnerable groups (Prüss-Üstün et al., 2008; Ostro, 2004), causing injustice in 

terms of public policies. 

Phosphorus is among the compounds present in domestic effluents that have an important 

impact on water bodies. It is a limiting nutrient for primary production, and for this reason it 

can deteriorate receiving water bodies (Pen et al., 2017; He et al., 2016; Withers et al., 2014; 

Choi et al., 2012;). The removal of this compound should therefore receive special attention 

(Jensen et al., 2015; Barca et al., 2014; Spears et al., 2013; Ismail, 2012; Jyothi et al., 2012). 

Given the health importance of controlling phosphorus requirements in water, which may 

affect the quality of public health and the environment, regulations for  human supply and 

surface water are presented that consider this parameter.  Ordinance 888/2021 (Brasil, 2021) 

recommends that collective alternative water supply systems and solutions for human 

consumption, from surface and underground sources, must conduct an analysis of the total 

phosphorus parameter. Ordinance 357/2005 (Conama, 2005) establishes phosphorus limits 

according to the hydrodynamic conditions for each class. In lentic environments, the following 

concentrations of Total Phosphorus are permitted: Class 1 (0.025 mgP/L), Class 2 (0.05 

mgP/L), Class 3 (0.15 mgP/L). 

A waste management system must be environmentally effective, economically viable, and 

socially acceptable (McDougall et al., 2007). Inadequate infrastructure and limited 

management systems increase stress on resources and can lead to a water crisis in many 

locations (Pandey et al., 2010; 2012). As it is difficult to universalize sanitation actions, 

proposing simplified and low-cost systems can offer alternatives to provide opportunities for 

locations with little or no access to this service. 

Different technologies have been used for the removal of phosphorus, such as chemical 

precipitation, biological treatment, and adsorption (Bashar et al., 2018; Hupfer et al., 2016; 

Tchobanoglous et al., 2014). Among these, adsorption has gained prominence due to the ability 

to remove and recover phosphorus, as well as the possibility of applying low-cost and available 

materials for use as active substrates (Loganathan et al., 2014; Lu et al., 2009). 

A wide range of potential active filter substrates, including natural materials, were tested, 

such as calcium carbonate (Li et al., 2017), clay minerals (Lürling et al., 2014), dolomite, and 

hydroxyapatite (Boeykens et al., 2017), mesoporous materials (Huang et al., 2017), lanthanum 

modified zeolites (Dong et al., 2017; He et al., 2016), natural zeolite pretreated with calcium 

hydroxide (Gypser et al., 2018; Mitrogiannis et al., 2017), laterite and sandstone (Coulibaly et 

al., 2016), and have been reported to perform well in phosphate adsorption. 

The most studied iron oxides for phosphorus adsorption are goethite and hematite, as they 

are abundant in oxidic soils (White and Dixon, 2002). However, laterite has also been used for 

phosphorus adsorption (Coulibaly et al., 2016; Huang et al., 2013; Mansing and Raut, 2013). 
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Its mineralogical characteristics express its potential for use as an adsorbent. It stands out for 

being an effective and low-cost adsorbent with high adsorption capacity for removing organic 

pollutants, providing an efficient treatment (Luo et al., 2011; Zhang et al., 2010; Zhao et al., 

2010). As a well-known separation process, adsorption has been widely applied to remove 

chemical pollutants from water. It has numerous advantages in terms of cost, flexibility and 

simplicity of design, operation and resistance to toxic compounds (Rafatullah et al., 2010; 

Ahmad et al., 2009; Zeng et al., 2007). Although the challenges in operating in sanitation are 

fundamentally of a technical nature, overcoming these depends not only on technological and 

infrastructure innovation, but also on the development of technologies that correspond to the 

demands and how they are manifested locally.  

Alternative actions are needed to identify the vulnerability in which the community finds 

itself, valuing cultural conditions, contributing to the transformation of tacit knowledge into 

explicit, and recognizing that public participation is effective in sanitation actions. Using the 

knowledge acquired by experiences in a formal and non-technical language, through a 

technology, will be easily understood by the population that receives it. In this study, an 

alternative post-treatment technology of easy operation and reduced cost is presented, which 

can be implemented on small scales, including isolated communities and in communities where 

access to sanitation is limited. Therefore, this study investigated the use of laterite in natura, for 

the removal of phosphorus in domestic effluents, as a low cost alternative, with the possibility 

of reusing the effluent generated after adsorption, for communities where access to sanitation 

is limited or where there is difficulty in implementing conventional systems. 

2. MATERIAL AND METHODS 

2.1. Sample collection and processing 

The material used to test phosphorus adsorption in synthetic effluent were lateritic 

concretions from cerrado soil. The collected material was washed in tap water to remove 

impurities and then dried in an oven for 24 hours at 105ºC. The samples were then ground and 

sieved to particle sizes of 0.150 mm, 2 mm and 4 mm. The material already sieved was dried 

in a hot air oven at 105ºC (Mansing and Raut, 2013). The prepared samples were subjected to 

physical, chemical and mineralogical analyses. 

Analytical data of pH, exchangeable bases (SB: Ca2+, Mg2+, K+), extractable acidity                            

(Al3 + + H+), aluminum (Al3 +) and hydrogen (H+) were used for calculating the cation exchange 

capacity (CEC), base saturation (V%), aluminum saturation and the organic carbon content 

(Embrapa, 1997). 

The methodology used to determine the organic matter content was carried out by 

obtaining the organic carbon wet via potassium dichromate in a sulfuric medium, followed by 

titration with a standard solution of ferrous ammonium sulfate - Mohr salt - Embrapa (1997). 

The percentage of organic matter was calculated by multiplying the carbon result by 1.724. This 

factor is used because it is assumed that the participation of carbon in the average composition 

of humus represents 58% (Embrapa, 1997). The pH was determined by the potentiometric 

method, according to the Manual of Sampling Procedures for Physical-Chemical Analysis of 

Water (Parron et al., 2011). The measurement was performed using a combined electrode 

immersed in soil: liquid (Potassium Chloride - KCl 1M) and soil: deionized water. 

All variables at level zero constitute the central points, while the combination of variables 

that constitute a lower level (-1.673) or the highest level (+1.673) constitute the axial points. 

For the test of optimization and desirability of the results the program, Statistic Version 7.0 was 

used, applying the test of desirability, this tool makes it possible to identify better conditions of 

adjustment of a process that makes possible the simultaneous optimization of multiple 

responses, providing the best conditions and the most convenient way of processing. 
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2.2. Experimental conditions 

For the adsorption tests, 3 granulometries (0.15mm, 2mm, 4mm) were adopted (Mansing 

and Raut, 2013). The pH values and contact time studied were defined based on studies on 

phosphorus adsorption (Coulibaly et al., 2016; Mansing and Raut, 2013), adopting a pH range 

between 1.5 to 8, contact from 2 to 18 hours. The concentration of phosphorus used in the tests 

was determined taking as a reference the concentration of phosphorus found in domestic 

effluents subjected to conventional treatments (Aslan and Kapdan, 2006). 

The phosphorus solution was prepared using KH2PO4, adopting the final concentration of 

10mgP/L. The pH was adjusted using 1M HCl (hydrochloric acid) and 1M NaOH (sodium 

hydroxide) solutions. The percentage of solute absorbed was obtained by Equation 1: 

𝑅(%) = (
𝐶0− 𝐶𝑒 

𝐶𝑒 
) 𝑉              (1) 

Where: R (%) is the removal rate between the initial and equilibrium concentration, %; C0 

is the initial concentration of phosphorus, mg/L; Ce is the concentration of the solute after the 

time of contact with the soil in mg/L. 

Adsorption is the mass of solute adsorbed per gram of soil, determined by Equation 2. 

 𝑞𝑒 (%) = (
𝐶0− 𝐶𝑒 

𝑀𝑠
) 𝑉              (2) 

Where: qe is the adsorption capacity, mg/g; C0 is the initial concentration of phosphorus, 

mg/L; Ce is the concentration of the solute after the time of contact with the soil in mg/L, V is 

the volume of the solution used, L; Ms is the mass of soil used (kiln dried) in g. 

The adsorption isothermal curve was obtained by plotting the weight of the adsorbed solute 

per unit weight of the adsorbent (qe) against the balance of solute concentration (Ce). The 

balance isotherm data were adjusted following the Langmuir and Freundlich models (Huang et 

al., 2013; Kumar et al., 2010), given by Equations 3 and 4, respectively. The parameters for 

each model were obtained from a non-linear statistical adjustment, and the evaluation of the 

correlation coefficients (r2). 

 𝑞𝑒 = (
𝑞0𝐾𝐿  𝐶𝑒 

1+ 𝐾𝐿 𝐶𝑒 
)              (3) 

 𝑞𝑒  =  𝐾𝑓  𝐶𝑒 
1/𝑛              (4) 

Where:  

qe: adsorption capacity (mg/g); 

q0: maximum adsorption capacity (mg/g); 

Ce: equilibrium adsorbate concentration (mg/L); 

KL: constant related to the solute binding energy/adsorbent surface (mg/L); 

Kf: Freundlich constant (mg/g); 

n: soil affinity parameter for the solute (admensional). 

The effect of the phosphorus dose was studied at room temperature, using 4g of dry soil in 

an oven, to which was added 40 mL of the P solution, prepared in a 0.01M CaCl2 solution with 
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concentrations of 5, 10, 100, 150, 250, 400 and 1000 mL of P in the form of KH2PO4. Being 

placed under agitation of 100 rpm, temperature 25ºC, the minimum equilibrium time was 

chosen for this stage, in which the changes in the concentration of the solute in the solution 

were equal to or less than 5% in the interval of 24 hours, as recommended by the USEPA 

(1992). The separation of solid/liquid phases was done through centrifugation (Digital 

Centrifuge DAIKI), and later filtering through a paper filter, retaining the remaining soil 

particles. For phosphorus determination, the single-beam spectrophotometer (HACH DR 6000) 

was used. All the experiments were performed on a laboratory scale. 

3. RESULTS AND DISCUSSION 

The laterite used for the development of the study presents iron and aluminum oxides 

(Table 1), which allow the phosphorus (P) ions to react with the exchangeable cations and 

soluble ions on the internal surface of the oxides and hydroxides of Fe and Al, present in the 

substrate (Arai and Sparks 2001; Weng et al. 2011). The availability of these elements 

positively influences the phosphorus adsorption process, due to the ability of interaction 

between them (Coulibaly et al., 2016; Huang et al., 2013; Mansing and Raut, 2013; Vilar et al., 

2010). 

Table 1. Physical and chemical characteristics of 

lateritic concretion used as an adsorbent material. 

Parameters Concentration 

Physical 

Granulometry (%) 

Clay: 21 

Slime: 19.4 

Sand: 59.6 

Chemical 

pH (CaCl2) 7.30 

Organic matter content (%) 0.57 

Macronutrients (cmolc/dm3) 

Ca: 3.86 

Mg: 0.58 

Al: 0.00 

H: 1.20 

K: 0.23 

Macronutrients (mg/dm3) P: 10.20 

Micronutrients (%) 

SiO2: 37.4 

Al2O3: 14.8 

Fe2O3: 35.7 

CaO: 0.22 

MgO: 0.13 

TiO: 0.75 

P2O5: 0.16 

Na2O: <0.1 

K2O: 0.18 

MnO: 0.03 

CTC (cmolc/L) 5.87 

*Fusion with lithium tetraborate and quantification 

by XRF. 
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The iron content (35.7 mg/dm3) found in laterite characterizes it as ferric soil (Embrapa, 

2011), with a low organic-matter content (0.57%), which allows for an increase in the sorption 

capacity of P on the surface of the material once the humic substances competing for the 

adsorption sites are few. The organic matter influences phosphorus adsorption by the formation 

of organomineral complexes with the constituents of the clay fraction, reducing the exposure 

of the adsorption surfaces (Donagemma et al., 2008).  The cationic exchange capacity (CTC) 

of laterite was considered medium, with good adsorption capacity because it has a load of 8.78 

cmolc/L (Anghinoni et al., 2013). 

In order to determine the appropriate particle size for adsorption (Figure 1), the behavior 

of adsorption as a function of the independent variable (Figure 1a) and the desirability for 

adsorption (Figure 1b) were observed. The value zero (0) represents the maximum desirability, 

for the minimum adsorption of 25.92% and 1 represents the maximum desirability, for the 

maximum adsorption of 87.45%. 

The overall desirability was 0.8 (Figure 1c), obtained by the geometric means of all desires, 

being very close to 1, which is the most desirable value. Thus, the optimization process points 

the 0.15mm granulometry as the most satisfactory (Figure 1c) in the adsorptive process, 

confirming that the smallest particle sizes have a greater adsorption capacity (Fischer et al., 

2019; Sekar et al., 2004). 

 
Figure 1. Profiles of predicted values and desirability for the adsorption capacity 

among laterites with 0.150mm, 2mm and 4mm grain sizes. Adsorption as a function 

of the independent variable (a); desirability for adsorption (b) and the overall 

desirability (c). 

The interactions between the independent variables for the adsorption rate response (Figure 

2) demonstrated the effect of the interaction between pH and adsorbent dosage: the best 

adsorption occurred at pH 4 (Figure 2a). The adsorptive processes tend to occur better in 

solutions with low pH (Coulibaly et al., 2016; Mansing and Raut, 2013; Sato and Comerford, 

2005), due to its influence on the availability of aluminum and iron ions present in the laterite, 

to react with phosphorus, by the electronegativity of the charges on the surface of the colloids 

of the adsorbent material, in this case, the oxides (Al2O3, Fe2O3). 

A high pH conditions a deprotonation of the functional groups, affecting the surface load 

of the adsorbent (Sims and Pierzynski, 2005), decreasing the ability to exchange binders and 



 

 

7 Low-cost material as active substrates … 

Rev. Ambient. Água vol. 16 n. 6, e2770 - Taubaté 2021 

 

decreasing the adsorption rate. In the interaction of the independent variables pH and contact 

time for the response variable, the removal rate (Figure 2b) did not show statistical significance 

as shown by the Pareto diagrams (Figure 3). The interactions of laterite dosage and contact time 

(Figure 2c) showed an adsorption that increased rapidly as the amount of laterite was increased, 

due to the greater availability of surface area. The highest adsorption occurred when the dosage 

was 15g of laterite and a contact time of 6 hours. 

 
Figure 2. Response of influence of the interaction of the variables: a) dosage of adsorbent 

material and pH; b) pH and contact time; and, c) dosage of adsorbent material and contact 

time in relation to the removal rate of phosphorus. 

The phosphorus adsorption efficiency was dependent on the particle size of the adsorbent 

material, since the smaller the particle, the greater the adsorption capacity, due to the greater 

availability of surface area susceptible to pollutant removal (Mansing and Raut, 2013; Worch, 

2012; Tchobanoglous et al., 2003). The smaller the adsorbent material particle, the greater its 

ability to adsorb (Fischer et al., 2019; Sekar et al., 2004). 

The data from the Pareto diagrams (Figure 3) show that among the studied levels only the 

variable absorbent dosage had a significant effect on phosphorus removal. The laterite 

independent variable (Figure 3a and c), proved to be statistically significant, approaching 95% 

confidence. Still, for the removal of phosphorus, the variable contact time (Figure 3b) was not 

statistically significant, not showing relevance in the phosphorus adsorption process. 

To determine the predicted and desirable profiles and values for this adsorption process, 

these interactions were studied: dosage of adsorbent and pH, contact time and dosage of 

adsorbent and pH, and contact time. The best conditions for phosphorus adsorption were 

obtained by simultaneous optimization, in which the most satisfactory responses will occur 

under conditions of pH 4, contact time of 2h and dosage of 18.36 g of laterite. The predictions 

assume that by performing an adsorption with these values, the adsorption rate will reach 85.5% 

of phosphorus removal (Figure 4). The maximum experimental adsorption capacity occurred 

with a removal rate of 87.9%, under the conditions of pH 5.3, contact time 18h and dosage of 

15g laterite.  
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Figure 3. Pareto diagrams for the influence of the parameters: a) dosage of adsorbent and 

pH; b) pH and contact time; and, c) dosage of adsorbent and contact time in the adsorptive 

process. 

 
Figure 4. Predicted values for the desirability of the adsorption capacity 

(d) between the variables: pH (a), contact time (b) and dosage of adsorbent 

(c) in the adsorptive process. 

The use of substrates rich in iron, aluminum and calcium increase the phosphate removal 

rate. Lateritic soils used as adsorbent material had a phosphate removal rate of 89% (Mansing 

and Raut (2013), 90.12% (Huang et al., 2013) and 92.5% (Coulibaly et al., 2016). 



 

 

9 Low-cost material as active substrates … 

Rev. Ambient. Água vol. 16 n. 6, e2770 - Taubaté 2021 

 

Regarding the adsorption isotherms (Figure 5), a very strong correlation was observed for 

the Langmuir adjustment r = 0.98 (Fig. 5a) and an average correlation for the Freundlich 

adjustment r = 0.71 (Figure 5b). The Langmuir model provided the best fit representing 

phosphorus adsorption on laterite to determine the coefficient of distribution to sorption. 

Langmuir's model is based on the assumption that a fixed number of sites available on the 

surface of the adsorbent have the same energy, and the adsorption is reversible (Bohn, et al., 

1979). 

 
Figure 5. Phosphorus adsorption isotherm using the model of a) Langmuir and b) Freundlich.  

In the Langmuir Equation, KL is the constant that presents the theoretical adsorption 

capacity of the monolayer and bL is the constant related to the adsorption energy. The values 

obtained by non-linear regression were 0.0325mL.g-1 and 0.0319mg.g-1 (Table 2), respectively, 

with favorable adsorption (RL), close to linearization. 

The Freundlich constants, KF and bF, are empirical constants, where KF and bF are related 

to the adsorption capacity and binding energy of the adsorbent solute-surface, respectively, 

obtained by non-linear regression analysis, with values of 0. 00088mL.g-1 and 1. 3661mg.g-1 

(Table 2), respectively. It expresses favorable adsorption, but is easily dissociated from the 

phosphate ions in the aqueous solution. 

Table 2. Langmuir and Freundlich constants obtained from phosphorus 

adsorption results. 

Adsorbent Langmuir Freundlich 

  KL (mL.g-1) bL (mg.g-1) RL KF (mL.g-1) bF (mg.g-1) n 

Laterite 0.0325 0.0319 0.99 0.00088 1.3661 1.36 

It should also be noted that, in this study, a strong correlation was obtained for the 

Langmuir adjustment. The Langmuir Model presented an ideal type of adsorption, which 

implies that the molecules are adsorbed on the surface and that the energy of the sorbed species 

is the same at any point, regardless of the neighboring molecules, which represents an 

energetically uniform surface (Kumar et al., 2008), so that the adsorbed phosphorus will be 

retained in a monolayer and does not have secondary adsorption sites, with a predominance of 

chemisorption. 

The use of non-conventional and low-cost adsorbents, such as those obtained from the 

agricultural segments, household waste, by-products, natural materials, soil and ore, has been 

an alternative for wastewater treatment (Gisi et al., 2016). 

The laterite used, when saturated with phosphorus, can be used as a plant fertilizer, and 

only the adsorption process has the potential to recover P as a usable fertilizer, since P is a non-
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renewable resource and is obtained by extraction from rocks (Sengupta and Pandit, 2011). The 

adsorbed phosphorus can be reused after the process of desorption, reuse or regeneration 

(Nguyen et al., 2014). 

Technologies that recognize logical factors, including community participation, public 

involvement, social perception, attitudes and public acceptance can lead to improvement in 

practical quality and wastewater management (Saad et al., 2017). 

Although there are many technologies for treating effluents, the sector still faces 

difficulties in implementing projects where social participation occurs, both due to the lack of 

initiatives on the part of local and regional governments and due to the lack of knowledge of 

the population on the subject, which inspires little interest in applied techniques (Rosenquist, 

2005). Therefore, the use of simplified technologies will make it easier for the target community 

to connect with and understand these useful alternative technologies. 

The use of laterite is highlighted as an alternative treatment that assists in fulfilling the 

needs of vulnerable populations through the management and use of technologies of lesser 

operational complexity (Saad et al., 2017). The effectiveness of sanitation actions depends on 

the collaboration and participation of individuals or the community, from the definition of the 

principles and guidelines of a sanitation policy to the planning and execution of these actions 

(Silva and Naval, 2015). 

4. CONCLUSION 

Acidic pH favored adsorption, influencing the availability of ions present in laterite. The 

adsorption of phosphorus was dependent on the particle size of the adsorbent material; the 

smaller the particle, the greater the adsorption. The molecules were adsorbed on the surface and 

retained in a monolayer, with a predominance of chemisorption. 

Laterite, without chemical modifications, was tested as an adsorbent material and proved 

effective for the removal of phosphorus in synthetic effluents, and can be used in filtering units 

to remove pollutants.  

It must be taken into account that urban, rural or isolated spaces are heterogeneous, made 

up of different communities and specificities, which requires particular forms of intervention 

in basic sanitation, both for environmental and educational and technological issues. Simplified 

techniques are evaluated as a proposal for social technology in order to meet the demand of the 

population without access to water treatment and distribution. 
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ABSTRACT 
This study evaluated the influence of combinations of nitrogen and potassium doses on the 

physiology and fruit production of West Indian cherry irrigated with waters of different 

salinities in the second year of cultivation. The experiment was conducted in the municipality 

of Pombal-PB, Brazil, in plastic containers adapted as lysimeters installed in the field, in a 

randomized block design, 5 x 4 factorial scheme corresponding to five levels of electrical 

conductivity of irrigation water (ECw): 0.3, 1.3, 2.3, 3.3 and 4.3 dS m-1, and four combinations 

of nitrogen and potassium fertilization: 70% N + 50% K2O; 100% N + 75% K2O; 130% N + 

100% K2O and 160% N + 125% K2O of the dose recommended for West Indian cherry, with 

three replicates and one plant per plot. The cv. ‘Flor Branca’ was grafted on the cv. ‘Junco’, 

between 420 and 550 days after transplanting. Nitrogen and potassium combinations did not 

mitigate the deleterious effects of water salinity on the physiology and fruit formation of West 

Indian cherry. An increase in ECw intensifies the intercellular electrolyte leakage and reduces 

the water potential in the branch, chlorophyll content in the leaves, CO2 assimilation rate, 

equatorial and polar diameters as well as the mass of fruits. Fertilization of plants with 70% N 

+ 50% of K2O, compared to the other fertilization combinations, causes less intercellular 

electrolyte leakage and promotes higher CO2 assimilation rates, higher chlorophyll content in 

leaves, and fruits of larger size and mass. 

Keywords: Malpighia emarginata D. C, mineral fertilization, salt stress. 

Águas salinas e combinações de adubação com nitrogênio/potássio 

sobre aspectos fisiológicos e produção de aceroleira 

RESUMO 
O objetivo do trabalho foi avaliar a influência de combinações de doses de nitrogênio e 

potássio sobre a fisiologia e a produção de frutos de aceroleira irrigada com água de diferentes 
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salinidades, no segundo ano de cultivo. O experimento foi conduzido no município de Pombal-

PB, Brasil, em recipientes plásticos adaptados como lisímetros instalados em campo, em 

delineamento de blocos ao acaso, esquema fatorial 5 x 4 referentes a cinco níveis de 

condutividades elétricas da água de irrigação (CEa): 0,3; 1,3; 2,3; 3,3 e 4,3 dS m-1 e quatro 

combinações de adubação nitrogenada e potássica: 70% N + 50% K2O; 100% N + 75% K2O; 

130% N + 100% K2O e 160% N + 125% K2O da dose recomendada para aceroleira, com três 

repetições e uma planta por parcela. Estudou-se a cv. Flor Branca enxertada sobre a cv. Junco, 

entre 420 e 550 dias após o transplantio. As combinações de nitrogênio e potássio não mitigam 

os efeitos deletérios da salinidade da água sobre a fisiologia e a produção de frutos da aceroleira. 

O aumento na CEa intensifica os danos às membranas celulares, reduz o potencial hídrico no 

ramo, teor de clorofila nas folhas, taxa de assimilação de CO2, diâmetro equatorial e polar e a 

massa de frutos. A adubação das plantas com 70% de N + 50% de K2O, em relação às outras 

combinações de adubação, causa menor extravasamento de eletrólitos e proporciona maior taxa 

de assimilação de CO2, teor de clorofila nas folhas, frutos de maior tamanho e massa. 

Palavras-chave: estresse salino, fertilização mineral, Malpighia emarginata D. C.  

1. INTRODUCTION 

West Indian cherry (Malpighia emarginata D.C.) is one of the promising species in the 

fruit sector in the semi-arid region of Northeastern Brazil. It can be consumed fresh or 

processed, in the form of juices, ice cream, jams, syrups, liqueurs, fruit preserves, etc., standing 

out for the nutritional value of its fruits, mainly as a source of vitamin C, anthocyanins, iron, 

calcium, vitamin A and B complex vitamins, resulting in great demand in the export market 

(Esashika et al., 2013). 

Due to the adaptation to edaphoclimatic conditions, about 78% of West Indian cherry 

production in Brazil is concentrated in the Northeast region, and its main producers are the 

states of Pernambuco, Ceará, Sergipe, Paraíba and Piauí (Ibge, 2017). However, the reduction 

of water volume in water sources and the high concentration of salts in irrigation water may 

become limiting factors for the exploitation of this crop in the semi-arid region of Northeastern 

Brazil (Lima et al., 2019a). 

In this region, salt stress stands out among the abiotic stresses that most hamper the growth 

and production of agricultural species (Carneiro et al., 2002), due to the reduction in the osmotic 

potential of the soil solution and the occurrence of nutritional imbalance and physiological 

disorders through metabolic alterations such as oxidative stress (Mendes et al., 2011), caused 

by the effect of the high concentration of toxic ions, especially Na+ and Cl-, in the protoplasm 

(Flowers et al., 2014), which also promote structural changes and rupture of cell membranes 

(Ferraz et al., 2015). 

Studies investigating the effect of irrigation water salinity between 0.6 and 3.8 dS m-1 has 

shown harmful effects of salt stress on photosynthesis, photochemical efficiency, water 

relations, growth, and production components of West Indian cherry (Sá et al., 2018a; 2018b; 

2019; Lima et al., 2019a). Some studies have shown that the increase in potassium doses 

mitigated the deleterious effect of salt stress on plant growth, the number of fruits and total 

weight of fruits per plant (Lima et al., 2019b) and of nitrogen and phosphorus proportions on 

photochemical efficiency and growth (Sá et al., 2018a), photosynthetic pigments (Sá et al., 

2018b), and the number of fruits per plant (Sá et al., 2019). 

These positive effects may be related to the decrease in Na+/K+ and Cl-/NO3
- ionic ratios 

in plant tissues as a function of increased N and K doses, hence offsetting the effects of 

nutritional imbalance and salt stress on physiological aspects, growth, and production of plants 

(Andrade Junior et al., 2011). Moreover, an adequate concentration of N in plant tissue may 

contribute to a greater synthesis of low-molecular-weight compounds, such as glycine betaine 
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and proline, which act as membrane osmoprotectants and macromolecules, and may aid in the 

osmotic adjustment of plants to salinity (Ashraf et al., 2018). On the other hand, K can minimize 

the effects of salinity by promoting the control of cell turgor, regulation of stomatal 

conductance, activation of enzymes, and translocation of carbohydrates in plants (Almeida et 

al., 2017; Hasanuzzaman et al., 2018). 

Based on these hypotheses and on the need for utilization of saline water in the cultivation 

of fruit crops and fertilization management strategies to mitigate the negative effects of salinity, 

this study evaluated the effect of combinations of nitrogen and potassium doses on the 

physiology and fruit production of West Indian cherry irrigated with waters of different 

salinities, in the second year of cultivation. 

2. MATERIAL AND METHODS 

The experiment was carried out in the field using 60-L containers adapted as lysimeters, 

installed in an experimental area belonging to the Center of Sciences and Agri-food Technology 

of the Federal University of Campina Grande, in the municipality of Pombal, PB, Brazil. The 

reference geographic coordinates of the site are 6º48’16” South latitude, 37º49’15” West 

longitude, and mean altitude of 144 m. According to the Köppen-Geiger classification, adapted 

to Brazil, the climate of the region is classified as BSh, hot semi-arid, whose precipitation, mean 

temperature, and relative air humidity during the experimental period were 8.0 mm, 27.7°C, 

and 44.8%, respectively (Inmet, 2018). 

The treatments were distributed in randomized blocks, with three replicates, in a 5 × 4 

factorial scheme, corresponding to five salinity levels of irrigation water (0.3; 1.3; 2.3; 3.3 and 

4.3 dS m-1) and four combinations of nitrogen and potassium doses (C1 = 70% N + 50% K2O; 

C2 = 100% N + 75% K2O; C3= 130% N + 100% K2O and C4= 160% N + 125% K2O of the 

dose recommended for West Indian Cherry for the second year), each plot consisting of one 

plastic container with one plant, totaling 60 experimental units. 

 The recommendation of fertilization for the West Indian cherry cultivar ‘Flor Branca’ 

under irrigated conditions, corresponding to 100 g of N and 80 g of K2O per plant per year, was 

adopted (Cavalcanti, 2008), equivalent to the doses of the treatments with 100% nitrogen (N) 

and potassium (K2O), whose quantities applied in the first and second years, along with 

phosphate fertilization, are presented in Table 1. The combinations of N and K2O doses began 

to be applied at 20 days after transplanting (DAT) as top-dressing via water of 0.3 dS m-1 

electrical conductivity for all treatments, using urea (45% N) and potassium chloride (60% 

K2O) as sources, respectively. 

Salinity levels were based on the study conducted by Sá et al. (2018a), who observed that 

irrigation using water with a salinity of up to 2.2 dS m-1 does not compromise the growth and 

physiology of the West Indian cherry cv. ‘BRS 336 Jaburu’. 

The saline waters of the treatments were prepared based on the relationship between ECw 

and salt concentration (mmolc L
-1 = EC x 10), through the addition of NaCl, CaCl2.2H2O, and 

MgCl2.6H2O, maintaining the equivalent ratio of 7:2:1, respectively, to the water of the lowest 

salinity (0.3 dS m-1) from the Coremas-Mãe d’Água reservoir system, which provides water for 

irrigation in the region. The application of saline waters (1.3 to 4.3 dS m-1) began at 41 DAT, 

with irrigations performed manually every day based on the principle of drainage lysimeter. A 

leaching fraction of 15% was applied every 15 days, and the leaching volume was calculated 

based on the volume of water applied within these 15 days. 

Containers with dimensions of 0.58 m (height), 0.42 m (upper diameter), and 0.32 m (lower 

diameter) were spaced in the field with 1.8× 2.0 m between plants and between planting rows, 

respectively. These containers were supported on ceramic bricks, 20 cm height from the soil, at 

the base of which was a drainage system, composed of a drain with a diameter of ½ inch                   
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(12.7 mm) inserted at the end of the base and coupled to a 2-L PET bottle to collect drained 

water; a 3.0-cm-layer of crushed stone n° 1 and a 2.0-cm-thick layer of washed sand were placed 

at the bottom of the pot. Above the sand, 56 L of soil were placed, and the soil’s physical and 

chemical attributes (Table 2) were determined in the Irrigation and Salinity Laboratory of the 

Center of Technology and Natural Resources (CTRN) of UFCG, using methodologies 

recommended by Donagema et al. (2011). 

 
Table 1. Quantities of N and K2O applied per plant through the combinations of nitrogen and 

potassium fertilization and phosphate fertilization, performed in the first and second years of 

cultivation, up to 550 days after transplantation (DAT). 

Fertilization combinations 

Quantities applied per plant 

1st year 

(up to 365 DAT) 

2nd year 

(365 - 550 DAT) 

Total 

(up to 550 DAT) 

C1 - 70% N + 50% K2O 70 g N + 40 g K2O 35 g N + 20 g K2O 105 g N + 60 g K2O 

C2 - 100% N + 75% K2O 100 g N + 60 g K2O 50 g N + 30 g K2O 150 g N + 90 g K2O 

C3 - 130% N +100% K2O 130 g N + 80 g K2O 65 g N + 40 K2O 195 g N + 120 g K2O 

C4 - 160% N + 125% K2O 160 g N + 100 g K2O 80 g N + 50 K2O 240 g N + 150 g K2O 

 Phosphate fertilization (P2O5) 

- 20 g 10 g 30 g 

Note: The combinations of N and K2O doses were applied at an interval of 15 days. Phosphate 

fertilization in the first year was performed with single superphosphate (18% P2O5), by mixing the 

fertilizer with the soil of the lysimeter, and in the second year, split into 12 applications of equal 

portions, at an interval of 15 days, using monoammonium phosphate - MAP (61% P2O5 and 12% 

N); the quantity of N supplied was subtracted from the doses of treatments with nitrogen 

fertilization. 

 

The seedlings came from a commercial nursery accredited in the National Registry of 

Seeds and Seedlings, located in the District of São Gonçalo, Sousa - PB, grafted by the full cleft 

method, using rootstock and scion of the cultivars ‘Junco’ and ‘Flor Branca’, respectively. 

Transplanting to the containers was performed when the seedlings reached 30 cm in height, at 

120 days after grafting. After transplanting, a 4.0-cm-thick layer of mulch, composed of grass 

residues, was maintained to minimize water losses by evaporation. 

The effects of treatments on plant physiology were analyzed at 540 DAT, through water 

potential in the branch (Ѱw), relative water content (RWC), water saturation deficit (WSD) and 

intercellular electrolyte leakage (EL) in the leaf blade, chlorophyll contents in leaves 

(CHLtotal), stomatal conductance (gs), and CO2 assimilation rate (A). 
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Table 2. Physical and chemical attributes of the 0-0.20 m soil layer (Neossolo Flúvico Eutrófico - Entisol) used in the experiment, before 

application of the treatments, collected in Lot 14, Sector I, of the Irrigated Perimeter of Várzeas de Sousa-PB, Brazil. 

Textural classification 

Particle size BD TP OM N Assimilable P Sorption complex 

Sand Silt Clay      Ca2+ Mg2+ Na+ K+ H+ + Al3+ 

SL 

dag kg-1 (kg dm3) (%) (mg dm-3) (cmolc dm-3) 

76.73 16.16 7.11 1.44 47.63 0.41 0.02 41.00 3.50 1.70 0.14 0.30 0.00 

Saturation extract 

pHse ECse Ca2+ Mg2+ K+ Na+ Cl- SO4
2- CO3

2- HCO3
- Us 

7.11 

(dS m-1) (mmolc L-1) (% mass) 

1.28 1.39 3.23 0.38 5.78 9.00 Absent 0.00 1.40 20.80 

SARse (mmol L-1)0.5 ESP (%) Salinity/sodicity Soil class 

3.80 2.48 Non saline/non sodic Normal 

SL - Sandy loam; BD - Bulk density; TP - Total porosity; OM - Organic matter determined by Walkley-Black wet digestion; pHse - pH of 

saturation extract, ECse - electrical conductivity of saturation extract at 25°C; Us - soil saturation moisture; SARse - Sodium adsorption ratio of 

saturation extract; ESP - exchangeable sodium percentage; P, K+ and Na+ extracted with Mehlich-1 extractant; Ca2+ and Mg2+ extracted with 1.0 

M KCl at pH 7.0; H+ + Al3+ extracted by 0.5 M CaOAc at pH 7.0.
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The Ѱw was analyzed in a pressure chamber (Scholander et al., 1965), in the terminal part 

of the branch removed with an approximate length of 15 cm and detached from the plant where 

the diameter reached 1.9 mm, in the median region of the crown at 6:30 a.m. RWC and WSD 

were determined in 4 fully expanded leaves, taken from the intermediate third of branches 

located in the same region of the crown where the branches were collected for the Ѱw 

evaluation, adopting methodologies of Weatherley (1950) and Taiz et al. (2017), respectively. 

Electrolyte leakage in the cell membrane was determined according to Bajji et al. (2002), 

in eight leaf discs collected from four leaves located in the middle third of the branch, in the 

median region of the crown. Total chlorophyll content was determined by the sum of 

chlorophyll a and chlorophyll b contents, analyzed in 6 discs of plant tissue taken from the 

middle third of the fourth pair of leaves of a branch located in the median region of the crown, 

corresponding to a total disc area of 3.18 cm2, using the methodology of Lichtenthäler (1987). 

The data were obtained in mg L-1 and, based on the leaf disc area (3.18 cm2) and dilution of the 

extract in 80% acetone (6 mL), were transformed into units of mass per m2 (g m-2 fresh weight). 

Stomatal conductance and CO2 assimilation rate were analyzed between 6:00 and 9:00 

a.m., in the same region of the plant in which the other physiological variables mentioned above 

were analyzed, using a portable infrared carbon dioxide analyzer (IRGA), LCPro+ Portable 

Photosynthesis System® model (ADC BioScientific Limited, UK), operating at room 

temperature, irradiation of 1200 μmol photons m-2 s-1 and airflow of 200 mL min-1, and 

atmospheric CO2 concentration. 

Fruit formation variables were analyzed in ripe harvested fruits with intense red peel, at 

harvests performed between 420 and 550 DAT, through the equatorial (ED) and polar diameter 

(PD), average fruit size (AFS) and average fruit mass (AFM). The measurements were taken in 

a representative sample of 15 fruits per plant, randomly selected from the total fruits collected. 

PD was measured in the direction from the base to the apex of the fruit, and ED in the median 

region in the direction of width, using a digital caliper. AFS was obtained by means of PD and 

ED. AFM was determined by dividing the total weight of fruits, weighed on a precision scale 

(0.01 g), by the number of fruits harvested. 

The data were subjected to analysis of variance by the F test at 0.01 and 0.05 probability 

levels; the means of salinity levels were analyzed by regression and the means of combinations 

of nitrogen and potassium fertilization were compared by Tukey test at 0.05 probability level, 

using the statistical program SISVAR, Version 5.6 for data processing (Ferreira, 2014). 

3. RESULTS AND DISCUSSION 

The interaction between irrigation water salinity and the combination of NK doses was not 

significant (p>0.05) for the physiological and fruit production of West Indian cherry in the 

second year of cultivation (Table 3). However, there was a significant single effect (p<0.05) of 

water salinity on the water potential in the branch, water saturation deficit, relative water 

content in the leaf, electrolyte leakage in the leaf blade, total chlorophyll, CO2 assimilation rate, 

equatorial and polar diameters of the fruits, as well as their average size and average mass. 

These variables were also significantly influenced by the combination of NK doses, except for 

the water saturation deficit and relative water content, whereas stomatal conductance was not 

affected by any of the factors. 

Despite reports of the positive influence of N and K on the mitigation of salt stress in plants 

(Andrade Junior et al., 2011; Ashraf et al., 2018; Hasanuzzaman et al., 2018), the non-

interactive effect between the factors (Table 3) shows that the combinations of N and K doses 

were not efficient in reducing the nutritional imbalance caused by toxic ions Na+ and Cl-, thus 

not mitigating salt stress on the physiological traits and fruit production, as can be seen further 

on in this study. Sá et al. (2018b) also observed that there was no significant effect of the 

interaction between levels of irrigation water salinity and combinations of nitrogen and 
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phosphate fertilization on the relative water content, water saturation deficit, percentage of 

electrolyte leakage, longitudinal and transverse diameters of fruits and average fruit mass, in 

West Indian cherry in the first year of cultivation. 

Table 3. Summary of the analysis of variance for water potential in the branch (Ѱw), relative water 

content (RWC), water saturation deficit in the leaf (WSD), electrolyte leakage in the leaf blade 

(EL), total chlorophyll content in the leaf (CHLtotal), stomatal conductance (gs) and CO2 

assimilation rate (A) at 540 days after transplanting and, polar diameter (PD), equatorial diameter 

(ED), average fruit size (AFS) and average fruit mass (AFM) obtained from harvests performed 

between 420 and 550 days after transplanting, in West Indian cherry irrigated with waters of 

different salinities, under combinations of nitrogen and potassium fertilization. 

Source of variation 

 Mean squares 

DF Ѱw RWC WSD EL CHLtotal gs 

Salinity (S) 4 0.149** 97.24** 97.24** 396.59** 0.0116** 0.00024ns 

NK combination (C) 3 0.171** 2.77ns 2.77ns 97.88** 0.0101** 0.00006ns 

S*C Interaction 12 0.034ns 15.55ns 15.55ns 8.22ns 0.0013ns 0.00015ns 

Block 2 0.034ns 95.17** 95.17** 40.52ns 0.0007ns 0.00408** 

Error 38 0.024 16.66 16.66 17.90 0.0016 0.00027 

CV (%) - 6.22 5.31 17.60 21.62 23.28 42.48 

Source of variation DF A PD ED AFS AFM 

Salinity (S) 4 9.49* 8.099** 10.515** 8.552** 0.928** 

NK combination (C) 3 16.88** 3.406** 4.601** 3.896** 0.440** 

S*C Interaction 12 4.21ns 0.475ns 0.788ns 0.596ns 0.117ns 

Block 2 27.82** 1.538ns 2.776* 1.959* 0.276* 

Error 38 3.05 0.3009 0.5522 0.4992 0.0839 

CV (%) - 36.85 3.87 4.61 4.65 12.70 

* and **, respectively significant at p < 0.05 and p < 0.01; ns - not significant; DF - degrees of freedom; CV 

- coefficient of variation. 

It can be observed (Figure 1A) that the increase in irrigation water salinity reduced the 

water potential in the branch of West Indian cherry plants by 2.58% per unit increase in ECw. 

It must be pointed out that this phenomenon results from the accumulation of organic solutes 

in the cytosol and ions in the vacuole of cells in response to salt stress to carry out the osmotic 

adjustment; with this occurring the decrease of the internal water potential in the tissue of the 

branches (Silva et al., 2016; Sá et al., 2019). 



 

 

8 Evandro Manoel da Silva et al. 

Rev. Ambient. Água vol. 16 n. 6, e2780 - Taubaté 2021 

 

 

Figure 1. Water potential in the branch - Ѱw (A), relative water content - RWC (B), water saturation 

deficit - WSD (C) and electrolyte leakage in the leaf blade - EL (D), total chlorophyll content in the 

leaf - CHLtotal (E), and CO2 assimilation rate (F), in West Indian cherry irrigated with waters of 

different salinities at 540 days after transplantation. 

The relative water content in the leaf increased with a linear increase of 2.41% per unit of 

ECw (Figure 1B), which resulted in a decrease in the water saturation deficit in the leaf by 

6.45% per unit increment in ECw (Figure 1C). These effects are probably related to osmotic 

adjustment, due to the accumulation of organic solutes in the cytosol and ions in the vacuole of 

cells, which contributed to increased water absorption by these tissues through an osmotic 

gradient, resulting in greater turgescence in the leaves; this was also proven in the present study 

by the non-significant effect of water salinity on stomatal conductance (Table 3), probably due 

to the maintenance of turgor of stomatal guard cells. The increase in the water content in the 

leaves with increasing salinity in irrigation water was also observed in cashew plants by 

Carneiro et al. (2002), who associated this phenomenon with the effect of osmotic adjustment, 

by the accumulation of ions in the vacuole of cells and the synthesis of organic compounds. 

Figure 1D shows that the increase in irrigation water salinity linearly intensified electrolyte 

leakage in leaf blade cells, resulting in a 31.35% per unit increase in water salinity level. The 

increase in the extrusion of electrolytes is associated with the toxic effects of Na+ and Cl- ions 

accumulated in the leaves, which promote structural changes in cell membranes, with 

consequent rupture (Ferraz et al., 2015), and with the increase of reactive oxygen species, which 

cause lipid peroxidation and oxidation of the cell membranes and organelles, resulting in 

degradation and, consequently, loss of internal content of the cells (Mendes et al., 2011). 

Figures 1E and 1F show that the total chlorophyll content in the leaves and the CO2 

assimilation rate were reduced by the increase in salt stress caused by irrigation water, with 
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linear reductions, respectively, of 8.73 and 7.98% per unit increase in ECw. The decrease in 

chlorophyll content in leaves is associated with the degradation of chloroplasts due to the 

rupture of their membranes (Sousa et al., 2017) and with the increase in the activity of the 

chlorophyll enzyme, which degrades the molecules of these photosynthesizing pigments under 

conditions of salt stress (Sá et al., 2019a). 

For the CO2 assimilation rate, the decrease may have resulted from the degradation of 

chlorophyll molecules, which reduces the photochemical efficiency in Photosystem II, resulting 

in the low formation of the NADPH reducer and ATP. These substances are used as an energy 

source for CO2 assimilation, and decrease the efficiency of carboxylation of the RuBisCO 

enzyme responsible for carbon fixation for photosynthesis (Taiz et al., 2017); this is generally 

affected by the increase of Cl- in the leaves (Silva et al., 2016), a phenomenon already reported 

in West Indian cherry crops subjected to salt stress (Alvarenga et al., 2019; Lima et al., 2019a; 

Sá et al., 2019). 

It can be observed (Figure 2A) that the water potential in the branch of plants under the 

fertilization combinations C1, C2 and C3 did not differ statistically, while fertilization with the 

combination C4 resulted in a lower value of this variable. The application of high doses of N 

and K (160/125%) through C4 may have resulted in nutritional imbalance and excessive 

accumulation of NO3
- and K+ in the cellular vacuole of leaves and branches, causing an osmotic 

gradient (Ashraf et al., 2018; Hasanuzzaman et al., 2018), resulting in the reduction of free 

energy of water, leading to reduction in the internal water potential of the branch. 

 
Figure 2. Water potential in the branch - Ѱw (A), electrolyte leakage in the leaf blade - EL (B), 

total chlorophyll - CHLtotal (C), and CO2 assimilation rate - A (D) in West Indian cherry leaves, 

as a function of different combinations of nitrogen and potassium fertilization at 540 days after 

transplantation. 

Figure 2B shows that the percentage of electrolyte leakage in the leaf blade was lower in 

plants fertilized with the combination C1, while the total chlorophyll content and the CO2 

assimilation rate obtained higher values with the use of this fertilization combination (Figures 

2C and 2D). On the other hand, the increase in NK doses intensified electrolyte leakage and 

reduced the total chlorophyll content and the CO2 assimilation rate, mainly under the use of the 

C4 fertilization combination. 
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The C1 combination may have promoted greater nutritional balance, resulting in lower 

electrolyte extrusion and higher chlorophyll content and CO2 assimilation rate in plants due to 

the application of adequate doses of nitrogen and potassium, given that N is an integral 

component of proteins that make up cell membranes, improving their permeability and 

selectivity (Ashraf et al., 2018), besides being one of the main constituents of chlorophyll 

molecules (Taiz et al., 2017). In addition, K can decrease the formation of reactive oxygen 

species, ensuring greater integrity of cell membranes and chloroplasts, with positive 

contributions to cationic balance and osmoregulation (Almeida et al., 2017; Hasanuzzaman et 

al., 2018), besides stimulating the activity of RuBisCO, which contributes to an increase in CO2 

assimilation rate (Taiz et al., 2017). 

On the other hand, it is emphasized that the high doses of NK applied through C4 may 

have caused increased oxidative stress, leading to greater damage to cell membranes and 

chlorophyll molecules; this phenomenon may occur mainly with increased doses of nitrogen, 

which provides excess ammonium, where plants have greater sensitivity (Kováčik et al., 2020). 

The decrease in CO2 assimilation rate in the C2, C3, and C4 combinations is also related to an 

excessive amount of N, which may have promoted increased oxygenase activity of the 

RuBisCO enzyme to the detriment of carboxylase, and K causing decreased activity of the CO2-

fixing enzyme (RuBisCO) (Melo et al., 2009). 

Regarding fruit characteristics, it can be observed (Figures 3A, 3B, 3C, and 3D) that the 

increase in the salinity level of irrigation water negatively affected the equatorial and polar 

diameters, average size and average mass of the fruits, causing decreases with per unit 

increment in ECw of 3.12, 2.99, 2.50, and 5.21% in these variables, respectively. This is due to 

the higher energy cost to perform osmotic adjustment with increased salinity, through the 

synthesis of organic solutes and diversion of these substrates that would be transferred and 

accumulated in the fruits in the form of starch, proteins and cell wall (Taiz et al., 2017). 

 
Figure 3. Polar diameter - PD (A), equatorial diameter - ED (B), average fruit size - AFS (C), and 

average fruit mass - AFM (D) of West Indian cherry, as a function of irrigation water salinity - ECw, 

of fruit harvests carried out between 420 and 550 days after transplanting. 

This phenomenon is also associated with a decrease in CO2 assimilation rate, which 

reduced the synthesis of assimilates that would be transferred and accumulated in fruits, and 

with physiological disturbances caused by increased formation of reactive oxygen species, 
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which damage cell membranes, chlorophylls, proteins, lipids and nucleic acids (Mendes et al., 

2011; Sousa et al., 2017; Ashraf et al., 2018). Similarly, Sá et al. (2019) observed a decrease 

in the longitudinal diameter and mass of fruits of ‘BRS Jaburu’ irrigated by water with salinity 

ranging from 0.6 to 3.8 dS m-1 at 365 days after transplanting. Also, Lima et al. (2019b) found 

a reduction in the average fruit mass of this cultivar caused by irrigation with ECw from 3.8 dS 

m-1 at 515 days after transplanting. 

By analyzing the effect of fertilization combinations on West Indian cherry fruits, it was 

observed (Figures 4A, 4B, 4C, and 4D) that the largest polar diameter, equatorial diameter, 

average size, and average mass of fruits were obtained in plants fertilized with the combination 

C1, followed by the combination C2. This effect may be related to the positive influence of the 

adequate doses of N and K supplied through these combinations on physiological and 

biochemical processes. These phenomena were proven in the present study by fertilization with 

the combination C1, in which the plants showed lower electrolyte leakage, higher concentration 

of total chlorophyll in leaves, and a higher CO2 assimilation rate (Figures 2B, 2C, and 2D). 

 
Figure 4. Polar diameter - PD (A) and equatorial - ED (B), average fruit size - AFS (C), and average 

fruit mass - AFM (D) of West Indian cherry, as a function of different combinations of nitrogen 

and potassium fertilization, in fruit harvests performed between 420 and 550 days after 

transplanting. 

Regarding the lower values observed, mainly under the fertilization combination C4 

(160% N + 125% K2O), it is possible to affirm that, in addition to nutritional imbalance and 

oxidative stress, these doses increased salinity in the soil solution as a result of the increase in 

the amount of nitrogen and potassium fertilizers applied, harmed the physiological activities 

and fruit formation of West Indian cherry plants, since urea and potassium chloride used as a 

source of N and K have high salt indices, corresponding to 75 and 115%, respectively (Borges 

and Silva, 2011). 

4. CONCLUSIONS 

1. The different combinations of nitrogen and potassium doses did not mitigate the harmful 

effects of salt stress on plant physiology and fruit production but impaired these variables with 
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doses from 100% N + 75% K2O. 

2. Irrigation using water with salinity above 0.3 dS m-1 intensifies intercellular electrolyte 

leakage (EL), reduces water potential in plants, total chlorophyll content in leaves, and CO2 

assimilation rate, reducing the diameter and mass of West Indian cherry fruits in the second 

year of cultivation. 

3. Plants fertilized with 70% N + 50% K2O of the recommended dose have lower EL, 

higher CO2 assimilation rate, higher chlorophyll content in leaves, and produce fruits with 

larger diameter and mass, regardless of the salinity of the irrigation water. 
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ABSTRACT  
Detention devices are often used as alternative measures for stormwater control. The 

Envelope Curve Method is widely used in Brazil to estimate detention device volumes. This 

method estimates the storage volume based on inlet and outlet balance, where the inlet is 

obtained by the Rational Method and the outlet by orifice bottom discharge. Usually, the outlet 

flow is adopted as a constant and equivalent to the maximum allowed, and this procedure can 

cause reservoir undersizing. This paper evaluates detention control measures’ hydraulic 

behavior for the Envelope Curve Method and proposes the inclusion of an outflow adjustment 

coefficient (Cout), seeking to compensate for the adoption of constant outlet flow simplification. 

Values for this coefficient were estimated for several Brazilian state capitals, ranging from 0.62 

up to 0.65. The undersizing hypothesis due to the adoption of constant outlet flow was 

confirmed, as the simulations showed the need for an increase between 8.4% to 16.8% in the 

device size. This undersizing may be compensated for by applying the outflow adjustment 

coefficient (Cout). 

Keywords: adjustment coefficient, detention facilities, envelope curve, hydrologic design 

outflow adjustment coefficient. 

Coeficiente de ajuste para o dimensionamento de reservatórios pelo 

método da curva envelope aplicado a capitais estaduais brasileiras 

RESUMO 
Reservatório de detenção são usualmente empregados para realizar o controle de 

escoamento pluviais. Um dos métodos de dimensionamento de dispositivos de reservação, 

muito utilizado no Brasil, é o método da curva envelope. Este método estima o volume 

necessário de armazenamento por meio do balanço dos volumes de entrada e saída, sendo a 

entrada com base no Método Racional e a saída por orifício de descarga de fundo. Neste método 

é adotada uma vazão constante de saída igual à máxima permitida, o que pode causar 

subdimensionamentos. Este artigo teve como objetivo avaliar o comportamento hidráulico de 

medidas de controle de detenção dimensionadas pelo Método da Curva Envelope, e propor uma 

alteração nesta metodologia, com a criação de um coeficiente de ajuste da vazão de saída (Cout), 

visando compensar a simplificação de utilizar a vazão efluente constante. Valores para esse 

coeficiente foram estimados para diversas capitais brasileiras, variando de 0.62 a 0.65. A 
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hipótese de subdimensionamento devido à adoção de uma vazão constante foi confirmada, pois 

as simulações mostraram a necessicidade de um aumento entre 8.8% a 16.8% no tamanho do 

dispositivo de controle. Uma compensação para esse problema pode ser obtida aplicando o 

coeficiente de redução da vazão de saída (Cout). 

Palavras-chave: coeficiente de ajuste, curva envelope, dimensionamento hidrológico, 

dispositivos de detenção. 

1. INTRODUCTION 

The urbanization process modifies the physical characteristics of the watershed, increasing 

impervious surfaces and changing the hydrologic cycle. These changes cause an increase in 

stormwater runoff volume and peak flow and decrease flow time (Chen et al., 2015; Guan et 

al., 2016; Zhou, 2014). 

Their impacts on the hydrologic cycle result in an increase in the frequency of water-related 

disasters such as floods and, as a consequence, there are stormwater control measures (SCMs) 

that seek to compensate for the effects of urban occupation. Among the SCMs adopted, storage 

measures stand out, which restrict the inlet hydrograph, providing temporary storage of the 

runoff. Several municipalities in Brazil, such as Porto Alegre, Brasília, and São José do Rio 

Preto, have adopted these measures for new construction in order to control hydrological 

impacts, with the requirement that reservoir construction include an outflow restriction of flow 

to the public drainage system (Brasília, 2018; Porto Alegre, 2014; São José do Rio Preto, 2008) 

There are several methods for design or preliminary design of detention facilities, among 

them the rain envelope method, which is often used in Brazil. 

Butler et al. (2018) presents the envelope method as a preliminary sizing of reservoirs, and 

Azzout et al. (1994) presents it as a simplified sizing method. Baptista et al. (2011) and Miguez 

et al. (2015) call the methodology the rainfall method of envelope curves, and present it as a 

simplified form of structure design. Some examples of use from the rain envelope method can 

be seen in Lucas et al. (2013), in the design of a filter-swale-trench system; Angelini Sobrinha et 

al. (2012), in the design of an infiltration well; and in Cadore et al. (2016), for bioretention 

areas. In addition, Silveira and Goldenfum (2007) presented a generalized methodology for 

preliminary sizing of SCMs using the envelope curve method. 

The envelope curve method is characterized as being simple and straightforward, with 

several simplifications, among which we highlight the adoption of the outflow rate as a constant 

equal to the rate of outflow when the storage facility is full and the outlet is under maximum 

head, which may cause under-dimensioning in the structures. These simplifications are the core 

of criticism of adopting the sizing results of this method needing further sizing checks. On the 

other hand, there is no approach to redress the undersizing effect on the results by envelope 

curve use. 

This article evaluates the hydraulic behavior of stormwater control detention measures 

designed by the rain envelope method, proposes a change in this methodology with the creation 

of an outflow adjustment coefficient (Cout) in order to correct the underestimation caused by 

using the outflow rate as a constant value. 

2. MATERIAL AND METHODS 

2.1. Rain envelope method or rainfall method 

The rain envelope method or rainfall method, presented by Urbonas and Stahre (1993), is 

a simple method for determination of detention volume based on mass balance in a detention 

facility. It uses curves of cumulative runoff volume and cumulative volume of outflow at 
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different durations of rainfalls, where the largest difference between the two curves expresses 

the storage volume. The method does not consider the time of concentration of the basin and 

uses the rational method to estimate the flow contribution to the detention facility, being 

indicated to areas smaller than around 80 ha (ASCE, 2017). 

The first step in this method is to calculate the cumulative runoff volume for a range of 

storm durations. This is done by incrementally increasing the storm duration and, for each 

duration, the volume is calculated from Equation 1, using the runoff coefficient (C), the ration 

between the runoff and the respective precipitation, and the average rainfall intensity 

determined by an intensity-duration-frequency (IDF) curve. 

𝑉𝑖𝑛 =
𝐶.𝐼.𝐴.𝑡

3600∙1000
                             (1) 

Where 𝑉𝑖𝑛 = cumulative runoff volume (m³); 𝐶 = runoff coefficient (varies from 0 to 1);  

𝐼 = average rainfall intensity (mm.h-1); 𝐴 = tributary area (m²); 𝑡 = duration (s). 

The volume of the outflow curve varies according to design characteristics. For detention 

facilities with nozzles or orifices as outlets, the outflow can be determined, considering free 

discharge at atmospheric pressure, using Equation 2. The volume of outflow is commonly 

estimated by Equation 3, using the simplification that the structure empties at a constant rate 

equal to the maximum possible outlet outflow (considering the device full and outlet under 

maximum head). As already shown by Urbonas and Stahre (1993), with the exception of special 

flow regulators the outflow is not constant and varies with the depth of water as the structure 

fills and empties. 

𝑄𝑜𝑢𝑡 = 𝐶𝑑. 𝐴𝑜 . √2. 𝑔. ℎ                                         (2) 

𝑉𝑜𝑢𝑡 = 𝑄𝑜𝑢𝑡. 𝑡                                          (3) 

Where: 𝐶𝑑 = discharge coefficient ; 𝐴𝑜 = area of the opening (m²); 𝑔 = gravitational 

acceleration (m.s-2);  ℎ = effective head seen by the orifice (m); 𝑉𝑜𝑢𝑡 = cumulative outflow 

volume (m³); 𝑄𝑜𝑢𝑡 = maximum outflow rate (m³.s-1); 𝑡 = duration (s). 

To provide the controlled release of flows when the detention facility’s water exceeds its 

storage volume, commonly spillways are used. The discharge flow of the spillway can be 

determined by Equation 4. 

 𝑄𝑠 = 𝐶𝑠. 𝐿. ℎ
3

2                                        (4)         

Where: 𝑄s = spillway flow (m³.s-1); 𝐶s = spillway discharge coefficient; 𝐿 = spillway width 

(m); ℎ = head over the spillway crest (m). 

The storage volume obtained by the method is the largest difference between the two 

curves obtained by Equations 1 and 3, defined by Equation 5 and illustrated in Figure 1. 

𝑉𝑟 = 𝑚𝑎𝑥 (𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡)                                                           (5)  

Where: 𝑉𝑟 = storage volume (m³). 

The simplification of using, during all rainfall periods, the outflow rate equal to the 

maximum possible outlet flow causes a cumulative outflow volume curve with values greater 

than what they are supposed to be, resulting in lower volumes of reservation, reducing the safety 

of the project. 
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Figure 1. Storage volume using the rain envelope 

method. 

2.2. Curve envelope method verification 

In order to identify the impact of the simplification of the reservoirs designed by the 

envelope method, the hydraulic behavior of the structure storage volume obtained by the 

envelope curve method was simulated using one of the most traditional models to simulate 

reservoir routing; it was developed by Puls (Nascimento and Baptista, 2009). 

The IDF curve used to obtain the rainfall used for the envelope curve and Puls method was 

the recommended IDF curve for the 8th District of Porto Alegre (Bemfica et al., 2000) with a 

return period of 10 years (Equation 6).  

𝐼 =
1297.9 𝑇𝑅

0.171

(𝑟𝑑+11.6)0.85                                           (6) 

Where 𝐼 = average rainfall intensity (mm.h-1); 𝑇𝑅 = return period (years); 𝑟𝑑 = rain duration 

(min). 

For the envelope curve method, the characteristics of the tributary site were: tributary area 

(A) of 1000 m² and runoff coefficient (C) of 0.9. The outlet was considered as an orifice with 

diameter of 25 mm, and the input for the outflow rate was considered a constant obtained by 

Equation 3, with a maximum depth of water of 1 m and a discharge coefficient of 0.94, 

according to experimental values found for this outlet diameter and water depth (Drummond, 

2014). From this information, with Equation 5, the storage volume was obtained.  

These characteristics were chosen for 𝑄𝑜𝑢𝑡 to be smaller than the Porto Alegre outflow 

restriction flow to the public drainage system (20.8 l.s-1.ha-1 or 2.08 l.s-1 for this tributary area) 

(Porto Alegre, 2014). 

For the Puls method, the same IDF curve was used, with a time distribution obtained by 

the alternating blocks hyetograph method (Chow et al., 1988), centralized peak and rain 

discretization of 1 minute in order to obtain a hyetograph. 

The inflow hydrograph of the reservoir was determined from the hyetograph multiplied by 

the same values of runoff coefficient and tributary area for each time interval of the hyetograph, 

thus obtaining the inflow hydrograph. The outflow rate was defined by Equation 3, with the 

same characteristics of outlet for envelope curve, but considering the outflow rate variable in 

time, function of water depth. In case of exceeding storage volume during the simulation, a 

spillway was designed to remove excess water, with the discharge flow obtained by Equation 
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4, with 𝐶𝑠 of 1.77. 

2.3. Reservoir hydraulic behavior with traditional envelope curve method storage volume 

For the rain and tributary characteristics described in the method verification, the envelope 

curve is shown in Figure 2. The constant outflow rate of the method (Qlim) resulted in 2.04 l.s-1 

and the storage volume was 40.2 m³, occurring with a rainfall duration of 102 minutes. 

 
Figure 2. Envelope curve method for Porto Alegre with: 

C = 0.9; Qlim = 2.04 l.s-1; A = 1.000 m². 

Figure 3 presents the reservoir outflow hydrographs for the Puls method, with simulations 

for rainfall durations from 10 to 120 minutes for Porto Alegre by the alternating blocks method. 

The storage volume of the reservoirs used in all simulations were the ones found using the 

envelope method, 40.2 m³. The results show that the design volume was not adequate to 

withstand the runoff volumes of rainfall durations above 60 minutes; therefore, the 102 minutes 

of rainfall duration, duration from the envelope method, also had water depth above 1 m, 

causing the spillway to remove the excess water and the outflow rate to peak above 2.04 l.s-1. 

 
Figure 3. Verification reservoir outflow hydrographs by Puls simulation for the 

traditional envelope curve sizing method. 
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The difference between the outflow estimated by the verification method (Puls) and the 

constant outflow for the envelope method is shown in Figure 4.a, simulation of rainfall duration 

of 102 minutes for Porto Alegre, where the green area of the figure represents the outflow 

volume difference between the methods. 

 
Figure 4. Outflow comparisons of Envelope and Puls methods: a) volume difference between Puls 

and Envelope outflows; b) outflow volumes by Puls simulation; c) outflow volumes by Envelope. 

2.4. Proposed methodology to compensate for the constant outflow simplification 

An outflow adjustment coefficient (Cout) was created in order to compensate for the 

simplification of constant outflow, adopting the ratio between the accumulated volume obtained 

by the Puls methodology (an area under the red line in Figure 4.b up to reach the blue line for 

constant outflow) and the constant outflow (a rectangular area in Figure 4.c under blue line until 

to intercept the red line). The coefficient was obtained using the same rainfall duration as found 

for the storage volume in the envelope curve, called "critical duration time" (Tcrit), and 

gradually increasing the storage volume until the minimum detention volume that would not 

cause the water depths above the maximum, i.e., spillway unused (Equation 7). 

𝐶𝑜𝑢𝑡 =  
𝑉𝑃𝑢𝑙𝑠

𝑉𝑜𝑢𝑡
                                         (7) 

Where 𝐶out = outflow adjustment coefficient; 𝑉𝑃𝑢𝑙𝑠 = cumulative outflow volume by Puls 

method (m³). 

From the Cout, the incremental volume, denominated as 𝑉𝑖, is determined by Equation 8. 

The incremental volume is then added to the storage volume determined by the envelope curve 

method, resulting in the adjusted storage volume (Equation 9). 

𝑉𝑖 = (1 − 𝐶𝑜𝑢𝑡)𝑄𝑙𝑖𝑚. 𝑡                              (8) 

𝑉𝑅𝐴 = 𝑚𝑎𝑥(𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡) + 𝑉𝑖                            (9) 

Where 𝑉𝑖 = incremental volume (m³); 𝑉RA = adjusted storage volume (m³). 

2.5. Sensitivity of Cout to input parameters 

The sensitivity of Cout was evaluated by simulating different runoff coefficients and sizes 

of orifices as outlets, modifying the inflow and outflow of the methods. The same methodology 

of the previous verification was used. The sensitivity of Cout as a function of the Runoff 

coefficient C and Qlim, constant outflow as a function of orifice diameter (D), for a return period 

of 10 years is shown in Table 1. 
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Table 1. Cout sensitivity for period return of 10 

years. 

Qlim (D) 
Runoff Coefficient (C) 

0.2 0.6 1.0 

1.31 l/s (20 mm) 0.66 0.64 0.63 

8.18 l/s (50 mm) 0.82 0.69 0.68 

The value of C coefficient varied from 0.2 to 1.0, and the maximum flow capacity from 

1.31 l.s-1 to 8.18 l.s-1, respectively, for commercial diameters of orifices of 20 mm and 50 mm. 

The results showed that the value of the Cout increases when the value of the C reduces, 

and that Cout is also higher when the diameter of the orifice is higher. Therefore, the combination 

of higher C and smaller diameter results in a smaller coefficient, which is the less favorable 

scenario, since the smaller the Cout the greater the incremental volume 𝑉𝑖. 

In order to observe the impact of a higher period return on the coefficient, the process was 

repeated for a period return of 50 years. The coefficients found are shown in Table 2 and were 

similar to those with a period return of 10 years. 

Table 2. Cout sensitivity for return period of 

50 years. 

Qlim (Diameter) 
Runoff Coefficient (C) 

0.2 0.6 1.0 

1.31 l/s (20 mm) 0.66 0.63 0.62 

8.18 l/s (50 mm) 0.77 0.68 0.66 

3. RESULTS 

3.1. Cout applied to Brazilian state capitals 

According to the results of Tables 1 and 2, the least favorable condition for the coefficient 

Cout, the smallest value, occurs with a higher C and smaller orifice diameter. Cout values were 

determined for several Brazilian state capitals, using Equation 7 with the same methodology 

previously described. The adopted conditions were the same as used in the curve envelope 

method verification: coefficient C equal to 0.9; outlet considered as an orifice as 25 mm of 

diameter; discharge coefficient of 0.94; maximum water depth of 1 m; tributary area of 1000 m². 

The rain parameters for each state capital are presented in Table 3, following the format of 

Equation 10. Figure 5 shows the studied cities locations in Brazil. 

𝐼 =  
𝑎.𝑇𝑅

𝑏

(𝑟𝑑+𝑐)𝑑                                       (10) 

Where: 𝑎, 𝑏, 𝑐 𝑒 𝑑 are adjusted parameters for each city. 

Table 4 presents the values of the Cout for period returns of 10 and 50 years, showing the 

dispersion between them for the different regions of Brazil. The Cout values presented in the 

table were the coefficients obtained for the rainfall duration equal to the critical time Tcrit. 

Even though there is a great variability in the pluviometric characteristics of the Brazilian 

state capitals presented, there is only a small variation in the values of Cout. Table 5 presents the 

storage volume (𝑉𝑟) needed for each city for a return period of 10 years using the envelope 

curve method and the adjusted storage volume (𝑉𝑅𝐴) when considering the coefficient Cout. 

The results showed a Cout coefficient ranging from 0.62 to 0.65 and an increase in storage 
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volume considering the proposed methodology from 8.4% to 16.8%. 

Table 3. IDF curves parameters for several Brazilians state capitals. 

City 
Parameters 

a b c d 

Aracaju¹ 834.2 0.179 15 0.726 

Belém¹ 1085.5 0.156 12 0.758 

Belo Horizonte² 1447.9 0.100 20 0.840 

Brasília³ 1574.7 0.207 8 0.884 

Cuiabá4 1016.5 0.133 7.5 0.739 

Curitiba5 5726.6 0.159 41 1.041 

Florianópolis1 1754.2 0.187 36 0.823 

Fortaleza7 2345.3 0.173 28.3 0.904 

Goiânia8 920.5 0.142 12 0.760 

Manaus¹ 1136.5 0.158 10 0.764 

Porto Alegre9 1297.9 0.171 11.6 0.850 

Porto Velho¹ 1181.4 0.159 11 0.757 

Rio Branco¹ 1419.3 0.162 18 0.795 

Rio de Janeiro10 1239.0 0.150 20 0.740 

São Luiz¹ 1519.4 0.161 28 0.777 

São Paulo¹¹ 3462.6 0.172 22 1.025 

Teresina¹ 1248.9 0.177 10 0.769 

¹Fragoso Jr. (2004); ²Zahed Filho and Marcellini (1995); ³Distrito 

Federal (2009); 4Castro et al. (2011); 5Fendrich (2003); 7Silva et al. 

(2013); 8Oliveira et al. (2003); 9Bemfica et al. (2000); 10Bertoni and 

Tucci (1993); 11Wilken (1978). 

 
Figure 5. Spatial location of the cities used in the 

study. 
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The results are similar to those found by Guo (1999), 0.64 to 0.75 for an outflow reduction 

coefficient and he also concludes that not using the adjustment factor can result in 

approximately 20% underestimation of detention volume. 

Table 4. Values of the Cout for period returns of 10 

and 50 years and several Brazilian Capitals. 

City 
TR- 10 years TR - 50 years 

Cout Cout 

Aracaju 0.65 0.65 

Belém 0.64 0.64 

Belo Horizonte 0.65 0.64 

Brasília 0.62 0.62 

Cuiabá 0.64 0.64 

Curitiba 0.64 0.63 

Florianópolis 0.65 0.64 

Fortaleza 0.64 0.63 

Goiânia 0.65 0.64 

Manaus 0.64 0.64 

Porto Alegre 0.64 0.63 

Porto Velho 0.64 0.64 

Rio Branco 0.64 0.64 

Rio de Janeiro 0.65 0.65 

São Luiz 0.65 0.64 

São Paulo 0.64 0.63 

Teresina 0.64 0.63 

 

Table 5. Storage Volume (𝑉𝑟) and Adjusted 

storage volume (𝑉𝑅𝐴). 

City Vr (m³) VRA(m³) % 

Aracaju 52.0 60.8 16.8% 

Belém 56.0 64.1 14.6% 

Belo Horizonte 37.0 42.0 13.7% 

Brasília 48.4 52.7 8.8% 

Cuiabá 56.0 64.2 14.6% 

Curitiba 60.3 66.1 9.5% 

Florianópolis 65.8 75.3 14.4% 

Fortaleza 54.1 60.4 11.7% 

Goiânia 41.8 48.0 14.9% 

Manaus 58.0 66.1 13.9% 

Porto Alegre 40.2 44.7 11.2% 

Porto Velho 64.4 73.5 14.1% 

Rio Branco 61.1 69.4 13.6% 

Rio de Janeiro 73.6 85.3 15.8% 

São Luiz 73.5 84.5 15.0% 

São Paulo 44.1 47.8 8.4% 

Teresina 67.7 76.6 13.1% 

4. DISCUSSION AND CONCLUSIONS 

This paper evaluated the performance of storage facilities designed by the envelope curve 
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method and showed undersizing in the storage volume when considering a simplification of the 

outflow rate as a constant value equal to the maximum discharge capacity of the outlet. The 

hydraulic verification results showed that the reservoirs were insufficient to store the inflow 

volumes. Thus, an outflow adjustment coefficient Cout was proposed in order to compensate for 

the considered simplification. 

The application of the proposed methodology was applied to several Brazilian state 

capitals and indicated there is little variation in the value of Cout, ranging from 0.62 to 0.65, 

even though there is great variability in the pluviometric characteristics of these cities. The 

results also showed that, for the studied cities, the adjusted methodology caused an increase in 

the storage volume from 8.4% to 16.8%. 

Finally, the parameters adopted (lot area; runoff coefficient; return period; orifice 

diameter; IDF of 17 Brazilian States Capital) for the simulations were the most frequent values 

for the urban lots, so this criteria can indeed be representative for several areas and even for the 

whole country after analysis of results for Cout, as it varies only within a narrow range. 
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ABSTRACT  
The Brazilian Cerrado biome is the largest and richest tropical savanna in the world and is 

among the 25 biodiversity hotspots identified worldwide. However, the lack of adequate 

hydrological monitoring in this region has led to problems in the management of water 

resources. In order to provide tools for the adequate management of water resources in the 

Brazilian Cerrado biome region, this paper develops the regionalization of maximum, mean and 

minimum streamflows in the Tocantins River Basin (287,405.5 km2), fully located in the 

Brazilian Cerrado biome. The streamflow records of 32 gauging stations in the Tocantins River 

Basin are examined using the Mann-Kendall test and the hydrological homogeneity non-

parametric index-flood method. One homogeneous region was identified for the estimate of the 

streamflows Qltm (long-term mean streamflow), Q90% (streamflow with 90% of exceeding time), 

Q95% (streamflow with 95% of exceeding time) and Q7,10 (minimum annual streamflow over 7 

days and return period of 10 years). Two homogeneous regions were identified for maximum 

annual streamflow estimation and the Generalized Extreme Value distribution is found to 

describe the distribution of maximus events appropriately within the both regions. Regional 

models were developed for each streamflow of each region and evaluated by cross-validation. 

These models can be used for the estimation of maximum, mean and minimum streamflows in 

ungauged basins within the Tocantins River Basin within the area boundaries identified. 

Therefore, the results provided in this paper are valuable tools for practicing water-resource 

managers in the Brazilian Cerrado biome. 

Keywords: l-moments, statistical hydrology, water use rights concessions. 

Regionalização hidrológica de vazões para a bacia do rio Tocantins no 

bioma Cerrado brasileiro 

RESUMO  
O bioma Cerrado brasileiro é a maior e mais rica savana tropical do mundo e está entre os 

25 hotspots de biodiversidade identificados em todo o mundo. No entanto, o escasso 

monitoramento hidrológico, recorrente nesta região, tem gerado problemas na gestão dos 

recursos hídricos. A fim de fornecer ferramentas para a gestão adequada dos recursos hídricos 
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na região do bioma Cerrado brasileiro, este trabalho desenvolve a regionalização das vazões 

máximas, médias e mínimas na bacia do rio Tocantins (287.405,5 km2), totalmente localizada 

no bioma Cerrado brasileiro. Os registros de vazão de 32 estações fluviométricas na bacia do 

rio Tocantins foram examinados usando o teste de Mann-Kendall e o método não paramétrico 

de homogeneidade hidrológica index-flood. Uma região homogênea foi identificada para a 

estimativa das vazões Qltm (vazão média de longo termo), Q90% (vazão igualada ou excedida em 

90% do tempo), Q95% (vazão igualada ou excedida em 95% do tempo) e Q7,10 (vazão mínima 

anual das médias de 7 dias e tempo de retorno de 10 anos). Duas regiões homogêneas foram 

identificadas para a estimativa da vazão máxima anual e a distribuição de valor extremo 

generalizado foi encontrada para descrever a distribuição de eventos máximos apropriadamente 

dentro de ambas as regiões. Modelos regionais foram desenvolvidos para cada vazão de cada 

região e avaliados pela validação cruzada. Esses modelos podem ser usados para a estimativa 

de vazões máximas, médias e mínimas em bacias não medidas dentro da bacia do rio Tocantins, 

dentro dos limites de área identificados. Portanto, os resultados fornecidos neste artigo são 

ferramentas valiosas para a prática de gestores de recursos hídricos no bioma Cerrado brasileiro.  

Palavras-chave: concessões de direitos de uso de água, hidrologia estatística, momentos l. 

1. INTRODUCTION 

The volume of fresh water in Brazil accounts for about 12% of the planet's total, and is one 

of the largest reserves in the world. However, the natural distribution of fresh water shows great 

spatial disparity across the territory. Along with this factor, the different types of water use in 

the basins lead to conflicts for the right to use and uncertainties regarding the risks of flooding. 

Therefore, for the maintenance of life and environmental preservation, more effective actions 

are needed in the management of water resources (ANA, 2019a; Charles, 2020). 

The Brazilian Cerrado biome is the largest and richest tropical savanna in the world and is 

among the 25 biodiversity hotspots identified worldwide (Myers et al., 2000; Silva and Bates, 

2002). In addition, this region encompasses the recharge area of several aquifers and important 

rivers in Brazil, being recognized as the "cradle of Brazil’s water" (Lima, 2011). However, the 

lack of adequate hydrological monitoring in this region has led to problems in the management 

of water resources, which may further compromise the sustainability of this important biome. 

Thus, improving the knowledge base on streamflow in the Cerrado biome is essential for water 

management in Brazil and for ensuring water security and economic development (Rodrigues 

et al., 2021).  

The Tocantins River Basin (287,405.5 km2) is a large area of the Cerrado biome, which 

has been confronting water resource management problems around the expansion of water-

using sectors, such as irrigated agriculture and hydro-energy. Irrigated agriculture is the primary 

consumer of water in this basin (ANA, 2019b), it presents a demand for the use of water of 

44.3%. In addition, this basin is the third-ranked Brazilian basin in hydroelectric potential 

(ELETROBRAS, 2016). The TRB covers three Brazilian states: Goiás, Tocantins and 

Maranhão, which use streamflows that are exceeded 90 and 95% of the time (Q90% and Q95%, 

respectively) as references for granting water use rights. 

Hydrological monitoring is the ideal way to determine streamflows in watercourses of 

interest. However, in countries such as Brazil, whose dimensions are continental, the density of 

streamflow gauging stations is unsatisfactory, which compromises the estimation of 

streamflows for water resource management (Melati and Marcuzzo, 2016). According to 

Pugliesi et al. (2016) the need to understand streamflow behavior is one of the biggest problems 

that occur in ungauged basins. Another obstacle that occurs mainly in medium- and small-

gauged basins is the unavailability of longer time series, which limits the estimation of reliable 

quantiles (Beskow et al., 2016).   
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Rainfall-runoff models are widely used to estimate the streamflow, but calibrating these 

models in ungauged catchments is a challenge (Pool et al., 2017). Thus, to mitigate the effect 

of this lack of data, the streamflow regionalization method is an alternative to obtain 

hydrological information in locations with little or even without datasets. Streamflow 

regionalization can be applied within a region with similar hydrological behaviour using 

statistical procedures (Naghettini and Pinto, 2007; Wolff et al., 2014). In this approach, the 

streamflow statistics at ungauged sites are conditioned by the streamflow statistics at a gauged 

site, using catchment descriptors as similarity measure (Cupak, 2020). Furthermore, the 

regionalization models fitted for a given basin should not be applied using inputs out of the 

boundaries (Silveira and Tucci, 1998). In the TRB, there are no established regionalized 

models. Therefore, there is a need to develop models which can be applied in the conditions of 

the Tocantins River Basin. 

Maximum, mean and minimum streamflows estimates are essential for water-resource 

management. Maximum streamflows are essential for hydraulic structure designs, such as 

dams, bridges, culverts, and urban drainage systems, and for flood risk assessments. Mean 

streamflow is fundamental for hydropower planning. Minimum streamflows are important as 

reference for water-use rights concessions, water supply and habitat protection (Beskow et al., 

2016). 

In order to provide tools for the adequate management of water resources in the Brazilian 

Cerrado biome region, the objectives of the study were: i) to evaluate the suitability of 10 

probability distributions functions using L-moments method and goodness-of-fit test; and, ii) 

to develop the regionalization of the maximum, mean and minimum streamflows (Qmax, Qltm, 

Q90%, Q95% and Q7,10) for the Tocantins River Basin (287,405.5 km2), fully located in the 

Brazilian Cerrado biome. The novelty of this study lies in estimation of reliable and robust 

flows in data scarce regions by using a combination of statistical techniques. 

2. MATERIAL AND METHODS 

2.1. Study area and streamflow data 

The Tocantins River Basin (TRB) (Figure 1) comprises a drainage area of 287,405.5 km2, 

is located in the states of Goiás, Tocantins and Maranhão, in the northern region of Brazil, and 

includes 213 municipalities. This basin is fully inserted in the Cerrado biome and is part of the 

Tocantins-Araguaia Basin (TARB). The TRB was delimited in the Itaguatins streamflow 

station (National Water Agency code 23710000).  

According to Köppen's climate classification system, the climate of the studied basin is 

Aw (tropical savanna), with a rainy season in the summer (from November to April) and a dry 

season in the winter (from May to October) (Kottek et al., 2006; EMBRAPA, 2018).  

Twelve hydroelectric plants (Figure 1) are located in TRB and are responsible for a 

hydropower potential of 4475 MW (ELETROBRAS, 2016). The hydroelectric plants with their 

respective hydropower potentials and year of start of operation are: Serra da Mesa (1275 MW, 

1998); Estreito (1087 MW, 2011); Lajeado (903 MW, 2001); Peixe Angical (452 MW, 2006); 

Cana Brava (450 MW, 2002); São Salvador (241 MW, 2009); Lagoa Grande (26 MW, 2008); 

Santa Edwiges II (13 MW, 2006); São Domingos (12 MW, 1991); Dianópolis (6 MW, 1994); 

Diacal II (5 MW, 1999); and Sobrado (5 MW, 1994). Among these hydroelectric plants, the 

Serra da Mesa HPP, located at the upper reaches of the Tocantins River, stands out for having 

the greatest hydropower potential, reservoir and flow regulation capacity (ANEEL, 2018). 

Daily streamflow data were obtained from the National Water Agency (ANA) for 32 

streamflow gauging stations (Figure 1) with at least 10 years of continuous record (Cassalho et 

al., 2017). Precautions were taken to ensure the natural representation of the streamflows in the 

study area. Thus, to avoid the regulation effect of dams on the streamflow behavior, only data 

prior to the start of reservoir operations were used for their downstream stations. In this way, 
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13 streamflow gauging stations had their series shortened, while the other 19 streamflow 

gauging stations had all available data kept. Table 1 shows the characteristics of the streamflow 

gauging stations and their record lengths used in this study, which ranged from 1955-2017. 

Figure 1 shows the location of the Tocantins River Basin (TRB) with the thirty-two streamflow 

gauging stations, and the twelve hydropower plants. 

Table 1. The characteristics of streamflow gauging stations in Tocantins River Basin. 

Station n° Station ID DA (km2) Affected by reservoir 
Most influential HPP  

installation year 
Record length 

S01 20050000 11008 No - 1966 - 2012 

S02 20100000 1585.2 No - 1965 - 2017 

S03 20200000 2772.3 No - 1965 - 2017 

S04 20950000 884 No - 1980 - 2006 

S05 21220000 7277 No - 1976 - 2017 

S06 21300000 2260 Yes 2006 1975 - 2005 

S07 21500000 20212.7 Yes 2006 1971 - 2005 

S08 21510000 795 No - 1975 - 2005 

S09 21560000 2733.5 Yes 1991 1977 - 1990 

S10 21580000 281.4 No - 1975 - 2014 

S11 21750000 1224 No - 1975 - 2014 

S12 22050001 122319.8 Yes 1998 1971 - 1997 

S13 22100000 8682.9 No - 1975 - 2014 

S14 22150000 13582.9 No - 1972 - 2005 

S15 22190000 1767 Yes 1994 1976 - 1993 

S16 22220000 10077.3 Yes 1994 1975 - 1993 

S17 22250000 14424.7 Yes 1994 1970 - 1993 

S18 22500000 178453.3 Yes 1998 1970 - 1997 

S19 22680000 16862 No - 1974 - 2017 

S20 22700000 17535.1 No - 1972 - 2014 

S21 22850000 9396.6 No - 1974 - 2009 

S22 22900000 43376.7 No - 1970 - 2017 

S23 23100000 235213.9 Yes 1998 1970 - 1997 

S24 23150000 2854.8 No - 1974 - 2017 

S25 23220000 2938.4 No - 1985 - 2014 

S26 23230000 4031.1 No - 1984 - 2014 

S27 23250000 9809.8 No - 1972 - 2017 

S28 23300000 267392.3 Yes 1998 1962 - 1997 

S29 23600000 281136.9 Yes 1998 1955 - 1997 

S30 23650000 1566.9 No - 2000 - 2014 

S31 23700000 287336.3 Yes 1998 1974 - 1997 

S32 23710000 287405.5 Yes 1998 1970 - 1997 
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Figure 1. Geographical location of the Tocantins River Basin (TRB) with the thirty-two 

streamflow stations and the twelve hydropower plants. 

 Based on the daily streamflow historical series of the 32 streamflow gauging stations, 

three new series were generated for each station, referring to: the maximum annual streamflow 

(Qmax), mean annual streamflow (Qmean) and mean minimum streamflow over seven consecutive 

days (Q7). 

The first analysis in this study was to determine which series were stationary and therefore 

could be used as a basis for regionalization. To determine whether a given historical series is 

stationary, it is necessary to apply a trend test (Naghettini and Pinto, 2007). The Mann-Kendall 

(MK) test (Mann, 1945; Kendall, 1975) is the most recommended to evaluate trends in 

hydrological time series (Hamed, 2008; Zhang et al., 2015; Wang et al., 2015). Thus, this test 

was applied to the 32 historical series of Qmax, Qmean and Q7 to select those data to be used in 

the streamflow regionalization. This is one of the most important steps in the flow 

regionalization process, as it prevents the spread of local trends to the rest of the basin, which 

justified the exclusion of periods subsequent to the installation of the reservoirs. This test was 

performed using the Kendall package from RStudio. 

Daily series from stations whose Qmean series are stationary were used to obtain Q90%, Q95% 

and Qltm (Beskow et al., 2016). For the stations whose Q7 series are stationary, PDFs 

(probability distribution functions) were fitted to obtain the quantile associated with the return 

period (RP) of 10 years (Q7,10). For the stations with Qmax stationary series, PDFs were fitted to 

regionalize the maximum annual streamflows as a function of RP. 

2.2. Probability distribution functions (PDF)  

To regionalize streamflows associated with RPs, it is necessary to model the frequency of 
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occurrence by a PDF. Qmax and Q7 were modeled by different PDFs, selecting the most 

adequate for each situation. 

The following PDFs were fitted to the maximum annual streamflow series: two‐parameter 

log-normal (LN2); Gumbel (or Extreme Values - EV1); Generalized Pareto (GPA); Gamma 

(GAM); three-parameter log-normal (LN3); Generalized extreme values (GEV); Pearson type 

III (PE3); Generalized logistic (GLO); Kappa (KAP); and Wakeby (WAK). These distributions 

were also fitted by Cassalho et al. (2018; 2019) to historical streamflow series from watersheds 

in Rio Grande do Sul. The same distributions were fitted to Q7 series, except GPA distribution, 

however, Weibull distribution was also fitted to these series. Detailed descriptions of these 

PDFs are further presented in Naghettini and Pinto (2007) and Cassalho et al. (2018). 

The L-moments method was used to estimate the parameters of the PDFs (Hosking and 

Wallis, 1997; Cassalho et al., 2017). The best PDF for each Q7 historical series was selected 

based on the Anderson-Darling (AD) goodness of fit test (Anderson and Darling, 1954), with a 

significance level of 5%, being the one with the lowest Anderson-Darling value among the 

PDFs. The adequate PDF to regionalize Qmax streamflow was also selected based on the 

Anderson-Darling goodness of fit test, with a significance level of 5%. However, it was the one 

that fitted all Qmax series and presented lower AD value among the PDFs that fitted all Qmax 

series. The Anderson-Darling test places more weight on observations in the tails of the PDFs, 

which is a desirable feature when modeling extreme events (Naghettini and Pinto, 2007). 

2.3. Streamflow regionalization 

Streamflow regionalization allows transferring information from a basin where data are 

available to another where little or no data are available through a mathematical model that is 

valid for a hydrologically homogeneous region (Naghettini and Pinto, 2007). Thus, to evaluate 

the homogeneity of the TRB, the non-parametric index-flood method was applied to the Qmax, 

Qmean and Q7 historical series that showed stationarity. This method was originally introduced 

by Dalrymple (1960) and exhibits good results. 

Typically, index-flood method is based on the analyses of a graphically frequency 

distribution of the dimensionless streamflows from each station. This analysis is the preliminary 

step of the dimensionless curve regionalization method (Euclydes et al., 2001). To apply this 

method, the streamflows were initially dimensionless as follows (Equation 1): 

𝑄𝑖𝑑 =
𝑄𝑖

𝑄𝑚𝑒𝑎𝑛
                                                                                                                              (1)           

Where Qid is the dimensionless streamflow, Qi is the observed streamflow in ascending 

order at position i, and Qmean is the average observed streamflows of the series. 

The frequency of occurrence of the events was calculated by applying the Weibull 

procedure (Equation 2): 

𝑃(𝑄𝑖𝑑) =
𝑖

𝑁+1
                                                                                                                                 (2) 

Where P(Qid) is the non-exceedance frequency of the streamflow of order i and N is the 

number of events. 

After obtaining the dimensionless streamflows and their respective frequencies of 

occurrence, these data were plotted. To evaluate the homogeneity of the Qmax, Qmean and 

Q7 series, three graphics were plotted (one for each set). This method considers that the 

dimensionless streamflow versus frequency of occurrence curves for stations within the same 

hydrologically homogeneous region are similar, thus configuring the criterion for the 

identification of homogeneous regions. 



 

 

7 Hydrological regionalization of streamflows for the Tocantins ... 

Rev. Ambient. Água vol. 16 n. 6, e2716 - Taubaté 2021 

 

The homogeneous regions identified by the index-flood method for Qmax were used in the 

regionalization of the maximum annual streamflows as function of RP. The regions identified 

for Qmean were used in the regionalization of Qltm, Q90% and Q95%, and those identified for Q7 

were used in the regionalization of Q7,10. 

To develop the regionalization models, it is essential to know the independent variables 

that better explain streamflow behaviors. The independent variables to describe this relationship 

could be the drainage area, drainage density, length and steepness of the main river, average 

annual rainfall, land cover, among others (de Souza et al., 2021). Cassalho et al. (2017; 2019) 

highlight that to reduce uncertainties related to the regionalization process, the parsimony 

principle should be considered, which means that a phenomenon should be explained with the 

lowest number of explanatory variables. In this way, this study used the drainage area as an 

explanatory variable. Drainage area is the variable most used in different regionalization studies 

(Naghettini and Pinto, 2007; Beskow et al., 2016; Melati and Marcuzzo, 2016; Bazzo et al., 

2017), mainly because it is easily obtained, enabling the use of the generated models in 

ungauged basins. Thus, the drainage area of each sub-basin was obtained using the ASTER 

(Advanced Spaceborne Thermal Emission and Reflection Radiometer) digital elevation model 

(DEM) combined with calculations made using the Raster Calculator Tool in ArcGIS 10.1 

(ESRI, 2013). 

According to Naghettini and Pinto (2007), the main methods applied to streamflow 

regionalization in a hydrologically homogeneous region are (i) the method that regionalizes the 

quantiles associated with a previously specified risk and (ii) the method that regionalizes a 

dimensionless probability curve, which is called the index-flood method. Method (i) was 

applied to regionalize Qltm, Q90%, Q95% and Q7,10. Method (ii) was used to regionalize the 

maximum annual streamflows as a function of RP (PDF regionalization). These 

regionalizations allow the estimation of varied quantiles to the most diverse demands in the 

homogeneous region, thus, are tools of extreme importance for water resources management. 

The streamflows associated with specific risks were regionalized by fitting a regression 

model, which considers streamflow to be regionalized as the dependent variable and, in the case 

of this study, the drainage area as the independent variable. 

The regionalization of the maximum annual streamflows as a function of RP (Qmax(RP)) 

using the index-flood method was performed based on the following Equation 3: 

𝑄𝑚𝑎𝑥(𝑅𝑃) =  𝑋𝑅𝑃. 𝑄𝑚𝑒𝑎𝑛_𝑚𝑎𝑥                                                                                           (3)                      

Where Qmax(RP) is the estimated maximum annual streamflow for a given return period 

and XRP is the dimensionless regional quantile function obtained parametrically by fitting a 

PDF to the dimensionless regional data. This PDF must fit all Qmax series within the 

homogeneous region. Qmean_max is the scaling factor known as “index flood,” which consists of 

the regional function of the mean maximum annual streamflow (mean of the Qmax series) as a 

function of the drainage area, which is obtained using method (i). 

Regionalization models were fitted according to the power mathematical model, as 

suggested by Lisboa et al. (2008), Beskow et al. (2016) and Cassalho et al. (2017). To evaluate 

the capability of the regional models, the cross-validation method was applied using the root 

mean square error (RMSE) and the coefficient of determination (R2) as objective functions 

(Vezza et al., 2010). In addition, to quantify the performance of the regional models and 

compare the observed quantiles to the estimated ones, the confidence index (c) proposed by 

Camargo and Sentelhas (1997) was used according to the following classification: c> 0.85 

(excellent), 0.76 ≤ c ≤ 0.85 (very good), 0.66 ≤ c ≤ 0.75 (good), 0.61 ≤ c ≤ 0.65 (moderate), 

0.51 ≤ c ≤ 0.60 (fair), 0.41 ≤ c ≤ 0.50 (poor), and c ≤ 0.40 (very poor). 
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3. RESULTS AND DISCUSSION 

3.1. Preliminary analysis and delimitation of the homogeneous regions 

Based on the Mann-Kendall test, out of 32 streamflow-gauging stations with at least 10 

years of data, 23 stations for the Qmax series, 18 for the Qmean, and 14 stations for Q7 series could 

be considered stationary and adequate for regionalization. 

Figures 2a, 2b and 2e depict the empirical dimensionless streamflow versus frequency 

curves for the Qmean, Qmax and Q7 series, respectively. Figure 2a shows that the 18 streamflow 

gauging stations had similar behavior, thus forming a single homogeneous region regarding 

Qmean. However, Figure 2b shows that the 23 Qmax series did not have the same behavior and 

therefore should not comprise a single homogeneous region. Therefore, for Qmax, the existence 

of two homogeneous regions was observed, namely, one region consisting of 7 streamflow 

stations, Region 1 (Figure 2c), and the other region consisting of 16 streamflow stations, Region 

2 (Figure 2d). Figure 2e shows that the 14 historical Q7 series did not indicate homogeneous 

behavior. Graphical analysis indicates that a homogeneous region with 10 streamflow stations 

can be defined (Figure 2f). However, the other series did not conform to each other, and to 

define a second homogeneous region for this variable was not possible. A similar process was 

applied by Noto and La Loggia (2009), who removed approximately 8% of the data because 

they did not show behavior consistent with the defined hydrological region. Table 2 presents 

the systematization of the homogeneous regions for the Qmax, Qmean, and Q7 series. In addition, 

it can be seen in Table 2 that the stations did not present common periods, since according to 

Hosking and Wallis (1997) the series can be considered homogenous and representative of the 

variable under analysis, so that the use of the same period is unnecessary. 

Table 2. Homogeneous regions for the Qmax, Q7 and Qmean series. 

Station Years Qmax Q7 Qmean Station Years Qmax Q7 Qmean 

20050000 45 ET ET ET 22250000 24 2 1 1 

20100000 52 1 ER 1 22500000 28 2 1 1 

20200000 53 1 ET 1 22680000 44 ET ET ET 

20950000 27 ET ET ET 22700000 43 ET ET ET 

21220000 41 ET ET ET 22850000 34 1 ET ET 

21300000 31 1 ER 1 22900000 48 2 ET ET 

21500000 35 1 1 1 23100000 28 2 1 1 

21510000 29 2 ET 1 23150000 44 2 ET ET 

21560000 13 ET ER 1 23220000 30 1 1 1 

21580000 35 ET ET ET 23230000 31 ET ET 1 

21750000 40 ET ET ET 23250000 46 2 ET ET 

22050001 27 2 1 1 23300000 36 2 ET 1 

22100000 37 1 ET ET 23600000 43 2 1 1 

22150000 34 2 ET ET 23650000 14 2 1 1 

22190000 18 2 ER 1 23700000 24 2 ET ET 

22220000 19 2 1 1 23710000 28 2 1 1 

Note: ET – Excluded from the Mann-Kendall test. ER – Excluded from the 

delineation of homogeneous regions. Regions 1 and 2 are homogeneous. 
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Figure 2. Index-flood method applied to the mean annual streamflow (a) and maximum annual 

streamflow (b) series; subdivision of the maximum annual streamflows into two homogeneous 

regions, Region 1 (c) and Region 2 (d); minimum streamflow over seven consecutive days (e); and 

definition of a homogeneous region for Q7 (f). 

The geographic location of the homogeneous regions determined for the Qmean, Qmax and 

Q7 is shown in Figures 3 a, b and c. Possible characteristics that led to the differentiation 

between homogeneous regions and the removal of some series were identified based on the 
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evaluation of the physiographic characteristics of the TRB. Such characteristics were obtained 

from land use (IBGE, 2000), soils (EMBRAPA, 2011), hydrogeological (Diniz et al., 2014) 

and slope (ASTER DEM) maps. For the Qmax homogeneous regions, Figures 2c and 2d show 

that Region 1 has a wider range of variation than Region 2. Thus, Region 1 was found to have 

characteristics that favor surface runoff, such as a high percentage of anthropogenic land cover 

and Petric Plinthosol, which has a low infiltrability. Regarding the removal of some Q7 series, 

Figures 2e and 2f show that the excluded series have more complex characteristics than the rest 

of the basin, such as amplitude of variation. Thus, based on the physiographic evaluation of 

these areas, it was observed that the basins having the smallest amplitude of variation in Q7 are 

small drainage areas with a low slope and high hydrogeological favorability, as demonstrated 

by the Urucuia aquifer.  

 
Figure 3. Geographic location of the homogeneous regions of the TRB determined by the index-flood 

method for Qmean (a), Qmax (b) and Q7 (c). 

3.2. Regionalization of Q90%, Q95% and Qltm 

Table 3 shows the minimum with 90% and 95% permanence (Q90% and Q95%) and long-

term mean (Qltm) streamflows obtained by means of the permanence curves of the observed 

data at each of the 18 streamflow-gauging stations. Table 4 shows the regionalization models 

of Q90%, Q95% and Qltm streamflows fitted for the Tocantins River Basin. It can be seen in Table 

4 that the three models fitted are classified as “excellent” based on a confidence index value (c) 

> 0.85 (Camargo and Sentelhas, 1997). Besides that, the R2 values showed that the models 

explain at least 98% of the variation in Q90%, Q95% and Qltm. When regionalizing Q90% for river 

basins fully inserted in the state of Rio Grande do Sul, Brazil, Beskow et al. (2016) obtained 

models with confidence indices (c) ranging from 0.71 to 0.99, considering the drainage area as 

the only explanatory variable. When regionalizing Q95% for the Taquari-Antas River Basin, 

located in the state of Rio Grande do Sul, Brazil, Bazzo et al. (2017) obtained models with R2 

coefficients ranging from 0.77 to 0.99, also considering the drainage area as the only 

explanatory variable. Thus, the models provided in this study can be used for the estimation of 

Q90%, Q95% and Qltm in ungauged basins in the Tocantins River Basin, within the homogeneous 

region for mean annual streamflow and within the drainage area boundary from 795 to 

287,405.5 km2. Therefore, they are important tools in the context of the quantitative 

management of water resources and for Cerrado biome conservation, since the Q90% and Q95% 

are the reference streamflows for granting water use rights in the states of Goiás, Tocantins and 

Maranhão, located in the studied basin. 
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Table 3. Data of streamflow-gauging stations used to regionalize Q90%, Q95% and 

Qltm and their respective values estimated by historical series. 

Station Drainage Area (km2) Qltm (m³ s−1) Q90% (m³ s−1) Q95% (m³ s−1) 

20100000 1585.2 33.22 8.53 6.91 

20200000 2772.3 60.24 13.39 10.10 

21300000 2260.0 54.87 30.65 28.23 

21500000 20212.7 208.46 61.65 56.39 

21510000 795.0 14.70 7.01 6.66 

21560000 2733.5 48.95 23.85 22.90 

22050001 122319.8 1848.67 612.30 552.93 

22190000 1767.0 45.54 27.20 26.84 

22220000 10077.3 151.50 30.19 27.90 

22250000 14424.7 211.93 37.11 31.49 

22500000 178453.3 2539.28 641.81 548.30 

23100000 235213.9 3584.10 1014.64 906.73 

23220000 2938.4 32.58 12.74 11.35 

23230000 4031.1 77.73 33.85 31.89 

23300000 267392.3 4033.50 1188.63 1059.14 

23600000 281136.9 4509.36 1321.20 1185.28 

23650000 1566.9 26.37 3.35 2.92 

23710000 287405.5 4810.91 1428.29 1286.68 

Table 4. Regionalization models for Q90%, Q95% and Qltm (m3 s-1) as a function of 

the drainage area (DA) (km2) for the Qmean streamflow hydrologically homogeneous 

region of the Tocantins River Basin, and their results of the performance evaluation 

indexes. 

Regionalization model 
Fitting Cross-validation 

R² RMSE c R² RMSE c 

Q90% = 4.2306 x 10-4 DA1.1912 0.991 52.49 0.993 0.975 86.15 0.981 

Q95% = 2.6040 x 10-4 DA1.2211 0.988 52.88 0.991 0.968 86.94 0.975 

Qltm = 2.4323 x 10-3 DA1.1498 0.998 91.74 0.998 0.995 132.24 0.996 

3.3. Regionalization of Q7,10 

Table 5 shows the best PDF used to adjust the Q7 series at each of the 10 streamflow-

gauging stations and their respective estimated values of Q7 streamflow for a return period of 

10 years (Q7,10). The best PDF was the one with the lowest Anderson-Darling (AD) test value 

among the adequate PDFs, considering a significance level of 5%. The Wakeby PDF showed 

the best performance among the PDFs for 5 historical series, the Weibull PDF showed the best 

performance for 2 series, and the Pearson, GLO and GEV PDFs showed the best performance 

for 1 historical series each. Leme and Chaudhry (2005), comparing the Weibull and Gumbel 

PDFs in the determination of Q7,10 streamflow in the Jaguari Mirim River Basin, Brazil, pointed 

to the Weibull distribution as the one that provides the best fit. Chen et al. (2006), comparing 

five PDFs in the determination of Q7,10 streamflow in the Dongjiang basin, South China, pointed 

to the three-parameter lognormal (LN3) distribution as the one that provides the best fit, 

outperforming generalized logistic (GLO), generalized extreme value (GEV), Pearson type III 
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(PIII) and generalized Pareto (GPD) distributions. Amorim et al. (2020), characterizing the 

Q7,10 streamflow in the Mortes River Basin, southeastern Brazil, tested ten PDFs, the same ones 

studied in this work. The distributions that stood out most were those of Wakeby, Kappa, GEV, 

GLO, GPA, Weibull and PE3, which showed the best performance for 8, 3, 2, 1, 1, 1 and 1 

series, respectively. Thus, it can be seen that there is not a better PDF for all regions, thereby, 

to reduce errors in the Q7,10 estimate, one can highlight the importance of this PDFs analysis.   

Table 5. The best PDF used to adjust the Q7 series at each of the 10 streamflow gauging 

stations, along with its Anderson-Darling (AD) test value and estimated value of Q7,10.  

Station Drainage Area (km2) Best PDF AD of the Best PDF Q7,10 (m³ s−1) 

21500000 20212.7 Pearson 0.499 48.33 

22050001 122319.8 GLO 0.171 453.99 

22220000 10077.3 Wakeby 0.141 21.51 

22250000 14424.7 Weibull 0.513 20.92 

22500000 178453.3 Weibull 0.229 404.55 

23100000 235213.9 Wakeby 0.175 720.99 

23220000 2938.4 Wakeby 0.191 8.99 

23600000 281136.9 Wakeby 0.307 985.46 

23650000 1566.9 Wakeby 0.206 2.49 

23710000 287405.5 GEV 0.262 1066.01 

Table 6 shows the regionalization model of Q7,10 streamflow fitted for the Q7 streamflow 

hydrologically homogeneous region of the Tocantins River Basin, along with the accuracy 

statistics associated with fitting and cross-validation. It can be seen in Table 6 that the fitted 

model can explain 97.5% of the variation in Q7,10 based on only the drainage area. Furthermore, 

the confidence index value (c) > 0.85 showed that the model is classified as “excellent” 

(Camargo and Sentelhas, 1997), which demonstrates the quality of the regionalization model. 

When regionalizing Q7,10 for the São Paulo State, Brazil, Wolff et al. (2014) obtained a model 

with confidence index (c) of 0.94 and R2 coefficient of 0.92, considering the drainage area as 

the only explanatory variable. When regionalizing Q7,10 for the Mortes River Basin, 

southeastern Brazil, Amorim et al. (2020) obtained model with R2 coefficient of 0.99, also 

considering the drainage area as the only explanatory variable. Thus, the Q7,10 model provided 

in this study can be used in ungauged basins in the Tocantins River Basin, within the Q7 

streamflow hydrologically homogeneous region and within the drainage area boundary from 

1566.9 to 287,405.5 km2. The previous finding is important, since Q7,10 is used as reference 

streamflow for the water use right concession in Minas Gerais, São Paulo and Espírito Santo 

states (ANA, 2007), close to the studied basin, thus, the Q7,10 model developed in the present 

study is an alternative for the management of water resources. 

Table 6. Regionalization model for Q7,10 (m3 s-1) as a function of the drainage area 

(DA) (km2) for the Q7 streamflow hydrologically homogeneous region of the 

Tocantins River Basin, and its result of the performance evaluation indexes.   

Regionalization model 
Fitting Cross-validation 

R² RMSE c R² RMSE c 

Q7,10 = 4.0506 x 10-5 DA1.3552 0.975 71.08 0.981 0.928 120.26 0.945 
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3.4. Regionalization of Qmax  

Table 7 shows the results of the Anderson-Darling (AD) test for the best PDF, the one with 

the lowest AD value, and for GEV PDF, which was the only one accepted for all Qmax series, 

considering a significance level of 5%. The Wakeby PDF showed the best performance among 

the PDFs for 10 historical series of Qmax, the Kappa and GEV PDFs showed the best 

performance for 4 historical series each, the Pearson PDF was the best for 3 series, and the LN2 

and GLO PDFs showed the best performance for 1 historical series each. However, considering 

that the goal is to define a regional function that is capable of estimating the Qmax streamflow 

for different RPs, and that the GEV PDF was the only one that had a good fit for all Qmax series 

within the homogeneous regions 1 and 2, the GEV PDF was adopted here. Morais et al. (2020), 

in a regionalization study for the Araguaia River Basin, Brazil, also identified the GEV PDF as 

the only one that had a good fit for all Qmax series. Kumar et al. (2003), when evaluating 12 

PDFs in a regionalization study of Qmax for Middle Ganga Plains Subzone 1 (f) of India, 

identified the GEV PDF as the most robust. Noto and La Loggia (2009), comparing 4 PDFs in 

the determination of Qmax streamflow in a case study on the island of Sicily, Italy, pointed to 

the GEV PDF as the one that provides the best fit. The robustness of the GEV for modeling 

Qmax was also identified by Seckin et al. (2011), when evaluating 6 PDFs in Turkey; by 

Cassalho et al. (2017), when evaluating 6 PDFs in the Mirim-São Gonçalo Basin, Brazil; and 

by Cassalho et al. (2018), when evaluating 4 PDFs in Rio Grande do Sul state, Brazil. 

Therefore, the results of these studies corroborate the findings of the present study. 

Table 7 also shows the fitted parameters of the GEV distribution and the length of each 

series. From these data, it was possible to estimate the regional parameters of the GEV 

distribution by means of the mean weighted by the length of the series, as recommended by 

Naghettini and Pinto (2007). The regional parameters of the GEV PDF obtained for Region 1 

were ξ = 0.766, α = 0.328 and κ = -0.125, and for Region 2 were ξ = 0.849, α = 0.315 and κ = 

0.112. Therefore, the term XRP of Equation 3 was defined for both regions. 

Table 7 also shows the mean maximum annual streamflow (Qmean_max) observed at each of 

the 23 streamflow-gauging stations. Table 8 shows the regionalization models of Qmean_max 

streamflow fitted as a function of the drainage area for the homogeneous regions 1 and 2 of the 

TRB. It can be seen in Table 8 that the fitted models are classified as “excellent” based on the 

confidence index value (c) > 0.85 (Camargo and Sentelhas, 1997). In addition, the R2 values 

showed that the models explain at least 86% of the variation in Qmean_max streamflow, and the 

cross-validation results demonstrated the predictive ability of the models. When regionalizing 

Qmean_max in a case study on the island of Sicily, Italy, Noto and La Loggia (2009) obtained a 

model with R2 coefficient of 0.77, considering the drainage area as the only explanatory 

variable. When regionalizing Qmean_max for the Araguaia River Basin, Brazil, Morais et al. 

(2020) obtained power mathematical models with R2 coefficients ranging from 0.87 to 0.9 and 

confidence index values (c) > 0.85, considering the drainage area as the only explanatory 

variable. When regionalizing Qmean_max for the state of Rio Grande do Sul, Brazil, Cassalho et 

al. (2018) obtained models with R2 coefficients ranging from 0.57 to 0.96, also considering the 

drainage area as the only explanatory variable. Thus, the Qmean_max models provided in this study 

can be used in ungauged basins in the Tocantins River Basin, within their respective Qmax 

streamflow homogeneous regions, and within the drainage area boundary from 795 to 

287,405.5 km2 (Region 1) and from 1585.2 to 20,212.7 km2 (Region 2). Therefore, the term 

"index flood" of Equation 3 was defined for both regions. 
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Table 7. Results of the Anderson-Darling (AD) goodness of fit test and the parameters of position (ξ), scale (α) and shape (κ) fitted for the GEV PDF, along 

with the observed Qmean_max streamflow and the length of the data series in years (N) at each of the 23 streamflow-gauging stations. 

Station Drainage Area (km2) Qmean_max (m³ s−1) Best PDF AD of the Best PDF AD of the GEV PDF ξ α κ N 

20100000 1585.2 168.25 Kappa 0.115 0.119 0.769 0.318 -0.132 52 

20200000 2772.3 368.14 GEV 0.25 0.25 0.752 0.285 -0.231 53 

21300000 2260.0 401.78 Kappa 0.113 0.157 0.757 0.447 0.034 31 

21500000 20212.7 1271.00 GLO 0.165 0.224 0.746 0.328 -0.169 35 

21510000 795.0 100.23 Pearson 0.296 0.319 0.812 0.352 0.046 29 

22050001 122319.8 9580.38 Wakeby 0.212 0.343 0.866 0.366 0.264 27 

22100000 8682.9 593.14 Wakeby 0.142 0.162 0.788 0.324 -0.072 37 

22150000 13582.9 793.96 Wakeby 0.193 0.326 0.815 0.391 0.117 34 

22190000 1767.0 207.60 Wakeby 0.232 0.272 0.883 0.203 0.002 18 

22220000 10077.3 1110.98 Wakeby 0.088 0.128 0.901 0.325 0.360 19 

22250000 14424.7 1551.00 Wakeby 0.318 0.398 0.891 0.360 0.363 24 

22500000 178453.3 11492.77 Kappa 0.346 0.366 0.824 0.312 0.012 28 

22850000 9396.6 1032.89 Wakeby 0.149 0.565 0.773 0.299 -0.157 34 

22900000 43376.7 2697.00 Wakeby 0.332 0.417 0.822 0.276 -0.065 48 

23100000 235213.9 15098.70 GEV 0.397 0.397 0.863 0.336 0.204 28 

23150000 2854.8 312.89 Pearson 0.339 0.453 0.826 0.320 0.034 44 

23220000 2938.4 144.18 Pearson 0.256 0.308 0.783 0.332 -0.070 30 

23250000 9809.8 612.73 Wakeby 0.303 0.32 0.864 0.298 0.139 46 

23300000 267392.3 14681.06 Kappa 0.474 0.554 0.848 0.257 -0.014 36 

23600000 281136.9 17016.38 LN2 0.567 0.585 0.848 0.284 0.044 43 

23650000 1566.9 331.02 Wakeby 0.347 0.445 0.869 0.338 0.229 14 

23700000 287336.3 19975.07 GEV 0.526 0.526 0.859 0.327 0.169 24 

23710000 287405.5 19339.39 GEV 0.739 0.739 0.880 0.332 0.268 28 
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Table 8. Regionalization models for Qmean_max (m3 s-1) as a function of the drainage area 

(DA) (km2) for the Qmax streamflow hydrologically homogeneous regions of Tocantins 

River Basin, and their results of the performance evaluation indexes. 

Region Regionalization model 
Fitting Cross-validation 

R² RMSE c R² RMSE c 

1 Qmean_max = 1.3233 DA0.6964 0.869 171.25 0.898 0.768 227.90 0.811 

2 Qmean_max = 0.2004 DA0.9084 0.986 963.21 0.989 0.977 1228.28 0.983 

Based on the coupling of the Qmean_max models and regional parameters of the GEV 

distribution to Equation 3, the regional functions Equation 4 and Equation 5 were obtained for 

Qmax homogeneous regions 1 and 2, respectively, to estimate the maximum annual streamflow 

in m3s-1 as a function of the RP (years) and of the drainage area DA (km2). These models allow 

the direct estimation of the Qmax associated with different return periods for ungauged basins 

located within the respective homogeneous regions, within the drainage area boundary from 

795 to 287,405.5 km2 (Region 1) and from 1585.2 to 20,212.7 km2 (Region 2). Therefore, these 

regional functions are extremely important tools for the management of water resources in the 

Tocantins River Basin, especially for planning hydraulic structures. In addition, it can be 

highlighted that despite the good results obtained in all regionalization models, the use of field 

monitored data is the best option, since the regionalization process presents uncertainties, as 

well as any other data simulation process. 

𝑄𝑚𝑎𝑥_𝑅1(𝑅𝑃, 𝐷𝐴) =  0.766 +
0.328

−0.125
. [1 − (−𝐿𝑛 (1 −

1

𝑅𝑃
))

−0.125

] . 1.3233. 𝐷𝐴0.6964          (4) 

𝑄𝑚𝑎𝑥_𝑅2(𝑅𝑃, 𝐷𝐴) =  0.849 +
0.315

0.112
. [1 − (−𝐿𝑛 (1 −

1

𝑅𝑃
))

0.112

] . 0.2004. 𝐷𝐴0.9084            (5) 

At the end, it is highlighted that the estimates of the regionalization models represent the 

flow in natural-flow conditions in the basins. This means that the approach will most probably 

not work or will be misleading if flow regimes analysed are continually changing under man-

induced impacts. 

4. CONCLUSIONS 

In the present study, Q90%, Q95%, Qltm, Q7,10, and Qmax as a function of return period were 

regionalized. Considering the results, the following conclusions were drawn: i) The non-

parametric index-flood method for identification of hydrologically homogeneous regions was 

adequate for the Tocantins River Basin, presenting results that are consistent with the 

physiographic reality of the basin; ii) The Wakeby distribution was the one that adjusted to the 

highest number of Q7 and Qmax series among the analyzed PDFs, and the GEV distribution was 

the most robust in relation to Qmax, being the only one that adjusted all the series; iii) All fitted 

models were adequate according to the statistics used; iv) The drainage area as the only 

explanatory variable was robust for all fittings, which confirms the benefits of its use, especially 

in terms of ease of use of the generated models; v) The fitted regional models are an alternative 

for generating data for the poor hydrological monitoring of this important basin of the Brazilian 

Cerrado; and, vi) The streamflows regionalized in this study are important for water resource 

management in the Tocantins River Basin because they contribute to several initiatives ranging 

from the planning of hydraulic structures to the quantitative management of reference 

streamflows for water-use concessions.   
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ABSTRACT  
Aquaculture plays an important role in providing protein-rich foods, meeting the growing 

demand for fish. However, aquaculture is a potentially polluting activity, especially with regard 

to water pollution, due to the improper disposal of wastewater from the production process. 

Aquaculture wastewater is rich in nutrients (ammonia, nitrate, nitrite and phosphorus) and 

organic matter, and is commonly discharged into the environment without proper treatment. 

This can cause a series of environmental impacts and aggravate the current water crisis. Due to 

the importance and need to reduce environmental impacts, plan the use of water resources and 

achieve an efficient and sustainable production process, many researchers have focused their 

studies on effluent treatment techniques designed to remove these nutrients. This article 

therefore presents an updated review of the main physicochemical and biological techniques 

used in the removal of nutrients, which can mitigate environmental problems arising from 

aquaculture activities and contribute to the sustainability of the activity. 

Keywords: biological removal, nitrogen compounds, sustainable activity. 

Remoção de nutrientes da água residual da aquicultura: uma revisão 

RESUMO 
A aquicultura é uma das atividades que desempenha um papel importante no 

abastecimento de alimentos ricos em proteínas, atendendo à crescente demanda por pescados. 

No entanto, a aquicultura é considerada uma atividade potencialmente poluidora, 

principalmente ao que se refere a poluição hídrica, devido ao descarte indevido de efluentes 

provenientes do processo produtivo. Os efluentes aquícolas são ricos em nutrientes (amônia, 

nitrato, nitrito e fósforo) e matéria orgânica, e comumente são lançados no meio ambiente sem 

o devido tratamento, podendo causar uma série de impactos ambientais e agravar a crise hídrica 

vivenciada na atualidade. Devido à importância e à necessidade de reduzir os impactos 

ambientais, planejar de forma eficiente a utilização dos recursos hídricos e alcançar um 

processo produtivo eficiente e sustentável, muitos pesquisadores têm focado seus estudos em 

técnicas de tratamento de efluentes voltadas para remoção desses nutrientes. Sendo assim, este 

artigo visa apresentar uma revisão atualizada das principais técnicas físico-químicas e 

biológicas, utilizadas na remoção de nutrientes, que podem mitigar os problemas ambientais 

provenientes da atividade aquícola e contribuir para sua sustentabilidade.  

Palavras-chave: atividade sustentável, compostos de nitrogênio, remoção biológica. 
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1. INTRODUCTION 

Fishing is one of the oldest activities practiced by man to obtain protein-rich foods. Over 

the years, fishing activity has undergone a series of technological advances, evolving from 

artisanal activity to industrial activity. As a result of industrial fishing and the need to meet the 

growing world demand for food, the supply of fish in natural environments has decreased 

considerably, causing a decline in activity income. Thus, the sufficient supply of proteins to 

meet the world demand has become one of today’s great challenges (Crab et al., 2007; Nie et 

al., 2020). 

The decline in fishing income and population expansion have driven the growth of 

aquaculture, which in recent years has played an important role in the global supply of protein-

rich foods (Hlordzi et al., 2020; Huang et al., 2020; Manju et al., 2009). According to the Food 

and Agriculture Organization of the United Nations (FAO, 2020), in 2018 the world production 

of fish was 179 million tons, of which 82 million tons came from aquaculture. That was 

responsible for 46% of total fish production and 52% of fish production for human 

consumption. Future projections suggest that, in order to keep up with population growth and 

to meet the growing demand for fish, aquaculture production should increase, on average, 

between 60% to 100% in the next 20-30 years (FAO, 2020; Turcios and Papenbrock, 2014; 

Webb et al., 2012). 

The need to achieve food security and to produce more and more protein foods has driven 

the intensification and rapid expansion of aquaculture activity (Manju et al., 2009). However, 

as in all production processes, the expansion of activity has caused a series of environmental 

impacts, mainly those related to the improper discharge of untreated wastewater, contributing 

to the pollution of water resources (Chávez-Crooker and Obreque-Contreras, 2010; Hlordzi et 

al., 2020; Turcios and Papenbrock, 2014). In addition to causing the degradation of water 

resources and a series of imbalances in aquatic life, aquaculture is an activity that requires large 

volumes of water. In traditional shrimp farms, for example, with ponds of up to 10 hectares and 

which have the capacity to produce more than 10 tons of shrimp/ha per year, between 20 and 

64 cubic meters of water are needed for each 1 kg of shrimp produced (de Melo Filho et al., 

2020; Krummenauer et al., 2014), because there is a need for frequent water changes in the 

production tanks (5 to 20% of the total volume/day) for the good development of the animals. 

Water resources are of paramount importance for the development of any economic activity 

and, currently, there are serious problems related to water scarcity in the world, and the 

limitation of this resource is one of the biggest challenges facing aquaculture today (Chen et 

al., 2014; de Melo Filho et al., 2020; Krummenauer et al., 2014; Manju et al., 2009). 

One of the main problems related to wastewater from aquaculture activity involves the 

accumulation of nitrogen compounds (ammonia, nitrite and nitrate), phosphorus, solids and 

organic matter (Crab et al., 2007; Mook et al., 2012; Turcios and Papenbrock, 2014). These 

nutrients mainly come from animal feed. According to Mangarengi et al. (2020), from the food 

offered to the animals raised, only 30% of the feed is absorbed by their organism, while 70% is 

not consumed and is excreted, contributing to the accumulation of nutrients in the tanks. The 

effluents generated in aquaculture activity differ in  quality and quantity of their components, 

according to the cultivated species and the type of cultivation system adopted. The methods of 

intensive and semi-intensive cultivation require a greater amount of inputs, such as food and 

chemical additives, which end up favoring the accumulation of nutrients in the production tanks 

and generating a large amount of solid waste (Chatla et al., 2020; Mangarengi et al., 2020).  

In addition to environmental impacts, such as eutrophication of water bodies, reduction of 

dissolved oxygen, imbalance in ecosystems, death of aquatic species and contamination of 

groundwater, which are caused by the improper disposal of untreated wastewater, the 

accumulation of nutrients and residual organic matter in the cultivation tanks can harm 
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aquaculture production. The poor quality of the water in the tanks, caused mainly by the 

accumulation of nutrients, make these environments conducive to the proliferation of 

pathogens, contributing to weight loss, malformation, intoxication, stress and death of the 

cultivated animals (Hlordzi et al., 2020; Ni et al., 2020; Song et al., 2011; Zoppas et al., 2016). 

In addition to environmental and productive problems, wastewater may contain other 

contaminants, such as heavy metals, hormones or antibiotics, which can also cause problems to 

human health (Chatla et al., 2020; Turcios and Papenbrock, 2014). 

Considering the socio-environmental and economic impacts caused by aquaculture, it is 

extremely important that wastewater from aquaculture receive adequate treatment before being 

released into the environment, thus reducing the negative environmental impacts generated and 

bringing the activity closer to a more sustainable productive process. Thus, the objective of the 

present article was to conduct a review of the main techniques used in the treatment of 

wastewater from aquaculture, especially fish and shrimp farming activities. 

2. METHODS, RESULTS AND DISCUSSION 

The most cited words in the analyzed documents are shown in Figure 1. First, it displays 

the number of occurrences of the words by the size of the circles, in which the larger the circle, 

the more the word was mentioned, as well as the year of occurrence represented by the color. 

 
Figure 1. Analysis of the occurrence of words. 

Aquaculture is constantly growing and has been causing a series of environmental 

problems. With worsening availability of drinking water in the world, it is extremely important 

and urgent that the activity is developed in a sustainable way. For this, it is necessary to 

constantly search for techniques to remove nutrients and for more efficient cultivation systems 

that can provide a reduction in environmental impacts, as well as the treatment and reuse of 

water.  

According to Figure 1, it is possible to see that over the last decades the search for 

wastewater treatment techniques generated in aquaculture has increased. Between 2005 and 

2010, interest in nutrient removal techniques such as nitrate, nitrite and ammonia increased, 

since the most cited words in the literature in this period refer to nitrate removal, biofloc 

technology and aquaculture, being the physicochemical processes, most reported in the 

literature. 



 

 

Rev. Ambient. Água vol. 16 n. 6, e2747 - Taubaté 2021 

 

4 Jéssica Mendonça Ribeiro Cargnin et al. 

After 2010, the number of articles in the literature that showed interest in biological 

treatment techniques, mainly for the removal of nitrogenous compounds, increased. Most of the 

studies highlight the most sustainable and economically viable technologies, such as biological 

denitrification, integrated multi trophic aquaculture (IMTA) systems, as well as the use of 

microalgae, aquaponics and wetlands to remove nutrients. 

Currently, there are several technologies that are used to remove nutrients such as nitrogen 

compounds, organic matter and phosphorus from wastewater generated in aquaculture. Among 

these techniques, physicochemical and biological processes continue to stand out. 

There are several techniques for removing nutrients from wastewater by means of 

aquaculture activities, and the physicochemical and biological methods are among them. 

Biological methods have aroused the interest of researchers from all over the world for 

presenting satisfactory results in the removal of nutrients, in addition to the low operational cost 

when compared with physicochemical methods (Mook et al., 2012). 

When analyzing the documents selected for the preparation of this review, the huge interest 

of researchers in developing and optimizing technologies that are efficient in removing 

contaminants from wastewater generated in aquaculture was evident, mainly in technologies 

based on biological removal, since most of the studies analyzed focus on biological treatment 

to remove nutrients that enable their disposal without damaging the environment and/or that 

allow the reduction of water exchange in the cultivation tanks, thus minimizing the consumption 

of drinking water in aquaculture activity. Still, it is important to emphasize that aquaculture 

encompasses a series of production activities, such as shrimp farming, fish farming and frog 

farming, among others. The wastewaters from these activities have different characteristics and 

their pollutants differ in quality and quantity. It is necessary that the methods used for the 

treatment of wastewater are evaluated according to the needs of each activity. 

2.1. Physicochemical treatment techniques used to remove nutrients from aquaculture 

wastewater 

Before being released into the environment, effluents must undergo a treatment process to 

remove contaminants that can cause problems to ecosystems. The physicochemical treatments 

of wastewater require certain steps to promote the removal of contaminants, such as 

coagulation, flocculation, grating, filtration, pH correction, ion exchange, disinfection, 

oxidation, chemical transformation, reverse osmosis, among others (Mook et al., 2012). 

Normally, wastewater is subjected to physicochemical treatments to control pollutants that 

have not been removed by conventional biological processes. Among the physicochemical 

processes used to remove pollutants, the adsorption method is one of the most used in 

aquaculture to remove organic contaminants, thus promoting the recovery and purification of 

the effluent. 

Adsorption is the adhesion of one or more substances from a gas, liquid or solid (adsorbate) 

to an insoluble solid surface (adsorbent). In this process, the contaminant removal mechanism 

is based on the imbalance of attractive forces present on the surface of the adsorbent solid. Thus, 

when the adsorbent comes into contact with the adsorbates, there is an interaction between the 

fields of force of the solid and liquid surfaces, balancing the forces, attracting and retaining the 

molecules on the surface of the adsorbent (Maroneze et al., 2014). 

Factors such as surface area, porosity, chemical surface of the adsorbent compound, 

molecular weight, molecular size and geometry, solubility, polarity of the adsorbate, interaction 

between the adsorbent and the adsorbate, contact time, pH and temperature of the medium can 

interfere with the adsorption process (Bansal and Goyal, 2005). According to Sauer (2006), the 

structure of the adsorbent is one of the most important factors to be considered, since 

compounds with smaller molecular diameters have greater adsorption capacity. 

Several materials are used as adsorbents to remove contaminants from wastewater, such 

as alumina, coal and activated silica, synthetic polymers, and some natural adsorbents. 
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However, depending on the adsorbent material used, the process becomes economically 

unfeasible for the treatment of effluents, as in the case of the use of ion exchange resins due to 

its limited application and high cost (Scheeren et al., 2011).  

One of the most used adsorbent materials is activated carbon, due to its large porous surface 

area and high adsorption capacity. In addition, it has high thermal stability, low acid/base 

reactivity and can be recovered after saturation and later reused in the process (Mook et al., 

2012; Scheeren et al., 2011). 

Another method that can be used for wastewater treatment is membrane filtration 

treatment. Membranes are barriers that allow separating two phases and restrict the selective 

passage of materials, according to their size, shape and characteristics. Due to the different 

dimensions of the pores, membranes are used both to remove solids, viruses and bacteria, and 

to remove ions of different molecular weights (Freddi, 2019). Membranes are produced using 

organic polymers and inorganic polymers based on metals, glass or ceramic materials, and can 

be classified as isotropic and anisotropic, according to their morphology, and dense or porous, 

according to the characteristics of their surface. In general, despite their higher production cost, 

membranes made from inorganic materials are more used than membranes based on organic 

materials, as they have a longer service life and allow for more efficient cleaning (Souza et al., 

2021). 

The use of separation processes with filtering membranes can be one of the solutions for 

the treatment of aquaculture wastewater, since filtration systems such as microfiltration (MF), 

ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (OR) are able to remove organic 

and inorganic contaminants, as well as bacteria, protozoa and viruses, enabling the reuse of 

water in the process (Freddi, 2019). Although the OR process is widely used in desalination 

processes, it can also be applied in wastewater treatment and water reuse to remove phosphates, 

calcium, heavy metals, color and organic matter. In the filtration process, the medium to be 

treated passes through the membrane due to the pressure difference between its sides, retaining 

the desired contaminant (Pires, 2017). The filtration systems differ from each other through the 

pore sizes of the membranes as follows: for MF, the membranes have pores from 0.1 to 10 

microns; for UF, they have pores from 0.1 to 0.01 microns; for NF, pores from 0 .01 to 0.035 

microns, and for OR they have pores of 0.0001 to 1 micron. The filtration systems also can be 

classified as a function of the pressure required of the retained material and the retention 

mechanism, with the pressure used in each of the processes in accordance with the pore size of 

each membrane (Souza et al., 2021). 

Although many types of filters are used as filter media in wastewater treatments, one of 

the advantages of using membranes is their ability to retain contaminants on a molecular scale, 

such as salts and ions. In addition, they have other advantages such as energy savings, the 

technology is clean and easy-to-operate, and they enable the recovery of products that have 

high added value and can be applied in hybrid treatment processes (Souza et al., 2021). 

Regarding the OR process, Mook et al. (2012) highlight as advantages high efficiency in 

the permeability of selective ions, low production cost, potential to remove ions, proteins and 

organic compounds and also the fact that normally there is no accumulation of products in the 

membrane in the process. As a disadvantage, it is a costly process, mainly related to energy 

and, in some cases, the membrane may become encrusted, impairing its performance and 

making the process more expensive. 

Expandable granular biofilters (EGBs) are another method that can be used to remove 

contaminants from aquaculture wastewater, especially in partial or total water recirculation 

(RAS) systems. They are widely used in fish farming, mainly in the removal of solids and 

nutrients (Kubitza, 2006; Turcios and Papenbrock, 2014) and can operate both as physical and 

biological filters. Expandable granular filters use low-density floating spheres such as plastic 

or polystyrene spheres with diameters ranging from 1 to 3 millimeters (mm) and are operated 
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in downward flows. They are sized as a physical filter (clarifier) to remove solids and 

simultaneously facilitate the growth of nitrifying bacteria, which adhere to the spheres and are 

capable of removing nutrients dissolved in the medium through the biofiltration process. 

Usually, this type of filter operates as a physical filter. The removal process of this type of filter 

is similar to sand filters; however, filters with floating spheres do not have problems with 

hardening, which affect sand filters when exposed to high organic loads (de Miranda, 2012). 

The wastewater is included in the filter, with a downward flow, and the solids are retained 

through the layers of spheres, which, due to their porosity, prevent the passage of contaminants. 

With a filtration cycle, it is possible to remove about 50% of fine solids and practically all solid 

material above 50 mm. When several filtration cycles are carried out, it is possible to obtain the 

complete removal of solids and the biofiltration processes are activated (Steicke et al., 2007). 

In the biofiltration process, each sphere is coated with a thin film of bacteria, heterotrophic 

and autotrophic nitrifying, which promote the retention of nutrients, such as ammonia, nitrate 

and nitrite, as the water passes through the filter. Upon reaching the saturation of the spheres, 

the cleaning of the bed can be carried out by mechanical, hydraulic or pneumatic means, 

releasing solids and the excess bioflakes, thus restoring the filtration capacity. According to 

Turcios and Papenbrock (2014), the removed sludge has potential applications for composting, 

vermiculture and fertilizers in agriculture, due to the high concentration of organic matter and 

nutrients.The disadvantage of this method is related to its high cost, since it requires a 

significant capital investment and demands a high consumption of energy and maintenance. 

2.2. Biological treatment techniques used to remove nutrients from aquaculture 

wastewater 

Biological processes are among the most studied treatment techniques today, due to the 

low cost of installation and operation, when compared to physicochemical treatments (Mook et 

al., 2012; Scheeren et al., 2011).  

Biological processes are widely used to remove nutrients from effluents from different 

agro-industrial activities. Normally, the processes of removal of nitrogen compounds by the 

conventional method occur in two separate units, which are based on the combination of aerobic 

and anoxic processes, and basically consist of the nitrification and denitrification processes, 

being among the main natural processes involved in the biogeochemical cycle of nitrogen, 

which are carried by autotrophic and heterotrophic bacteria, respectively (Alves et al., 2018). 

The nitrification process is carried out by means of two groups of aerobic bacteria, 

characterized by the obtention of their energy through the oxidation of inorganic compounds 

(NH4 and NO2). As a carbon source, they use inorganic carbon (CO2) and, as an electron 

acceptor, they use oxygen (O2). These bacteria are responsible for nitritation, in which the 

oxidation of ammonia to nitrite occurs, generating hydroxylamine (NH2OH) as an intermediate 

product, and for nitration, in which the oxidation of nitrite to nitrate occurs (Zoppas et al., 

2016). 

The group formed by bacteria of the genus Nitrosomonas, Nitrosococcus and Nitrospira 

are responsible for the oxidation of ammonia to nitrite, while the group formed by bacteria of 

the genus Nitrospira, Nitrobacter, Nitrospina and Nitrococcus promote the oxidation of nitrite 

to nitrate. The oxidation reactions of ammonia to nitrite and the oxidation of nitrite to nitrate 

are represented in Equations 1 and 2, respectively (Alves et al., 2018). 

𝑁𝐻4
+ + 1,5𝑂2 →  2𝐻+𝐻2𝑂 + 𝑁𝑂2

− + 𝑒𝑛𝑒𝑟𝑔𝑦                             (1) 

𝑁𝑂2
− + 0,5 𝑂2 → 𝑁𝑂3

− + 𝑒𝑛𝑒𝑟𝑔𝑦                                                 (2) 

As they are bacteria that need oxygen, dissolved oxygen (DO) in the medium becomes a 

limiting factor in the nitrification process, as well as the temperature and pH can inhibit the 
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growth of bacteria and interfere in the process of removing contaminants. According to Crab et 

al. (2007), low dissolved oxygen concentrations (< 2 mg L-1) can partially or totally limit the 

development and activity of nitrifying bacteria. 

Regarding temperature, Zoppas et al. (2016) mention that temperatures below 10°C and 

above 35°C significantly affect the growth rate of nitrifying bacteria, while temperatures 

between 25°C and 35°C are considered optimal temperatures and favor their development. 

Freddi (2019) reports that the most favorable pH ranges for the development of nitrifying 

bacteria are between 6.5 and 8.0. The pH is an important factor for determining the balance 

between ionized and non-ionized substances and favoring or inhibiting the growth of ammonia 

oxidizing bacteria (AOB) and nitrite oxidizing (NOB), since a pH greater than 8 favors the 

formation of ammonia and, consequently, the development of AOB, and at a pH lower than 6 

inhibits the activity of both bacteria. 

The denitrification processes, in turn, are anoxic processes; that is, they occur in the 

absence of oxygen but in the presence of nitrates, in which nitrates replace oxygen and are used 

as electron acceptors by heterotrophic bacteria. The process promotes the reduction of nitrate 

to nitrogen gas (N2), and is carried out by bacteria of the genera Alcaligenes, Archromobacter, 

Thiosphaera, Rhodopseudomonas, Methanofollis sp., Bacillus sp., Pseudomonas sp., 

Paracoccus sp. and Enterococcus, which use nitrate in their respiratory process, removing 

nitrate from the medium (Deng et al., 2021; John et al., 2020). As in nitrification processes, 

denitrification processes can also be affected by some operational factors, such as pH, 

temperature, amount of organic carbon (C/N ratio) present in the medium and the concentration 

of DO, since the denitrification is anoxic and DO concentrations above 2 mg L-1 significantly 

limit the development and activity of denitrifying bacteria, which can lead to the accumulation 

of intermediate substances such as nitrite, nitric oxide and nitrous oxide (Zoppas et al., 2016). 

In biological treatments, operating costs are essentially related to aeration needs in the 

nitrification step and the addition of an external source of organic carbon in the heterotrophic 

denitrification step (Zoppas et al., 2016). Organic carbon concentrations are important for the 

denitrification process to take place, since bacteria use organic carbon as an energy source. In 

wastewater with a low carbon/nitrogen ratio (less than 2.5), it is necessary to add an external 

organic carbon source (Zhao et al., 2018). 

Many works have mentioned the Anammox (anaerobic ammonium oxidation) processes 

as a very promising process for the removal of nutrients from aquaculture wastewater, which 

can also be used in the treatment of sanitary effluents, industrial effluents, swine effluents, 

saline water treatment and slurry. In the Anammox process, the oxidation of ammonia and the 

reduction of nitrite occur simultaneously in an anaerobic medium, obtaining N2 as the final 

substance (Scheeren et al., 2011; van Rijn et al., 2006). This process is carried out by Anammox 

bacteria, which belong to the Planctomycetes phylum and has eleven genera: Pirellula, 

Rhodopirellula, Blastopirellula, Planctomyces, Gemmata, Isosphaera, Brocadia, Kuenenia, 

Scalindua, Anammoxoglobus and Asian Jettenia. These bacteria have a low growth rate, strong 

affinity with nitrite and ammonium, are found in wastewater and also in natural systems, such 

as mangroves, the ocean, estuarine sediments and freshwater lakes. However, due to their low 

rate of duplication, a large amount of inoculum is needed to carry out aquaculture wastewater 

treatment (Chávez-Crooker and Obreque-Contreras, 2010; Ni et al., 2020; Scheeren et al., 

2011). 

Anammox processes are also influenced by factors such as temperature, pH, DO, C/N ratio 

and concentration of nitrogen present in the medium. According to Scheeren et al. (2011), the 

Anammox process is favored at temperatures between 25ºC and 40ºC, which may vary 

according to the genus of bacteria used, and at low temperatures the bacterial activity is 

considerably reduced. The ideal pH range for the development of bacteria is between 6.5 and 

8.5, while in very acidic or very basic pH ranges, they can favor the increase in the concentration 



 

 

Rev. Ambient. Água vol. 16 n. 6, e2747 - Taubaté 2021 

 

8 Jéssica Mendonça Ribeiro Cargnin et al. 

of ammonia and nitrous acid, which inhibits the development of Anammox bacteria. 

Ni et al. (2020) report that the anammox process is favored in wastewater that has a low 

carbon/nitrogen (C/N) ratio; that is, with a high concentration of ammonium and a low 

concentration of organic matter, thus reducing operating costs with the addition of an external 

carbon source, used for the growth of heterotrophic bacteria in the conventional biological 

denitrification method. 

For Alves et al. (2018), the main advantages of using the Anammox process to remove 

nitrogenous compounds are related to robustness, lower oxygen consumption, which is 

consumed when there is no source of nitrite, as well as the fact that it does not need external 

sources of carbon and its versatility. The Anammox process is capable of removing 10 times 

greater loads of contaminants and consumes about 60% less energy when compared to 

conventional biological removal processes (Scheeren et al., 2011). 

Another process of nitrification and biological denitrification that has attracted the 

attention of researchers is the simultaneous nitrification-denitrification (SND) process, an 

alternative for optimizing the process for removing nitrogenous compounds. Unlike 

conventional denitrification and Anammox processes, in this process, nitrification and 

denitrification occur simultaneously, in the same reactor and under the same operating 

conditions. SND removal is performed by heterotrophic aerobic nitrification and denitrification 

(HNDA) bacteria (Deng et al., 2021), and the removal process occurs within the biofilm due to 

the biomass oxygen gradient, which favors the simultaneous propagation of the bacteria 

nitrifying and denitrifying due to uneven oxygen distribution. Thus, nitrifying bacteria are 

found in areas of the biofilm that have the highest concentration of DO, while denitrifying 

bacteria are found in areas where OD is limited (Zoppas et al., 2016). 

HNAD bacteria have a higher growth rate and higher nitrogen removal capacity when 

compared to autotrophic bacteria and are more tolerant to different conditions and 

environments, favoring a more efficient removal of contaminants. Some strains of HNAD 

bacteria have been extensively studied and have been found and isolated from different 

environments, such as Acinetobacter, Bacillus, Cupriavidus, Halomonas, Klebsiella, 

Marinobacter, Pseudomonas and Photobacterium (Huang et al., 2020). According to Deng et 

al. (2021), HNAD bacteria are not limited to the presence of dissolved oxygen in aquaculture 

systems, presenting high denitrification efficiency. However, despite being able to reach the 

stationary phase in 24 hours with an average efficiency of 90% of removal of nitrogen, for the 

complete process of nitrification to occur, the HNAD bacteria require a longer period, which 

can reach weeks. 

To obtain a complete simultaneous removal process, it is necessary that the nitrification 

rate and the denitrification rate are similar. For this, it is necessary that the organic substrate is 

a substance with low degradability so that the process is not compromised, since nitrification is 

generally slower compared to denitrification. In addition, factors such as temperature, pH, DO, 

C/N ratio, form of aeration and age of the sludge can also interfere with the efficiency of 

removal of contaminants (Zoppas et al., 2016). 

As an advantage, the use of simultaneous nitrification and denitrification processes 

promotes a reduction in the surface used, which translates into savings in space and 

infrastructure. In addition, COD and nitrogen removal are one of the advantages of these 

systems, providing a 30-40% reduction in electrical energy consumption in aeration when 

compared to conventional nitrification and denitrification processes (Deng et al., 2021). 

As a way to optimize the process of nitrification and biological denitrification, many 

researchers have turned their studies to the application of bacterial consortia to remove nutrients 

from aquaculture wastewater. Bacterial consortia consist of the use of two or more populations 

of bacteria of different species that act together, in a combination in which all are benefited due 

to the activities practiced by each species. However, the efficiency of the process depends a lot 
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on finding the right bacteria that have the capacity to remove contaminants, so that the 

degradation process takes place (John et al., 2020).  

Studies by Huang et al. (2020), in which 25 strains of bacteria were tested, showed that 

most of the tested bacterial consortium presented removal between 45-55% of NH4
+-N, while 

the single strains showed removal between 35-45% of ammonia after 12 hours of cultivation, 

which makes it evident that bacterial consortium are more efficient at removing ammonia from 

wastewater. Effective results regarding the use of a bacterial consortium have also been 

described by John et al. (2020), who confirmed the efficiency of the bacterial consortium in 

converting ammonia into nitrite and less toxic nitrate, reaching a fish survival rate in the tanks 

of 97.2 ± 0.58%, while in the control tanks, without addition of bacteria, fish died from 

ammonia toxicity. 

For aquaculture to be a sustainable activity, the treatment of wastewater from the 

production process is a mandatory requirement. Over the years, a researcher has focused on 

several ways to optimize biological processes, in order to achieve higher percentages of removal 

of pollutants from aquaculture wastewater (Mook et al., 2012). Some studies are shown in Table 

1. 

3. CONCLUSION 

Aquaculture contributes to the world’s food security, meeting the growing demand for 

protein-rich foods. However, the activity is considered one of the main causes of water 

pollution, because aquaculture generates wastewater rich in nutrients such as nitrogen 

compounds and organic material, which lead to a series of environmental impacts when released 

without prior treatment into the receiving water bodies. 

Over the years, in order to reduce the environmental impacts of aquaculture activity, 

research has focused on the development of technologies capable of efficiently removing 

pollutants present in wastewater. Among the many technologies studied, present in the analyzed 

literature, it was evident that there was a growing interest in biological technologies and in ways 

to optimize these processes, in order to increase biological efficiency in the removal of 

contaminants for aquaculture wastewater treatments. The preference for technologies occurs 

mainly because they are lower in cost when compared to the physical chemical processes. 
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Table 1. Techniques for removing nitrogenous compounds from aquaculture wastewater. 

Document 

Type 
Techniques covered Main results Reference 

Review 

Integrated Multi Trophic 

Aquaculture (IMTA); 

Nitrification and 

denitrification; Anammox 

(Anaerobic Oxidation of 

Ammonia); Wetlands 

This review addresses methods such as IMTA, biological 

nitrogen removal through nitrification and denitrification, 

anammox and wetlands, techniques that are being studied to 

increase the efficiency in removing nitrogen and other 

nutrients in situ from cultivation sites. 

Chávez-Crooker and Obreque-Contreras 

(2010) 

Research 

Biological nitrification 

and denitrification using a 

reactor in a biofloc 

system 

The nitrogen removal process took place over the 

experimental period. On the 4th day, nitrogen removal became 

stable with an average efficiency of 71.28 ± 5.28%. 

Operational variables were controlled throughout the system, 

such as pH at 8.26 ± 0.1, temperature at 28.7 ± 1.1°C and 

dissolved oxygen at 0.51 ± 0.41 mg L-1. 

de Melo Filho et al. (2020) 

Review 

Simultaneous biological 

nitrification and 

denitrification 

Review on the process of biological nitrogen removal from 

wastewater, addressing the main parameters that influence the 

removal of the contaminant, emphasizing the simultaneous 

process of nitrification and denitrification. 

Zoppas et al. (2016) 

Review 
Sequencing batch reactor 

for biological treatments 

This review paper discusses the technical description and 

operational flexibility of the SBR for the treatment of a wide 

range of effluents under different operating conditions, 

together with its modifications that can increase the 

effectiveness of the SBR systems in the removal of nitrogen 

and phosphorus. 

Shing and Srivastava (2011) 

Review 

Aquaculture 

Recirculation System 

(RAS); Integrated Multi 

Trophic Aquaculture 

(IMTA); Biofloc 

Technology (BFT) 

In this review, some aquaculture wastewater treatment 

techniques were addressed, such as RAS, IMTA and BFT to 

reduce pollution and reuse water. 

Chatla et al. (2020) 

Continue... 
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Continued... 

Research 

Nitrification and 

denitrification through a 

bacterial consortium 

The results showed that the majority of microbial consortia 

showed higher efficiency of NH4
+-N removal (45-55%) than 

single strains (35-45%) after 12 h. In nitrite removal, bacterial 

consortia showed a higher removal rate (58%) after 16 hours, 

while single strains showed less efficiency (30-35%), 

suggesting that the removal of ammonia and nitrite by 

bacterial consortium is more effective. 

Huang et al. (2020) 

Research 

Immobilization of 

nitrifying bacteria pools 

in wood particles 

The nitrifying bacterial consortium was immobilized on the 

300-1500 μm particle substrate. The mean removal of TAN 

during immobilization was 3.5 ± 1.52 mg L-1 day-1, while 

NO2-N and NO3-N were below the detectable limits. The 

wood dust sampled on days 4 and 5, showed a potential for 

removal of TAN of 5.67 ± 1.6 mg L-1 day-1 and 5.23 ± 1.91 

mg L-1 day-1 respectively. There was no significant increase in 

the rate of removal of TAN by NBC after 4 days of 

immobilization. 

Manju et al. (2009) 

Review 

Immobilization of 

anaerobic ammonium 

oxidation bacteria; 

Anammox (anaerobic 

ammonium oxidation) 

This review presents the opportunities and challenges found in 

the use of cellular immobilization to increase the efficiency in 

the removal of nitrogen from wastewater by anammox 

bacteria, as well as the existing technologies for anammox 

immobilization. Evaluates the sustainability of different gel 

carriers and the application of immobilized anammox. 

Ni et al. (2020) 

Research 

Isolation and 

characterization of 

Bacillus sp. Aerobic 

denitrifying (strain YX-6) 

The results indicated that the YX-6 strain could degrade 

nitrogen nitrite from 10 mg L-1 to zero in 14 hours. The rate of 

nitrite-N degradation was approximately 100% at the 

concentration of dissolved oxygen (DO) of 5.2–5.8 mg L-1. 

The aerobic denitrification of the YX-6 strain was greater than 

the positive controls under different reaction conditions. 

Song et al. (2011) 

Continue... 



 

 

12 Jéssica Mendonça Ribeiro Cargnin et al. 

Rev. Ambient. Água vol. 16 n. 6, e2747 - Taubaté 2021 

 

Continued... 

Review 
Anammox (Anaerobic 

ammonium oxidation) 

Bibliographic review that presents works published in the last 

15 years on studies of the Anammox process, addressing its 

metabolic route, the microorganisms involved and the process 

control parameters, in addition to studies developed in Brazil 

and possible applications. 

Scheeren et al. (2011) 

Review Biological filters 

This paper discusses the implications of the change in the use 

of water recirculation systems in freshwater and marine 

aquaculture and suggests that for freshwater aquaculture the 

emphasis should be placed on cost competitiveness and 

intensification of lagoons with RAS biofiltration. In marine 

systems, the authors suggest the increase in demand for 

oligotrophic and ultra-oligotrophic systems, mainly in nursery 

systems. 

Gutierrez-Wing and Malone (2006) 

Research Polymer hydrogels 

The experiments carried out with polymer hydrogels showed 

efficient removal of nutrients from aquaculture wastewater. 

The removal of PO4-P was 98%, NO3-N was 50% and NO2–N 

was 85%, in a period of 3 hours of reaction. The results 

demonstrate that hydrogels are suitable materials for 

aquaculture wastewater treatment. 

Kioussis et al. (2000) 

Research 

Ammonia removal with 

nitrifying bacteria 

immobilized on clay 

pallets 

The results showed that enriched cultures immobilized on clay 

pallets for 6 hours achieved a removal rate of 3 mg of TAN L-

1 day-1 during the log removal phase. The immobilized pallets 

of 30 and 72 hours removed TAN from the culture medium 

immediately, showing a removal rate of 4 mg L-1 day-1. 

Cultures immobilized for 30 hours were used to remove TAN 

in situ with a density of 1 pallet/100 mL, obtaining removal 

rates of 4.2 - 6.7 mg TAN L-1 day-1. 

Shan and Obbard (2001) 

Review 

Electrochemical 

technology; Reverse 

osmosis; Adsorption; 

Wetlands 

This article presents a detailed review of physicochemical and 

biological techniques used to remove TAN, nitrate and 

organic matter. Compares the electrochemical and 

bioelectrochemical methods used to remove TAN, nitrate and 

organic matter. 

Mook et al. (2012) 

Continue... 
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Continued... 

Research 

Sequencing batch reactor 

for biological treatments 

for low salinity effluents 

The results obtained showed that after the aerobic operation of 

the reactors, the ammonia concentration dropped from 101 mg 

L-1 to 0 on day 3. Nitrate levels increased in the reactor from 

33 to 88 mg L-1 on day 3, reaching 0 on the day 8 when being 

operated under anoxic conditions. In aerobic activity, the 

nitrite concentration increased from 260 to 371 mg L-1 and 

during the anoxic phase, and there was a reduction of nitrite to 

3 mg L-1 on day 8. With respect to carbon, there was a 

reduction from 1201 to 32 mg L-1. 

Boopathy et al. (2007) 

Research 

Internal fibrous biofilter 

for intermittent 

nitrification and 

denitrification treatments 

Pre-acclimated biofilter, with an initial nitrification rate of 

17.1 ± 12.4 mg of TAN m-2 d-1, was applied in a shrimp tank. 

The biofilter's aerobic nitrification activity was sufficient to 

control ammonia and nitrite levels below 0.2 mg-N L-1 with 

nitrate accumulation of up to 50 mg-N L-1. The nitrate was 

removed after harvesting with the same biofilter with anoxic 

denitrification and addition of methanol with a ratio of 5: 1. 

Satanwat et al. (2020) 

Review 

Use of Bacillus to 

maintain water quality in 

aquaculture 

This review highlights the aquaculture activities that lead to 

pollution and the possible mechanisms used by Bacillus to 

improve water quality. They recommend that a series of 

optimal conditions is established to increase the efficiency of 

Bacillus in modulating water quality. 

Hlordzi et al. (2020) 

Review 

Systems combining 

aquaculture and plants; 

Granular expandable 

biofilters (EGBs); 

Wetlands 

This review provides an overview of aquaculture systems 

developed in historical times that may still be valuable for the 

future, bringing current problems and innovative ideas, 

especially with regard to the integration of halophytic plants 

as a biofilter in saline aquaculture systems. 

Turcios and Papenbrock (2014) 

Research 

Biological denitrification 

using Alcaligenesfaecalis 

strain in a continuous 

bioreactor 

In this work, the viability of a continuous bioreactor was 

analyzed using the NR strain for simultaneous removal of 

nitrogen and organic matter (TOC) in a single aerated reactor, 

instead of batch culture. The results showed removal of 66.7-

78.3% NH4
 +-N and 85.8-92.2% TOC. 

Zhao et al. (2017) 

Continue... 
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Continued... 

Review Microbial based systems 

This article presents a review of successful results in the use 

of microbial-based systems that have been documented 

around the world, as well as some aspects to be considered in 

the process and which will still be experienced before a 

system is implemented. New advances in the use of 

microbial-based systems and recommendations are also 

presented. 

Martínez-Córdova et al. (2015) 

Research 

Biological nitrification 

and denitrification by the 

strain Pseudomonas sp. 

The results showed that the Pseudomonas strain showed an 

efficient capacity for heterotrophic nitrification-aerobic 

denitrification. The TAN (10 mg L-1) was completely 

removed in 12 hours. The nitrogen mass balance indicated 

that 70.8% of the initial TAN was converted to gaseous 

nitrogen and 28.1% to intracellular nitrogen. The optimal 

conditions for removal of TAN, nitrate and nitrite were pH 7 

with C/N ratios of 8, 12 and 12, respectively. 

Deng et al. (2021) 

Review 

Biological nitrification; 

Treatment ponds; 

Biological filters; Biofloc 

technology; Periphyton 

treatment 

This review covers techniques for nitrogen removal from 

aquaculture wastewater such as rotating biological counters, 

drip filters, fluidized sand biofilters and granule filters, as 

well as biofloc technology and periphyton treatment, known 

as a dual-purpose technique, since it allows to treat 

aquaculture water and simultaneously produce fish feed. 

Crab et al. (2007) 

Review Drip filters 

This review addresses the main mechanisms and parameters 

that affect the design and performance of drip filters in 

aquaculture, relationships between nitrification rates and 

parameters that can affect the process kinetics. The filter 

design procedures are presented and one of them, a model that 

describes the nitrification performance of piston flow drip 

filters, is covered in more detail. 

Eding et al. (2006) 

Continue... 
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Continued... 

Research Fluidized sand biofilters 

This study evaluated fluidized sand biofilters as a treatment 

option to remove BOD5, TAN, total phosphorus, suspended 

solids and total coliforms from aquaculture effluents. Two 

sand sizes 0.11 mm and 0.19 mm were used and two 

operating techniques were evaluated. Biofilters removed 66-

82% BOD5, 86-88% TAN and 15-41% phosphorus. 

Davidson et al. (2008) 

Research 
Catalytic ozonation 

membrane filter 

This study presents a catalytic ozonation membrane system 

for the treatment of aquaculture wastewater, using Ti-

Mn/TiO2 / Al2O3 and TiO2/Al2O3 membranes, with Ti-

Mn/TiO2/Al2O3 obtaining better catalytic capacity. The results 

showed that the suspended solids, TAN, NO2 and COD were 

efficiently removed, obtaining a wastewater recovery rate of 

95.8% 

Chen et al. (2014) 

Research Consortium of bacteria 

The bacterial consortium was tested for 15 days in a tank with 

controlled conditions. The ammonia concentration in the 

tanks with the pool was 4.8 ± 0.068 μmL-1, while in the 

control tank (without bacteria) it was 7.29 ± 0.292 μmL-1. The 

nitrite increase (6.9 ± 0.59 μmL-1) and nitrate (4.16 ± 0.58 

μmL-1). The survival rate in the tanks was 97.2 ± 0.58%, 

while in the control tanks it was 55 ± 0.25%. 

John et al. (2020) 

Review 

Integrated Multi Trophic 

Aquaculture based on 

microalgae 

This article presents a review of the microalgae-based IMTA 

systems described so far in the literature and evaluates 

microalgae culture methods that are applied in the treatment 

of aquaculture wastewater such as periphyton, cell 

immobilization and pools of microalgae-bacteria. 

Milhazes-Cunha and Otero (2016) 

Review 
Removal of nutrients 

using microalgae 

This review presents an overview of the removal of nutrients 

based on microalgae from aquaculture residues, challenges 

encountered in the development of an efficient treatment 

system, as well as factors that affect the growth of microalgae 

and the removal of nutrients. New cultivation strategies are 

presented to increase biomass production and nutrient 

removal. 

Nie et al. (2020) 

Continue... 
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Continued... 

Review Built wetlands 

The review presents the most recent studies on the use of 

wetlands for the treatment of saline wastewater, as well as the 

factors that influence the efficiency of wetlands in the 

treatment process and how greater efficiency can be achieved 

by screening for halophytes, application of halophilic 

microorganisms and optimization of operating parameters. 

Liang et al. (2017) 

Research Halophyte filter beds 

In 88 days of commercial operation on a fish and shrimp 

farm, Salicornia europaea plant biofilters removed 98.2 ± 

2.2% dissolved inorganic nitrogen, 23-69% dissolved organic 

nitrogen and 36-89% inorganic phosphorus dissolved in 

routine operations. 

Webb et al. (2012) 

Review 

Biological removal of 

nitrate by assimilation or 

dissimilation; Autotrophic 

and heterotrophic 

denitrification; Anammox 

Biological nitrate removal pathways are presented, as well as 

links between denitrifying organisms and carbon in 

recirculation systems, applications of biological nitrate 

removal in recirculation systems and, finally, the anammox 

process is discussed as an alternative for removing ammonia 

and nitrate. 

van Rijn et al. (2006) 

Research 

Sequencing batch reactor 

for biological treatments 

of shrimp effluents 

The results showed that the initial TAN concentration 

dropped from 72 to 0 mg L-1 on day 4 during the aerobic 

mode of operation. The nitrite level increased from 46 mg L-1 

at the beginning of the experiment to 198 mg L-1 on day 7, 

decreasing to 0 on day 15, when it was operated anoxic. 

Nitrate increased in the aerobic period from 32 to 162 mg L-1 

on day 8 and, during the anoxic process, reached 0 mg L-1 on 

day 15. SBR also removed 82% of organic carbon from the 

system. 

Boopathy (2009) 
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ABSTRACT  
Given that atmospheric deposition is the first source of nutrient input into forest 

ecosystems, and that the precipitation partition serves as a nutritional source mainly when there 

is an interaction with the forest canopy, the objective of the present study was to quantify the 

nutrients input into rainfall, throughfall and stemflow in Eucalyptus urophylla stands with 

partial exclusion (E) and without exclusion (WE) of throughfall. The experiment was conducted 

in the northeast of the state of Paraná-Brazil, in the municipality of Telêmaco Borba. The partial 

precipitation exclusion system (E) is formed by a system of gutters that conduct 30% of 

throughfall out of the experiment. The nutrient input in rainfall was 55.7 kg ha-1 yr-1, while the 

sum of throughfall and stemflow was 64.1 kg ha-1 yr-1 in treatment (WE) and 39.8 kg ha-1 yr-1 

in treatment (E). Interaction with the canopy of the trees enriched the rainfall with nutrients, 

mainly the elements potassium and chlorine, due to leaching of the vegetal tissues. The 

reduction of the water treatment system in partial exclusion of precipitation (E) reduced 

representative nutrient input. Although stemflow represents on average only 2.6% of the water 

volume, it is responsible for 6.7% of the amount of nutrients in relation to precipitation. 

Therefore, stemflow cannot be neglected in the balance of nutrient cycling. With a rotation of 

7 years, the application of significant amounts of fertilizers can be avoided, considering the 

inputs of 449 and 277 kg ha-1year-1. 

Keywords: nutrient cycling, stemflow, throughfall. 

Interação da precipitação com o dossel florestal aumenta o aporte de 

nutrientes 

RESUMO 
Sabendo que a deposição atmosférica é a primeira fonte de entrada de nutrientes nos 

ecossistemas florestais e que a partição de precipitação serve como fonte nutricional 

principalmente quando há interação com o dossel florestal, o objetivo do presente estudo foi 
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quantificar o aporte de nutrientes na precipitação incidente, precipitação interna e escoamento 

pelo tronco em um povoamento de Eucalyptus urophylla com exclusão parcial (E) e sem 

exclusão parcial (WE) da precipitação interna. O experimento está localizado no nordeste do 

estado do Paraná-Brasil, no município de Telêmaco Borba. O sistema de exclusão parcial de 

precipitação (E) é formado por um sistema de calhas que conduzem 30% da precipitação interna 

para fora do experimento. O aporte de nutrientes pela precipitação incidente foi de 55.7 kg ha-

1 ano-1, enquanto que a soma dos mesmos na precipitação interna e escoamento pelo tronco 

foram de 39.8 kg ha-1 ano-1 no tratamento com exclusão (E) e de 64.1 kg ha-1 ano-1 no tratamento 

sem exclusão (WE). A interação com o dossel florestal enriquece com nutrientes especialmente 

com os elementos potássio e cloro devido a lixiviação dos tecidos vegetais. A redução do regime 

hídrico no tratamento com exclusão parcial da precipitação (E) reduziu de forma representativa 

a entrada de nutrientes. Embora o escoamento pelo tronco represente em média apenas 2.6% 

do volume de água, ele é responsável por 6.7% da quantidade de nutrientes em relação à 

precipitação. Portanto, o mesmo não pode ser negligenciado no balanço da ciclagem de 

nutrientes. Com uma rotação de 7 anos a aplicação de importantes quantidades de fertilizantes 

podem ser evitados considerando as entradas de 449 e 277 kg ha-1 ano-1. 

Palavras-chave: ciclagem de nutrientes, escoamento pelo tronco, precipitação interna. 

1. INTRODUCTION 

The forestry sector has occupied a prominent position in the Brazilian economy. Planted 

forests occupy 9.0 million hectares of the country and the genus Eucalyptus represents 77% of 

this area. Even with the large area occupied, the industrial forest plantations cover about 0.92% 

of the Brazilian territory. Paper and cellulose commodities occupy the second place in the list 

of products most exported by Brazil (IBÁ, 2020). 

Extensive areas occupied by forest plantations are able to modify the hydrological balance 

(Ferraz et al. 2019). The partition of the rainfall in the area covered by vegetation is very 

dynamic. During precipitation, a portion of the water is intercepted by the canopy and 

immediately evaporated into the atmosphere (Llorens and Domingo, 2007). Part of the 

precipitation crosses the canopy and drips into the stand; this is called “throughfall” (Navar, 

2011). A portion of the throughfall flows from the leaves to the branches and trunk, reaching 

the base of the tree; this portion is called “stemflow” (Zhang et al., 2016; Johnson and Lehmann, 

2006). The knowledge of the partition of precipitation is important in studies of modeling the 

water balance of a watershed; however, many studies have considered a generic value for the 

index of canopy interception (Chaffe et al., 2010).  

Many studies show the importance of the partition of precipitation in the biogeochemical 

cycle of nutrients (Staelens et al., 2006; Fan et al., 2015). Some studies also point out that the 

productivity and stability of a forest ecosystem is determined by the cycling of nutrients (Likens 

2013). According to Viera and Schumacher (2010), part of the input of nutrients into an 

ecosystem occurs through precipitation that carries dust particles from the atmosphere to the 

ground. In addition, when interacting with the canopy of the trees, precipitation leaches the 

different tissues of the plant, increasing the nutritional contribution (Schrumpf et al., 2006; Bhat 

et al., 2011; Levia et al., 2011). Thus, precipitation is responsible for providing information 

regarding environmental quality (Zhou et al., 2019). In addition, soils from areas of low natural 

fertility, the entry of nutrients by precipitation may be the only nutritional source (Dawoe et al., 

2018; Lu et al., 2017). 

The chemical composition of throughfall and stemflow is influenced by the interaction of 

water with the forest canopy, distance from the sea and anthropogenic activities (Andre et al., 

2008; Navar et al., 2009; Tiwari et al., 2016). In general, these pathways provide an important 
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nutritional source for tree roots, especially with cation enrichment (Zhang et al., 2013; Su et 

al., 2019). Although the stemflow represents a small portion of the volume of water that reaches 

the forest soil, this solution is responsible for accelerating the redistribution of nutrients and 

changing the physico-chemical properties in the root region (Swaffer et al., 2014; Momolli et 

al. 2019b) 

Climate change has caused great variation in the rainfall regime (Allan and Soden, 2008), 

in addition, the water regime in southern Brazil is determined by atmospheric-oceanic 

phenomena. When equatorial waters in the Pacific Ocean cool, the phenomenon of “La Niña” 

occurs, which is responsible for the significant decrease in rainfall in this region. As a 

consequence, there is a loss of productivity of several crops, including those of Eucalyptus 

plantations. This study evaluates nutrient input into rainfall, throughfall and stemflow in a 

Eucalyptus stand with and without partial exclusion of throughfall. 

2. MATERIALS AND METHODS 

2.1. Characterization of the experimental area 

The experimental area is located in the northeast region of the state of Paraná, in the 

municipality of Telêmaco Borba, under the geographic coordinates 24°13’41.0” S and 

50°31’40.0” W. The climate classification is Cfb (temperate climate), with an average annual 

temperature of 18.8ºC and an average annual precipitation of 1646 mm, according to the 

Köppen classification (Alvares et al., 2014). According to Flores et al. (2016) the species E. 

urophylla is classified as having low climatic aptitude for the study region.  

Figure 1 shows meteorological data for the period from July 2017 to June 2018, obtained 

from the meteorological station located at the company Klabin SA in Telêmaco Borba – PR – 

Brazil at 880 m altitude, 24°12'40.6" S and 50°33'29.2" W. The distance between the 

experimental area and the weather station is approximately 3.4 km in a straight line. 

 
Figure 1. Weather data for the municipality of Telêmaco Borba, PR during the study 

period. 

In March 2017, dendrometric characterization was performed, measuring the height and 

diameter at breast height (DBH) of all trees. The mean DBH and the total height in the 

Exclusion (E) treatment were 16.8 cm and 28.6 m, respectively. For the Without Exclusion 

(WE) treatment, the mean DBH was 17.3 cm and the total height 28.3 m. The volume per 

hectare in the E and WE treatment was 346 and 365 m³ ha-1, respectively. The leaf area index 

was 2.95 and 2.82 for treating exclusion (E) and without exclusion (WE), respectively. 
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2.2. Experimental design 

The study belongs to the TECHS project (Tolerance of Eucalyptus Clones to Hydric, 

Thermal and Biotic Stresses). The experiment was carried out in a completely randomized 

design, with 720 m² plots of eight lines with ten plants each in spacing of 3 m x 3 m (1,111 

trees ha-1). For the hybrid E. urophylla x E. sp. two treatments of the water regime were 

defined: one receiving 100% of the throughfall (WE) and the other receiving only 70% of the 

throughfall (E). For the treatment (E) that received 70% of the precipitation, a system of partial 

exclusion of the throughfall was used with plastic gutters that prevented the precipitation 

reaching the ground. A schematic representation of the precipitation exclusion treatment (E) 

can be seen in Figure 2. This technique is based on the coverage between the planting lines 

covering 216 m² of the area of each treatment, being the equivalent to 30% of the plot area 

(Binkley et al., 2017). 

 
Figure 2. Representative scheme of the partial precipitation exclusion treatment (E), with dimensions 

and spacing. 

The monitoring of the partition of precipitation under the two rainfall regimes occurred 

from July 2017 to June 2018. Sampling was started when the stand was 66 months old. For the 

(E) treatment, a partial exclusion system of throughfall was used, installed when the stand was 

one year old. 

2.3. Measurement of rainfall, throughfall and stemflow  

To quantify the rainfall (R), three collectors with a 20 cm catchment diameter were 

installed in an area adjacent to the eucalyptus stand at a height of 1.5 m above ground level. 

Straps with steel wires were placed in order to prevent birds from using the collectors as 

perches. 

For the evaluation of throughfall (Tf), nine collectors per treatment were installed, with a 

collection diameter of 20 cm and height of 1 m from ground level, systematically distributed 

along the line, between the lines and diagonally between four trees. Collections were started at 

66 months of age. 
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The stemflow quantification (Sf) occurred with the installation of nine sets formed by a 

plastic hose with a diameter of one inch and a reservoir for water storage. The hose was cut 

longitudinally and then it was installed in a spiral shape on the tree trunk. This configuration 

allowed the water to drain through the trunk and be stored in the reservoir. 

Bi-weekly, the values of rainfall (R), throughfall (Tf) and stemflow (Sf) were measured. 

To obtain the values of precipitation and throughfall in millimeters, the following Equation 1 

was used: 

𝑅 = 𝑉/𝑎               (1) 

Where: 

R = rainfall (mm); 

V = volume collected (L); 

a = collector area (m2). 

The values of stemflow were obtained using the following Equation 2, used by Preuhsler 

et al. (2006): 

𝑆𝑓 = (
𝑉

𝑔
) ∗ (

𝐺

𝐴
)              (2) 

Where: 

Sf = stemflow (mm); 

V = volume collected (L); 

g = basal area of the tree (m2); 

G = basal area of the plot (m2); 

A = plot area (m2). 

For the canopy interception calculation, the Equation 3 was used: 

𝐼 =
𝑅−(𝑇𝑓+𝑆𝑓)

𝑅
∗ 100              (3) 

Where: 

I = canopy interception (%); 

R = rainfall (mm); 

Tf = throughfall (mm); 

Sf = stemflow (mm). 

The rainfall and throughfall collectors were composed of plastic bottles with a capacity of 

2 liters, and the collections were carried out every 15 days. The throughfall collectors were 

arranged on the line, between the lines and diagonally between four trees. The stemflow 

samples were also collected for chemical analysis every 15 days. 

2.4. Statistics and Data Analysis 

The rainfall, throughfall and stemflow samples were sent to the Forest Ecology Laboratory 

where the pH was determined. For this variable, the electrode (Methohm 827 pH LAB) was 

used, and filtered with a 0.45 µm pore filter. According to the methodology proposed by the 
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American Public Health Association (APHA et al.,1998), NO2
-, NO3

-, PO4
3-, SO4

-, Cl-, K+, Ca2+ 

and Mg2+ ions were analyzed, with a pre-treatment with simple filtration followed by ion 

chromatography. The amount of nutrient input is given by multiplying the concentrations of 

ions (mg L-1) by the volume (liters). 

The Tukey average test was performed at 5% probability of error for ion concentrations 

between precipitation, throughfall and stemflow. In order to verify the dilution effect, Pearson's 

correlations were applied between the volumes of rainfall partitions and the concentrations of 

ions. All statistical analyses were performed using SPSS 18.0 (SPSS Inc., Chicago, IL, USA). 

3. RESULTS AND DISCUSSION 

3.1. Rainfall partitioning 

During the monitored period, the quantified precipitation was 1627 mm. The month of 

December 2017 had the highest volume of R 371 mm, while the months of July 2017 and April 

2018 registered the lowest volumes (0.00 and 21 mm) (Figure 3). 

 
Figure 3. Temporal variation of the partition of pluviometric precipitation. 

Regarding throughfall, the WE treatment showed 1379 mm, equivalent to 84.8% of the 

precipitation. In contrast, the E treatment showed a lower value (1311 mm), corresponding to 

80.6% of the precipitation. The volume collected for the Sf WE treatment was 48.40 mm, 

representing 2.9% of the rainfall. For the Sf E treatment, 37 mm was accumulated, 

corresponding to 2.3% of the rainfall. In the canopy interception, the lowest observed value was 
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200 mm (12.3%) for WE treatment, while in treatment E the value was 280 mm (17.2%) (Poleto 

et al., 2021). 

3.2. Chemical composition of rainfall, throughfall and stemflow 

In the evaluated period (Figure 3), the average pH value of rainfall was 6.17. The 

throughfall for the E and WE treatment of the throughfall was 5.94 and 5.96, respectively. 

Stemflow provided an average of 4.92 and 4.55 for the E and WE treatment of throughfall 

(Figure 4). 

 
Figure 4. Average pH values of rainfall, throughfall and stemflow in the hybrid Eucalyptus 

urophylla x E. sp. 

Momolli (2019b) found mean pH values of 4.57 for rainfall, 4.64 for throughfall and 5.54 

for stemflow evaluation in a 7 to 8-year-old Eucalyptus dunnii stand in Alegrete, RS. Assessing 

the same species, from 4 to 5 years old, Dick et al. (2018) also found an increase in pH as 

precipitation interacts with the canopy. The pH was 4.3 in rainfall, 5.0 in the throughfall and 

5.3 in the stemflow, respectively. 

The ion concentration is variable as it interacts with the forest canopy. The SO4
2- and Ca2+ 

ions showed higher levels of rainfall, differing statistically from other rainfall partitions. Inverse 

behavior was observed with respect to Cl-, Na+, N-NH4
+, K+, Mg2+ ions that registered the 

greatest increases, especially in Stemflow and Throughfall. The ions N-NO2
- and P-PO4

3- 

showed no statistically significant difference. The mean test of the ions analyzed for each 

partition of the precipitation in the two water regimes can be verified in Table 1. 

It is observed that the concentration of nutrients is influenced by the water regime, that is, 

during the months of higher rainfall, the ion concentrations are reduced while during the months 

of lower precipitation, the concentrations increase considerably. In the present study, the 

highest concentrations were recorded in the months of September, April and May, coinciding 

with the lowest rainfall. Other studies report the same behavior as in the case of Su et al. (2019) 

who monitored the chemical variation of rainwater in the different partitions in a mixed 

evergreen and deciduous broadleaved forest in Central China. 
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Table 1. Chemical characteristics of water in precipitation, 

throughfall and stemflow during the monitoring period. 

Ion 
Concentration (mg L-1) 

Precipitation Throughfall Stemflow 

Without exclusion 

*Cl- 0.55 ± 0.09 a 1.97 ± 0.55 b 3.86 ± 0.73 c 

N-NO2
- 0.04 ± 0.00 a 0.04 ± 0.00 a n.d 

N-NO3
- 0.12 ± 0.03 a 0.16 ± 0.04 a 0.15 ± 0.04 a 

P-PO4
3- 0.06 ± 0.00 a 0.07 ± 0.00 a 0.08 ± 0.00 a 

*SO4
2- 0.15 ± 0.02 b 0.15 ± 0.02 b 0.08 ± 0.01 a 

*Na+ 0.78 ± 0.36 a 0.78 ± 0.25 a 1.69 ± 0.29 b 

*N-NH4
+ 0.13 ± 0.05 a 0.16 ± 0.03 a 0.27 ± 0.03 b 

*K+ 0.94 ± 0.43 a 2.51 ± 0.69 b 5.42 ± 0.83 c 

*Mg2+ 0.30 ± 0.12 a 0.32 ± 0.08 a 1.23 ± 0.18 b 

*Ca2+ 2.44 ± 0.57 b 0.99 ± 0.20 a 1.69 ± 0.33 b 

Ion 
Precipitation Throughfall Stemflow 

Exclusion 

*Cl- 0.55 ± 0.09 a 1.49 ± 0.35 b 4.19 ± 0.93 c 

N-NO2
- 0.04 ± 0.00 a 0.04 ± 0.01 a 0.06 ± 0.00 a 

*N-NO3
- 0.12 ± 0.03 a 0.17 ± 0.05 ab 0.24 ± 0.09 b 

P-PO4
3- 0.06 ± 0.00 a 0.05 ± 0.00 a 0.05 ± 0.00 a 

*SO4
2- 0.15 ± 0.02 b 0.14 ± 0.02 b 0.08 ± 0.01 a 

*Na+ 0.78 ± 0.36 a 0.75 ± 0.22 a 1.83 ± 0.33 b 

*N-NH4
+ 0.13 ± 0.05 ab 0.09 ± 0.02 a 0.19 ± 0.06 b 

*K+ 0.94 ± 0.43 a 2.71 ± 0.53 b 6.27 ± 0.96 c 

*Mg2+ 0.30 ± 0.12 a 0.36 ± 0.09 a 1.45 ± 0.23 b 

*Ca2+ 2.44 ± 0.57 c 0.79 ± 0.18 a 1.66 ± 0.33 b 

(*) Different letters in the same row indicate statistical differences 

at p < 0.05. 

The verification of the ion dilution effect as a function of the precipitated rainfall volume 
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is verified with the Pearson correlation test presented in Table 2. Mostly, a negative correlation 

was observed for more than 90% of the ions in the different precipitation partitions. In addition, 

there were strong significant correlations to a <1% error probability for K+, Ca2+ and Mg2+ ions 

and for many throughfall ions. 

Table 2. Pearson's correlation between ion 

concentration and measured water volume. 

Ion 
Measured volume 

R Tf WE Tf E Sf WE Sf E 

Cl- -0.31 -0.70** -0.62* -0.51* -0.48 

NO2
- 0.56* 1.00** 0.24 - - 

NO3
- -0.38 -0.15 -0.22 -0.37 -0.53* 

PO4
3- 0.05 -0.90** - 0.35 1.00** 

SO4
2- -0.54* -0.46 -0.29 -0.05 0.06 

Na+ -0.36 -0.41 -0.53* -0.55* -0.40 

NH4
+ -0.51* -0.20 0.28 -0.49 -0.35 

K+ -0.41 -0.78** -0.67* -0.64* -0.72** 

Mg2+ -0.62* -0.64* -0.51* -0.61* -0.76** 

Ca2+ -0.43 -0.72** -0.53* -0.73** -0.76** 

**. Correlation is significant at the 0.01 level                    

(2-tailled). 

*. Correlation is significant at the 0.05 level                         

(2-tailled). 

Figure 5 shows in detail the variation in ion concentration over the monitored period for 

the different partitions of rainfall. As can be seen, for most ions there are two months of 

prominence: September and May. 

The order of the ion contents in rainfall was: Ca2+ > K+ > Na+ > Cl- > Mg2+ > SO4
2- > N-

NH4
+ > N-NO3

- > P-PO4
3- > N-NO2. In the throughfall for the WE treatment, it was: K+ > Cl- > 

Ca2+ > Na+ > Mg2+ > N-NO3
- > N-NH4

+ > SO4
2- > P-PO4

3 > N-NO2
-. In the throughfall for the 

E treatment, it was: K+ > Cl- > Ca2+ > Na+ > Mg2+ > N-NO3
- > SO4

2-  > N-NH4
+ > P-PO4

3 > N-

NO2
-. 

For stemflow, the ion concentration was K+ > Cl- > Na+ > Ca2+ > Mg2+ > N-NH4
+ > N-

NO3
- > SO4

2-  > P-PO4
3 > N-NO2

-  for the treatment without exclusion and K+ > Cl- > Na+ > Ca2+ 

> Mg2+ > N-NO3
- > N-NH4

+ > SO4
2-  > N-NO2

- > P-PO4
3  for treatment with partial removal of 

throughfall. 

Our results clearly show an increase in the contents of certain nutrients as the rainwater 

interacts with the forest canopy. Balieiro et al. (2007), evaluating a Eucalyptus stand in 

Seropédica, RJ found concentrations (mg L-1) of 0.82; 0.20; 3.52; 0.62; 0.39 and 1.44 for N-

NH4
+, P, K+, Ca2+, Mg2+ and Na+, respectively. For throughfall, the concentrations of 1.38; 0.33; 

14.83; 0.94; 0.96 and 3.78 mg L-1, for N-NH4
+, P, K+, Ca2+, Mg2+ and Na+, respectively. In 

stemflow, the concentrations were as follows: 2.28; 0.40; 14.17; 0.75; 1.42 and 2.73 for N-

NH4
+, P, K+, Ca2+, Mg2+ and Na+, respectively. 
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Figure 5. Monthly variation in ion concentration in different precipitation partitions. 

3.3. Nutrient input 

The rainfall had a total nutrient input of 55.69 kg ha-1 yr-1. For throughfall, the contribution 

was 60.20 kg ha-1 and 36.27 kg ha-1 for TfWE and TfE, respectively. The significant reduction 

in the amount of nutrients in treatment E refers to the fact that these nutrients are being carried 

out of the stand due to the system of excluding water from rainfall. For stemflow, the 

contribution was greater, with 3.96 kg ha-1 in the SfWE and 3.36 in the SfE (Figure 6). 
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Figure 6. Annual amount of nutrients (kg ha-1 yr-1) incorporated into the system by rainfall (R), 

throughfall (Tf) and stemflow (Sf) in a stand of the hybrid Eucalyptus urophylla x E. sp.  

*N total = NO2
- + NO3

- +NH4
+. 

The flow of nutrients in rainfall had the following distribution order: Ca> K> Na> Cl> 

Mg> S> N> P. In Tf WE, the order was as follows: K> Cl> Ca> Na> Mg> N> S> P. In the Sf 

WE, K> Cl> Ca> Na> Mg> N> S> P. The Tf E presented the following order: K> Cl> Na> 

Ca> Mg> N> S> P. For SfE K> Cl> Na> Ca > Mg> N> S> P. Considering the sum of 

throughfall plus stemflow in the WE treatment the amount of nutrients (kg ha-1) was 16.6 for 

Cl, 0.1 for P, 1.7 for S, 8.1 for Na, 23.1 for K, 2.9 for Mg, 9.2 for Ca and 2.5 for N. As for 

treatment E, there was a contribution (kg ha-1 yr-1) of 9.3 for Cl, 0.02 for P, 1.1 for S, 5.0 for 

Na, 15.6 for K, 2.1 for Mg, 4.9 for Ca, 1.8 for N. 

Regarding nutrient input via rainfall, it was observed that there was a significant increase 

in nutrients in the aqueous solution, whose input sequence was K> S> Ca> N> Mg. These inputs 

could reduce the addition of 22% and 11% of the amounts of K and N, respectively, applied to 

pre-planting fertilization (Dick et al., 2018). The annual contribution of nutrients in the present 

study is similar to that found by Momolli et al., (2020). For these authors, the annual 

contribution was 36.3 kg ha-1. This small variation is justified according to the conditions: close 

to the ocean, emission of atmospheric pollutants by anthropic activity and even soil and 

environmental characteristics (Corti et al., 2019; Yuan et al., 2017). Possibly, the greatest 
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contribution of certain nutrients is related to the existence of two pulp mills, the first 

approximately 12 km away in a straight line located in the municipality of Telêmaco Borba, PR 

and the second approximately 21 km away in the municipality of Ortigueira, PR. Balieiro et al. 

(2007) in an Eucalyptus stand found a contribution (kg ha-1) via rainfall of 12.07 N-NH4
+; 2.65 

P; 86.00 K+; 12.25 Ca2+; 9.24 Mg2+; 29.81 Na+. 

The increase in the amount of nutrients after interaction with the canopy is more significant 

for K+, which can be attributed to the high levels due to leaching of the canopy of the trees. 

However, some ions do not exhibit the same behavior as SO4
2-. The input via rainfall was 1.7 

kg ha-1 and 1.6 kg ha-1 via TfWE. According to Gay and Murphy (1985), approximately 

between 30 - 70% of the dry deposition of SO4
2- can be retained in the canopy. Corrêa et al. 

(2019) evaluating an E. dunni stand 16.5 months old, found that due to the concentration of 

ions there was a greater contribution of elements after the interaction of precipitation with the 

forest canopy. 

4. CONCLUSION 

There was an enrichment of nutrients as the water interacted with the forest canopy. 

Considering the average levels of ions, the degree of enrichment had the following decreasing 

order: stemflow > throughfall > rainfall. The concentration of ions is seasonal and is especially 

determined by the volume of water in each partition causing the dilution effect. 

The total quantity of nutrients contributed had the following order: throughfall > rainfall > 

stemflow. The reduction of the water treatment system in partial exclusion of precipitation (E) 

reduced representative nutrient input. It is important to highlight that although stemflow 

represents on average only 2.6% of the water volume, it is responsible for 6.7% of the amount 

of nutrients in relation to precipitation. Therefore, stemflow cannot be neglected in the balance 

of nutrient cycling. 

Considering the interaction of rainwater with canopy, in a 7-year rotation there is a 

potential reduction of chemical fertilizers. These results point the way to greater economic and 

environmental sustainability. 
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ABSTRACT  
In this study, the ecotechnology artificial floating islands (AFIs), colonized by Eichhornia 

crassipes, have been tested as a tool for water quality improvement of fishponds. The 

experiment was carried out in semi-intensive production during the grow-out period of Nile 

tilapia, comprising one production cycle. It was completely randomized with two treatments 

(with and without AFIs) and three replications. Temperature, dissolved oxygen, conductivity, 

pH, turbidity, total dissolved solids (TDS), transparency (Secchi) and concentrations of 

chlorophyll a (CL a), total nitrogen (TN), total ammonia nitrogen (TAN), total phosphorus (TP) 

and orthophosphate (PO4
3--P) were analyzed fortnightly in the fishponds. Two groups ordered 

based on environmental characteristics were formed by applying the Principal Component 

Analysis (70.68% of explicability). The fishponds with AFIs were assigned to higher values of 

Secchi and lower values of pH, turbidity, TDS and concentrations of nutrients. On the other 

hand, the fishponds without AFIs were assigned to the highest values of these variables, except 

for Secchi. In 30 days, the AFIs showed the lowest concentrations of TP and PO4
3--P, and for 

CL a, TN and TAN, the differences were recorded after 90 days. The use of AFIs has 

demonstrated potential to conserve water quality in fishponds, notably for biologically 

assimilable elements (PO4
3--P  and TAN) and for those directly related to eutrophication (P and 

N). Artificial floating islands should be encouraged for small and medium-sized farmers as tool 

to improve water quality in fishponds. However, new AFIs coverage rates must be evaluated, 

as well as the control of hydraulic retention rates. 

Keywords: aquaculture, ecotechnology, free-floating aquatic macrophytes. 
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Ilhas flutuantes artificiais como ferramenta para melhorar a 

qualidade da água de viveiros de piscicultura 

RESUMO 
No presente estudo, a ecotecnologia de ilhas flutuantes artificiais (IFAs) colonizadas por 

Eichhornia crassipes foi testada como uma ferramenta para a melhoria da qualidade da água de 

viveiros de peixes. O experimento foi realizado em sistemas de produção semi-intensivos 

durante o período de crescimento de tilápia, compreendendo um ciclo de produção. Foi 

completamente randomizado com dois tratamentos (com e sem IFAs) e três repetições. A 

temperatura da água, oxigênio dissolvido (OD), condutividade elétrica, pH, turbidez, sólidos 

totais dissolvidos (STD), transparência da água (Secchi) e concentrações de clorofila a (CL a), 

nitrogênio total (NT), nitrogênio amoniacal total (NAT), fósforo total (PT), ortofosfato                         

(P-PO4
3) foram analisados quinzenalmente nos viveiros. Dois grupos ordenados com base nas 

características ambientais foram formados por meio da aplicação da análise de componentes 

principais (70,68% de explicabilidade). Aos viveiros com IFAs foram atribuídos maiores 

valores de Secchi e menores valores de pH, turbidez e STD e das concentrações de CL a, NT, 

NAT, PT, P-PO4
3-. Aos viveiros sem IFAs foram atribuídos os maiores valores dessas variáveis, 

exceto Secchi. Em 30 dias, viveiros com essas variáveis apresentaram as menores 

concentrações de PT e P-PO4
3-, e para CL a, NT e NAT, as diferenças foram registradas após 

90 dias. O uso de IFAs tem demonstrado alto potencial para manutenção da qualidade da água 

adequada para a produção de peixes, notadamente para elementos biologicamente assimiláveis 

(ortofosfato e nitrogênio amoniacal) e para aqueles diretamente relacionados à eutrofização 

(fósforo total, nitrogênio e Secchi). A tecnologia de IFAs deve ser encorajada para pequenos e 

médios produtores rurais como ferramenta para melhorar a qualidade da água de viveiros de 

piscicultura. Contudo, novas taxas de cobertura de IFAs devem ser avaliadas, com cuidado, 

bem como o controle das taxas de retenção hidráulica, para promover melhorias mais 

significativas na qualidade da água, sem prejudicar a produção de peixes. 

Palavras-chave: aquicultura, ecotecnologia, macrófitas aquáticas livre-flutuante. 

1. INTRODUCTION 

Brazilian aquaculture has developed rapidly, attaining, in 2016, 13th place among the 

largest producers in the world (FAO, 2018). In 2019, fish production increased 4.9% in relation 

to the previous year, reaching a yield of 758,006 tons, even in a scenario of low national 

economic growth. This increase represents the importance of the sector for the country, which 

is the 4th largest producer of tilapia in the world (PeixeBr, 2020).  

The quality of water in suitable conditions for the production of aquatic organisms is an 

essential requirement for the success of aquaculture activities. In excavated fishponds, detailed 

knowledge of ecological and biological aspects and constant monitoring of environmental 

variables contribute to the management and maintenance of desirable water quality in 

aquaculture, improving the development of organisms and optimizing productivity by area 

(Mercante et al., 2007; Sipaúba-Tavares et al., 2015). 

The feeding practices necessary to sustain semi-intensive and intensive fish farming 

systems contribute to the input of large amounts of nutrients into the water. No more than 25% 

of N and 30% of P added to fishponds as feed are converted into fish biomass (Moraes et al., 

2016; Chatvijitkul et al., 2017; David et al., 2017a; 2017b; Osti et al., 2018a). Additionally, 

overfeeding or the use of unbalanced feed reduces the absorption of nutrients by fish, which 

can result in excess of organic matter and nutrients in production systems, with direct 

consequences on water quality, favoring their assimilation by phytoplankton and aquatic 
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macrophytes. The increase in phytoplankton abundance may lead to the reduction in water 

transparency and depletion of dissolved oxygen, which can compromise the productivity 

performance and increase fish mortality (Cyrino et al., 2010; Boyd, 2016; Mercante et al., 

2020). 

The adoption of Best Management Practices (BMPs) and the development of technologies 

that combine the necessary speed for an economically viable production, without compromising 

the water quality of fishponds, must be adopted to ensure a suitable environment for the fish, 

as well as  the conservation of aquatic environments, promoting the sustainability of the activity. 

The technology of artificial floating islands (AFIs) is an innovative variant of the built wetland 

system and consists of the elaboration of floating rafts that are colonized by emerging and 

floating aquatic macrophytes, with the roots of plants submerged below the water surface (Afzal 

et al., 2019; Spangler et al., 2019; Osti et al., 2020). In these systems, the improvement of water 

quality is due to the direct assimilation of nutrients by the root system of plants, but also by the 

biofilm formed by algae, bacteria and other microbes that adhere to the entire surface area of 

the AFIs (roots of the plants). 

Plants and island (structure) aid in the assimilation of nutrients, by attenuating light, 

inhibiting phytoplankton growth, zooplankton herbivory and allelopathic chemical compounds 

produced by macrophytes (Sipaúba-Tavares et al., 2015; Park et al., 2018; Spangler et al., 2019; 

Kurashov et al., 2021). The technology of AFIs has been tested in the control of pollution from 

different activities, such as swine waste (Hubbard et al., 2004); in rainwater drainage systems 

(Headley et al., 2008; Lynch et al., 2015); and at acid mine drainage sites (Gupta et al., 2020). 

Furthermore, the adequacy of this technology was also tested to control the release of nutrients 

by fishponds’ effluents (Osti et al., 2020). These authors concluded that AFIs technology 

implemented in fishponds can reduce the load of total nitrogen and total phosphorus exported 

by 66% and 27%, respectively, showing its efficiency. Likewise, the studies cited above have 

shown that AFIs technology has become an environmentally viable option for removing 

nutrients and metals from water and/or retaining particulate matter in suspension from different 

polluting sources. However, information on the influence of AFIs implementation aiming at the 

maintenance of water quality of fishponds, as well as the ideal development of fish in 

production systems, is still a challenge. Thus, in this study, the authors have evaluated the effect  

of AFIs implementation, colonized by Eichhornia crassipes, on the water quality of Nile tilapia 

fishponds and on the development of these animals during the grow-out period. 

2. MATERIALS AND METHODS 

2.1. Study area 

This study was carried out for 133 days (November 2018 to April 2019) in six fishponds 

producing Nile tilapia located at the Experimental Station of the Regional Pole for 

Technological Development of the Paraíba Valley Agribusiness, Pindamonhangaba, São Paulo 

State, Brazil. 

2.2. Description of production system and feed management 

Six excavated earthen-bottom fishponds with 200 m2 of surface area, approximately 1.2 m 

deep and a total volume of 240 m³ were used. The water supply came from the water reservoir 

located inside the experimental station and the effluent was discharged into the receiving water 

body (Ribeirão do Borba), which is one of the sources of Ribeirão do Cortume, part of the 

Paraíba do Sul River Basin, SP, Brazil (Figure 1). Water renewal in the fishponds was constant, 

the average water residence time was 26 h during the experiment and there was no mechanical 

aeration. 

The limnological characteristics of the water supply, such as water temperature (26.4ºC), 

pH (6.25), turbidity (25 NTU), conductivity (50 μS cm-1), dissolved oxygen (6.88 mg L-1) and 
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total dissolved solids (0.034 mg L-1), were regularly monitored during the study period and are 

detailed in Osti et al. (2020). The semi-intensive production system was used for the grow-out 

period of male Nile tilapia (Oreochromis niloticus), sexually reversed, with an initial average 

weight of 22.64 g, stocked at the density of three fish per m2.  

 
Figure 1. Study area location. The 200 m² excavated fishponds distributed in series, the source of 

water supply and the place where the effluent is discharged from the fishponds are highlighted.  
(Google Earth pro source - Image taken on July 23, 2019). 

During the grow-out period, the extruded formulation of QUALY® fish feed containing 

32–45% crude protein and 1.0–1.3% phosphorus was offered twice a day. The amount of feed 

offered was 1.5–3.0% of the total estimated biomass, taking into account the stage of population 

development (size/age) and the estimated biomass produced. To estimate the biomass produced, 

biometrics were performed monthly considering the analysis of a batch containing 10% of the 

total fish population of each pond. 

2.3. Design of artificial floating islands 

The experimental design was completely randomized with two treatments and three 

replications (Figure 2). The treatments were as follows: T1) Nile tilapia grow-out fishponds 

with artificial floating islands (AFIs) colonized by Eichhornia crassipes and T2) Nile tilapia 

grow-out fishponds without artificial floating islands (without AFIs). 

The artificial floating islands installed in the fishponds were built with 2 m² each, using 

PVC pipes and fishing nets, easy-finding and low-cost materials, occupying 10% of the 

fishpond area. The details of the structure and dimensions of the AFIs are described in Osti et 

al. (2020). According to the aforementioned authors, the floating artificial islands model is easy 

to install and maintain, robust enough to withstand macrophyte management, and it is not 

necessary to remove it for fish measurements throughout the grow-out period. The fishing nets 

are suited to fix the root system of macrophytes, preventing their dispersion in the fishponds. 
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Figure 2. Schematic drawing of the Nile tilapia (O. niloticus) grow-out fishponds and the artificial 

floating islands colonized by Eichhornia crassipes. Adapted from Osti et al. (2020). 

2.4. Limnological variables 

Limnological variables were measured based on triplicates of water samples collected 

every two weeks during 133 days from December 2018 to April 2019. Sampling was carried 

out in the center of the fishponds between 9:00 am and 10:00 am (Figure 2). 

Water temperature (°C), dissolved oxygen (mg L-1), electrical conductivity (μS cm-1), 

turbidity (NTU), total dissolved solids (mg L-1) and pH were measured in situ using a Horiba 

U-50 multiparametric probe. The water transparency was determined through the visual 

disappearance of the Secchi disk (m). With the aid of sterilized bottles, water samples were 

collected for the analysis of total nitrogen (TN) (μg L-1) and total phosphorus (TP) (μg L-1) 

following the methodology described by Valderrama (1981); nitrite (NO2
--N) (μg L-1) and 

nitrate (NO3
--N) (μg L-1) were determined according to Giné et al. (1980). While the total 

ammonia nitrogen (TAN) (μg L-1) followed the Nessler technique described in APHA et al. 

(2005), the ammonia (NH3-N) and ammonium ion (NH4
+-N) fractions were determined based 

on the chemical balance between nitrogen forms as a function of temperature and pH, according 

to the mathematical model described by Emerson et al. (1975) and Chapra (2008). Organic 

nitrogen (OrgN) was estimated by the difference between TN and the sum of NO2
--N, NO3

--N 

and TAN. Orthophosphate (PO4
3--P) (μg L-1) was determined by the method described by 

Strickland (1960). The concentration of chlorophyll a (CL a) was estimated using the method 

and calculation described by Marker et al. (1980) and Sartory and Grobellar (1984). The 

analyses were performed at the water quality laboratory of the Fisheries Institute. 

2.5. Statistical analyses  

The means of the final weight, harvest mass and apparent feed conversion rate were 

compared between the fishponds with and without AFIs using the t-test (Semmar, 2013). A 

descriptive analysis was performed for the limnological variables between the fishponds with 

and without AFIs structure and for the tilapia production data. To assess possible differences in 

water quality between the fishponds with and without AFIs, we used the Kruskal-Wallis 

independent non-parametric test (α = 0.05) (Corder and Foreman, 2014). 

To assess the relationship of limnological variables between treatments, especially the 

influence of macrophytes in the fishponds with AFIs, we used the Principal Component 

Analysis (PCA) through the correlation matrix between the Nile tilapia grow-out fishponds with 

and without artificial floating islands and limnological variables (Vicini, 2005). The 

limnological variables that showed the highest Pearson correlation with axes 1 and 2 (r > 0.5) 

were retained, whereas the variables that could cause multicollinearity were excluded 
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(Legendre and Legendre, 2012). For the analysis, the PC-ORD 6.0 program for Windows 

(McCune and Mefford, 1997) was used, and the data was transformed by [log (x + 1)], except 

for pH. 

3. RESULTS 
The final average weight, survival rate and harvest mass in the fishponds with artificial 

floating islands technology were 232.78 g per animal-1, 90% and 5,753 kg ha-1, respectively. 

These results were similar to those observed in the fishponds without AFIs, which corresponded 

to 233.35 g per animal-1, 90% and 5,788 kg ha-1, respectively. The amount of feed offered 

throughout the grow-out period was the same for both fishponds and reached 9,743 kg ha-1 

(Table 1).  

Table 1. Zootechnical performance data of Nile tilapia during the 

grow-out period in a semi-intensive production system and 

excavated fishponds (n = 3) with artificial floating islands colonized 

by Eichhornia crassipes (AFIs) and without artificial floating 

islands (without AFIs). Data from Osti et al. (2020). 

Zootechnical performance AFIs Without AFIs 

Initial average weight (g) 23.97 (2.8) 21.3 (1.3) 

Final average weight (g) 232.78 (14.2) 233.35 (44.35) 

Harvest mass (kg ha-1) 5,753 (395) 5,788 (1.170) 

Survival (%) 90 90 

Apparent Feed Conversion Rate 1.7 (0.1) 1.73 (0.4) 

In general, the results of limnological variables observed in the Nile tilapia fishponds with 

or without AFIs are within the ideal range for tropical fish production when compared to 

specialized literature (Table 2). The fishponds with AFIs had the lowest average concentrations 

of TN and TP (409.1 ± 68.3 µg L-1 and 66.2 ± 11.8 µg L-1, respectively), when compared to the 

fishponds without AFIs (449.8 ± 77.3 µg L-1 of TN and 84.4 ± 14.2 µg L-1 of TP). The mean 

value of water transparency registered in the fishponds with AFIs (0.47 ± 0.1 m) was higher 

than the mean value observed in the fishponds without AFIs (0.44 ± 0.1 m). The mean values 

of conductivity, water temperature, pH and DO did not differ between the fishponds with AFIs 

(50 ± 10 μS cm-1; 26.9 ± 0.9ºC; 5.9 ± 0.3 and 5.7 ± 0.9 mg L-1 and without AFIs (0.05 ± 0.01 

µS cm-1; 27.3 ± 1.2ºC; 6.1 ± 0.2 and 5.8 ± 1.2 mg L-1), respectively (Table 2).  We observed a 

decrease in nutrient concentrations between the fishponds with and without AFIs. Ammonia 

and ammonium ion concentrations were reduced by 44 and 10%, respectively, while total 

phosphorus and orthophosphate decreased by 21.6 and 16%, respectively. 

The joint analysis of the data, through the Principal Component Analysis (PCA) (Table 3; 

Figure 3), evidenced in the first axis (PC1 = 50.63% of explicability) the formation of two 

groups ordered based on the presence or not of the AFIs technology and limnological 

characteristics. The first group was formed by the fishponds with AFIs and related to the highest 

values of water transparency (Secchi) and the lowest values of pH, turbidity, total dissolved 

solids and concentrations of chlorophyll a (CL a), total nitrogen (TN), total ammonia nitrogen 

(TAN), total phosphorus (TP) and orthophosphate (PO4
3--P). The second group was formed by 

the fishponds without AFIs and related to the highest values of the variables mentioned, except 

for water transparency, which was lower. The second axis (PC2 = 20.05% of explicability) 

showed the relationship between limnological variables compared to the production period. 

With approximately 30 days of production, the fishponds with AFIs had the lowest 

concentrations of TP and PO4
3--P, whereas for CL a, TN and TAN, the differences were 
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registered more accentuated only after 90 days of production and coincided with the plant 

management period. Although reduced concentrations of dissolved oxygen were observed 

shortly after plant management, the fish development was not compromised, since DO 

concentrations remained above 4 mg L-1, which is considered suitable for tropical fish 

production. 
 

Table 2. Average concentrations, standard deviation (SD), minimum (Min) and maximum (Max) values 

of the limnological variables of the fishponds with and without artificial floating islands (AFIs), during 

the grow-out period of Nile tilapia.  Average values followed by different letters (a and b) in the same 

row indicate differences of statistical significance by Kruskal-Wallis test (p < 0.05). 

Limnological variables 
Without AFIs AFIs 

References 
Average (SD) Min-Max Average (SD) Min-Max 

T. (ºC) 27.32 (1.23) a 25.2-29.2 26.90 (0.98) a 25.4-28.8 26-30€ 

pH 6.14 (0.29) b 5.5-6.7 5.94 (0.33) a 5.1-6.4 6.0-8.5§ 

Cond. (µS cm-1) 55.97 (16.05) a 24.0-96.0 54.23 (13.58) a 37.0-86.0 --- 

Turbidity (NTU) 36.29 (17.2) b 11.1-76.7 27.86 (17.18) a 7.3-79.3 < 100 β 

DO (mg O2 L
-1) 5.82 (1.53) a 4.2-9.7 5.72 (1.46) a 3.2-8.9 > 5.0# 

DO (%) 73.97 (21.19) a 46.8-128.8 69.01(23.32) a 5.7-116.0 > 50%§ 

TDS (µg L-1) 36.80 (10.15) a 14.0-65.0 36,26 (10.01) a 25.0-60.0 --- 

TN (µg L-1) 449.76 (80.03) b 293.3-609.9 409.11 (69.42) a 303.1-546.8 --- 

TAN (µg L-1) 434.3 (74.92) b 300.0-506.7 389.0 (68.04) a 290.0-480.0 --- 

NH4
+-N (µg L-1) 433.8 (77.70) b 279.5-577.8 388.7 (68.05) a 279.9-479.3 --- 

NH3-N (µg L-1) 0.50 (0.34) b 0.078-1.355 0.28 (0.20) a 0.025-0.742 < 70β 

NO2
--N (µg L-1) 3.53 (0.59) a 2.3-4.6 3.21 (0.72) a 1.2-4.5 < 300§ 

NO3-N (µg L-1) 0.015 (0.005) a 0.1-0.02 0.014 (0.005) a 0.01-0.02 --- 

PO4
3--P (µg L-1) 7.55 (0.55) b 6.4-8.9 6.34 (0.89) a 4.8-8.2 --- 

TP (µg L-1) 84.41 (16.64) b 44.6-129.0 66.19 (13.95) a 33.5-103.1 --- 

Secchi (m) 0.43 (0.11) a 0.22-0.62 0.47 (0.12) a 0.26-0.72 30-50§ 

CLa (µg L-1) 4.45 (1.67) b 2.5-7.7 3.01 (0.44) a 2.5-4.1 --- 

β El-Sayed (2019); § Kubitza (2003); # Boyd and Tucker (1998); € Ono and Kubitza (2003). 

Table 3. Pearson correlation coefficient between physical and chemical 

variables in the fishponds with AFIs and Without AFIs, during the grow-

out period of Nile tilapia.  

Limnological variables  Abbreviation Axis 1 Axis 2 

Dissolved oxygen (mg L-1) DO -0.041 -0.523 

Total dissolved solids (mg L-1) TDS -0.450 -0.408 

Secchi (m) Secchi -0.685 -0.577 

Chlorophyll a (µg L-1) CLa 0.830 -0.119 

Total nitrogen (µg L-1) TN 0.806 0.278 

Total ammonia nitrogen (µg L-1) TAN 0.822 0.283 

Total phosphorus (µg L-1) TP 0.677 -0.593 

Orthophosphate (µg L-1) PO4
3--P 0.635 -0.584 

 Explicability 50.63% 20.05% 
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Figure 3. Principal component analysis biplot with ordination of the studied environments in 

relation to limnological variables in the fishponds with AFIs and Without AFIs, during the grow-

out period of Nile tilapia. 

4. DISCUSSION 

The artificial floating island technology used in this study improved the water quality of 

the Nile tilapia fishponds, significantly reducing concentrations of TN, TAN, NH+
4-N, NH3-N, 

TP, PO4
3--P and chlorophyll a, without affecting zootechnical performance of fish that achieved 

a yield considered satisfactory for the species (Pezzato et al., 2004; Luz and Portella, 2005). 

The AFIs with macrophytes and their associated periphyton exert changes in the water 

quality of fishponds (Crispim et al., 2009, Sipaúba-Tavares et al., 2015; Chang et al., 2017), as 

shown in Figure 3. These alterations occur directly and indirectly. The direct change is the 

assimilation of nutrients that are present in the water body, which are used in the growth 

metabolism of macrophytes and their associated periphyton. The assimilation of nutrients by 

autotrophic organisms, such as macrophytes and algae, in general, is associated with the activity 

of chloroplast through reactions that are activated by light, as well as the balance of CO2/HCO3
-

/CO3
2-, which influences the pH, associated with photosynthesis/respiration processes (Henry-

Silva and Camargo, 2008; Rodrigues et al., 2010). Aquatic macrophytes with large biomass 
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and fast growth, such as E. crassipes, probably require more nutrients when compared to 

emerging and/or free-floating macrophytes with less biomass and, therefore, efficiently remove 

nutrients from the water column (Henares and Camargo 2014; Osti et al., 2018b). Cumulatively, 

macrophytes and their periphyton remove nutrients and pollutants present in the water by 

various mechanisms, such as assimilation, development of biofilms, release of extracellular 

enzyme, sedimentation and trapping of contaminants, as well as increase flocculation of 

suspended matter (Sipaúba-Tavares et al., 2015; Yeh et al., 2015; Nafath-Ul-Arab et al., 2021). 

Chang et al. (2017) suggests that the ability of macrophyte roots to secrete oxygen, forming 

anaerobic/anoxic/oxi micro-areas, promote mechanisms that are similar to the process of 

treating sanitary effluents by activated sludge with removal of nutrients, known as the Phoredox 

system or A2/O (anaerobic/ anoxic/oxi). The indirect action of macrophytes in the water, on the 

other hand, occurs through competition between macrophytes and phytoplankton, either for 

nutrients or for photosynthetic radiation (Abdel-Tawwab, 2006). In fishponds, phytoplankton 

are of fundamental importance for maintaining water quality, since they can significantly alter 

the concentration of nutrients, gases and water pH during photosynthesis/respiration processes 

(Boyd and Tucker, 1998; Rodrigues et al., 2010), and when in bloom formation, they can lead 

to a decrease in productivity performance and fish mortality with a consequent decrease in the 

profitability of the activity (Mercante et al., 2007; Boyd, 2006). 

The phosphate ion, an assimilable form by autotrophic organisms, represented less than 

10% of the total phosphorus in the fishpond water. However, the ammonium ion represented 

more than 90% of the total nitrogen present in the water, followed by the organic fraction with 

less than 5%, as shown in Table 4. Despite the high concentration of nitrogen in the ammoniacal 

form, the concentration of ammonium gas remained at levels considered safe in both treatments 

due to the neutral/slightly acidic pH, which led to the predominance of the ammonium ion in 

the fishpond water (Mercante et al., 2018). 

Table 4. Nitrogen fractions present in the fishponds with and without artificial 

floating islands (AFIs), during the grow-out period of Nile tilapia. 

 OrgN (%) NH4
+-N (%) NH3-N (%) NO2

--N (%) NO3
--N (%) 

AFIs 4,16 94,96 0,07 0,81 0 

Without AFIs 2,64 96,45 0,11 0,80 0 

Reduced forms of nitrogen, that is, the organic and ammoniacal forms, consume oxygen 

through nitrification in the oxidation process of the ammonium ion (NH4
+-N). The two main 

genera of bacteria that participate in this process are Nitrosomonas, that oxidize NH4
+-N to 

nitrite (NO2
--N), and Nitrobacter, that oxidize NO2

--N to nitrate (NO3
--N) (Vasconcelos et al., 

2020). During this process, each 1 g of nitrogen in ammoniacal form consumes 4.57 g of 

dissolved oxygen (Esteves, 2011). Thus, the average concentration of ammonium ion found in 

the fishponds without AFIs (433.8 µg L-1) represents a theoretical oxygen demand of 1.98 mg 

L-1 for its oxidation to nitrate, 12% higher than what was registered in the fishponds with AFIs 

(1.77 mg L-1). The dissolved oxygen concentration observed in both fishponds was close to the 

lower limit considered suitable for fish production (Boyd and Tucker, 1998). Thus, the 

concentrations of total ammonia nitrogen exerted an extra pressure on the DO concentration, 

which is an essential gas for the success of the production system. 

In the fishponds with AFIs, the reduction in TP concentration was lower than that of TN 

(Table 2). This result can be explained by the fact that the preferred form of nutrient assimilation 

by macrophytes is the inorganic fraction (Chang et al., 2017), and phosphorus limitation may 

have occurred for the full development of the macrophyte, given that only 10% of the total 

phosphorus was in the inorganic form. The high concentrations of TP observed in the fishponds 

with AFIs (103.1 µg L-1) may have led to phosphorus saturation in the plant tissue. According 
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to Henares and Camargo (2014), this is due to the species saturation point that is 0.26 mg L-1 

of N and 77 µg L-1 of P. A similar result was recorded by Gaballah et al. (2021), who evaluated 

the efficiency in the removal of nutrients with AFIs colonized by E. crassipes in a pilot study, 

and verified a decline in the removal of P after 5 days of experiment and related these values to 

phosphorus saturation. The N:P ratio should also be considered when studying the removal of 

nutrients by E. crassipes, since this species accumulates N more quickly in its tissue than P, 

and phosphorus assimilation is affected by the N:P ratio (Jayaweera and Kasturiarachchi, 2004). 

Sato and Kondo (1981), in an experimental trial, found out that concentrations of 50 mg L-1 of 

nitrogen and 13.8 mg L-1 of inorganic phosphorus are needed for the ideal development of E. 

crassipes, which results in a DIN:DIP ratio of 8:1. Reddy and Tucker (1983) suggest that to 

achieve the maximum biomass yields of E. crassipes, the optimum N:P ratio in the water must 

be between 5:1 and 11:1 of DIN:DIP ratio. In the fishponds with AFIs, the average N:P ratio 

was 14:1, whereas the average DIN:DIP ratio was 134:1 (Figure 4). 

 
Figure 4. Box-plot of N:P and NID:PID ratios in the fishponds with and without artificial floating 

islands (AFIs), during the grow-out period of Nile tilapia. Box plot presents the median (squares), 

interquartile distance (box), minimum and maximum (whiskers), outlines (circles) and extremes 

(asterisks). 

The residence time of water in fishponds is a parameter that must be controlled to improve 

the efficiency of the AFIs (Osti et al., 2020). Sipaúba-Tavares et al. (2002) recommend 

hydraulic retention time between 1 and 4 days for a more efficient removal of nutrients and 

other pollutants by aquatic plants. However, Gentelini et al. (2008) and Osti et al. (2018b) 

observed phosphorus removal efficiency of 41 and 38% with hydraulic retention times of 12 

and 13 hours, respectively. In this experiment, the total phosphorus removal efficiency by the 

AFIs was 21.6% with a hydraulic retention time of 26 hours, which may have limited the AFIs 

removal efficiency. The proper water quality, even in the fishponds without AFIs, may be 

explained by the low hydraulic retention time and the quality of the water that supplies the 

production system. 

The coverage rate of the islands is an extremely important factor, since AFIs can restrict 

the diffusion of oxygen from air to water (Chang et al., 2017). Boyd and Tucker (1998) suggest 

that macrophyte coverage between 10-20% in fishponds is generally harmful. Abdel-Tawwab 

(2006) observed that coverages above 50% of the surface area of fishponds, colonized by the 

macrophyte Azolla pinatta, significantly reduced the concentrations of oxygen, pH, 

conductivity, phosphate, nitrate, phytoplankton, zooplankton and fish productivity. The author 

recommends that macrophyte coverage should not exceed 25% of the surface area of fishponds 

to obtain a balanced ecosystem. Saeed and Al-Nagaawy (2013), when evaluating the effect of 

E. crassipes with a coverage of 10% in tilapia fishponds, observed a slight effect on water 
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quality, a decrease in the nutrient load and phytoplankton biomass, which had no significant 

effect on fish production. Chang et al. (2017) point to an ideal coverage of approximately 20%, 

as long as the aerobic condition is maintained without artificial aeration. In this study, the 

presence of AFIs, at a coverage rate of 10% of the fishponds’ surface, improved the water 

quality, reducing the values of pH and turbidity, as well as the concentrations of TN; TAN; TP; 

PO4
3--P and Cl a (Table 2), without affecting fish productivity.  

5. CONCLUSIONS 

The artificial floating islands (AFIs), colonized by Eichhornia crassipes and covering 10% 

of the fishponds area, reduced the concentrations of nutrients and chlorophyll a without 

affecting the zootechnical performance of Nile tilapia. After 30 days of colonization with E. 

crassipes, the reduction of inorganic and organic forms of nitrogen and phosphorus were 

evidenced. The decrease in pH, water transparency, chlorophyll a and turbidity occurred after 

90 days of colonization.  Artificial floating islands technology should be encouraged for small- 

and medium-sized farmers as a tool to improve water quality in fishponds. However, new AFIs 

coverage rates must be evaluated, as well as the control of hydraulic retention rates, to promote 

meaningful improvements in water quality without impairing fish production. 
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ABSTRACT  
“Erodibility” is a characteristic of the soil that represents the susceptibility with which its 

particles from the most superficial layer are taken and transported to lower places by erosive 

agents, causing environmental and economic damages. This work estimated soil erodibility in 

pastures and forest areas in the municipality of Porto Velho-Rondônia. In the field, three areas 

with different types of vegetation were selected, one with brachiaria, another with mombaça 

grass, and a third in native forest. In areas with pastures, a sampling mesh of equal sizes was 

outlined (90 m x 60 m), and in the forested area an approximate sampling mesh (90 m x 50 m), 

with a regular spacing of 10 m between the samples points for both areas. The sampling was 

done at the crossing points of the mesh at a depth of 0.0-0.2 m, composing 70 sample points in 

the areas with pastures and 60 sample points in the forest area, totaling 200 samples. Then, 

laboratory analyzes were carried out to determine the texture followed by the fractionation of 

the sand, and the organic carbon followed by the estimate of the organic matter of the soil. The 

erodibility factors were calculated using indirect prediction models, and then, univariate, 

geostatistical and multivariate techniques were applied. The pastures’ environments differed 

from the forest environment. However, the mombaça grass area functions as an intermediate 

environment between the forest and the brachiaria, being closer to the forest environment. 
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Variabilidade espacial da erodibilidade do solo em áreas de pastagens 

e floresta no município de Porto Velho, Rondônia 

RESUMO 
A erodibilidade é uma característica do solo que representa a susceptibilidade com que 

suas partículas da camada mais superficial são levadas e transportadas para locais mais baixos 

por agentes erosivos, causando danos ambientais e econômicos. O objetivo deste trabalho foi 

estimar a erodibilidade do solo em áreas de pastagens e florestas no município de Porto Velho-

Rondônia. Em campo, foram selecionadas três áreas com diferentes tipos de vegetação, uma 

com braquiária, outra com capim mombaça e uma terceira em floresta nativa. Nas áreas com 

pastagens, foi delineada uma malha amostral de tamanhos iguais (90 m x 60 m), e na área de 

floresta uma malha amostral aproximada (90 m x 50 m), com espaçamento regular de 10 m 

entre os pontos amostrais para ambas as áreas. A amostragem foi realizada nos pontos de 

cruzamento da malha na profundidade de 0,0-0,2 m, compondo 70 pontos amostrais nas áreas 

com pastagens e 60 pontos amostrais na área de floresta, totalizando 200 amostras. Em seguida, 

foram realizadas análises laboratoriais para determinação da textura seguida do fracionamento 

da areia, e do carbono orgânico seguida da estimativa da matéria orgânica do solo. Os fatores 

de erodibilidade foram calculados por meio de modelos de predição indireta e, em seguida, 

foram aplicadas técnicas univariadas, geoestatísticas e multivariadas. Os ambientes de 

pastagem diferiram do ambiente de floresta. No entanto, a área de capim mombaça funciona 

como um ambiente intermediário entre a floresta e a braquiária, estando mais próxima do 

ambiente de floresta. 

Palavras-chave: componentes principais, fatores erodibilidade, krigagem. 

1. INTRODUCTION 

Soil erosion is a process of detachment and accelerated drag of soil particles caused by 

water (water erosion) or wind (wind erosion) (Demarchi et al., 2019). Erosion can be classified 

into: Geological or Natural erosion, which comes from natural phenomena that act continuously 

in the earth's crust for the benefit of the formation of the soil itself, being recognizable only 

over long periods of activity; and Accelerated or Anthropic erosion, which comes from the 

intensification of the natural erosive process due to the direct action of man on the soil-plant-

atmosphere system through the insertion of practices that destroy the balance of the natural 

conditions of this process (Bertoni and Lombardi Neto, 1999). 

According to Morgan (1995), soil erosion is basically caused by the detachment and 

transport of soil particles by the action of water and wind. The ease with which this process 

occurs is called soil erodibility, being one of the most worrying factors within agriculture 

because it directly and indirectly affects the plantation and the environment, being the main 

cause of the decline in soil fertility, even more in regions where there is greater degradation of 

the most fertile soil layers (Macedo et al., 2010). 

To solve this problem, several researchers have proposed indirect models for predicting 

soil losses (in the laboratory), which make it possible to consider the spatial and temporal 

variations of the conditioning factors of erosive processes. These models aim to assist in 

agricultural planning, to apply conservation techniques that reduce soil losses as much as 

possible, to minimize environmental and economic damage, and to improve soil quality 

(Amorim et al., 2010). 

The most widely used indirect prediction model in soil science has been the K-factor of 
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the Universal Soil Loss Equation (USLE), which expresses the soil's susceptibility to water 

erosion, capable of estimating soil losses from water erosion throughout the year. The K factor 

is important in estimating erosion losses, which is characterized by being a procedure for 

combining soil characteristics, which allows its assessment through the USLE (Marques et al., 

1997; Sá et al., 2004). 

Properly managed pasture systems improve soil properties, such as: water retention, 

aggregate stability, soil organic matter content and nutrient cycling (Franzluebbers et al., 2011). 

Soares et al. (2016) also found that pasture areas have high percentages of aggregates with 

larger diameters. 

Several studies have applied multivariate statistics to investigations of soil variables in 

pasture areas (Soares et al., 2016; Assunção et al., 2019; Dias et al., 2019; Zenero et al., 2019). 

According to Sena et al. (2002), one of the advantages of this technique is the formation of 

groups of populations with similar characteristics, allowing a better understanding of the 

variations of the processes that occur in the soil. 

Thus, analyzing the spatial variability of the soil, geostatistics has been used as a tool that 

allows the interpretation and projection of results based on the structure of its natural variability. 

In addition, it facilitates the understanding of the variability of properties, and of their influence 

on production, showing the best management alternatives (Silva Neto et al., 2012). Thus, the 

study estimated soil erodibility and spatial variation using geostatistical techniques in pasture 

and forest areas in the municipality of Porto Velho-Rondônia. 

2. MATERIAL AND METHODS 

2.1. Location and characterization of the study area 

The study was carried out in the União Bandeirante District, located in the city of Porto 

Velho, Rondônia, Brazil. The geographical coordinates are latitude 9º45'32” S and longitude 

64º31'39'' W (Figure 1), which represent three areas, two areas with pastures – brachiaria 

(Brachiaria brizantha cv. Marandu) and mombaça (Panicum maximum cv. Mombaça); and an 

area with native forest. 

 
Figure 1. Location map of the study area: A: Forest, B: Brachiaria 

(Brachiaria brizantha cv. Marandu) and C: Mombaça (Panicum 

maximum cv. Mombaça), in the municipality of Porto Velho, RO. 

The climate of the region belongs to Group A (Tropical Rainy Climate) and climate type 

Am (monsoon rains) according to the Köppen classification, presenting a short dry season 
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between the months of June and September. The annual rainfall ranges from 2,500 to 2,800 

mm. The annual temperature is between 24 to 26°C. The relative humidity is quite high, varying 

between 85 and 90% in the rainy season and between 60 to 70% in the dry season. The local 

relief is smooth and wavy with altitudes ranging from 100 to 200 m (Alvares et al., 2013). 

The soils found are developed from undifferentiated sedimentary covers, associated with 

environments of alluvial fans, fluvial channels, flood plains and lakes, made up of sediments 

whose granulometry varies from gravel to clay, with significant lateritization (Adamy, 2010). 

The predominant soils in Rondônia are the Latossolos, which occupy an area of around 

58%, being 26% of the Latossolo Vermelho Amarelo, 16% of the Latossolo Vermelho and 16% 

of the Latossolo Amarelo. Argissolos and Neossolos occupy 11% of the territory each, 

Cambissolos occupy 10% and Gleissolos occupy 9%. The other soil classes occupy the rest of 

the area (12%) (Schlindwein et al., 2012). The vegetation typology is called Dense 

Ombrophilous Forest (IBGE, 2004), composed of dense and multilayered trees between 25 and 

30 meters high (Perigolo et al., 2017). 

For implantation of pasture areas, deforestation was carried out with successive burning 

over time, aiming to facilitate the cleaning of areas for later sowing of forages. There are 110 

animals raised in the area, which covers 44.28 ha. These animals are rotated every 45 days 

between paddocks with brachiaria and mombaça grass, using a paddock for each grazing area. 

The area with brachiaria is 26.36 ha; it was planted in 2008 and remained unused for one 

year and was used infrequently until 2010, after which 4.5 animals/ha were used. The area with 

mombaça grass is 17.92 ha; it was introduced in 2007 and was left unused for three years, after 

which 6.14 animals/ha were used in the 45-day rotation between the brachiaria. 

2.2. Field methodology 

In the field, a 90 m x 60 m mesh was established for both areas with brachiaria and 

mombaça grass, and 90 m x 50 m for the forest area, with a regular spacing of 10 m between 

the sampling points for both areas. The crossing points of the meshes were georeferenced with 

GPS equipment (DATUM WGS 84) for the construction of the Digital Elevation Model (DEM). 

In each collection area, an altimetric survey was carried out (Figure 2). 

The soil was collected at the crossing points of the meshes, at a depth of 0.0-0.2 m, 

composing 60 sample points for the forest area and 70 points for each pasture area, totaling 200 

samples. For each area, we collected soil clods 10 cm high. These samples were used to 

determine the organic carbon and the physical properties of the soil. 

2.3. Laboratory methodology 

The collected soil underwent a process of natural drying and breaking, then it was sieved 

in a 2 mm mesh, composing the Air-Dried Fine Earth (ADFE) necessary for the analysis of 

organic carbon (OC) and particle size (sand, silt and clay) following the methodology proposed 

by Teixeira et al. (2017). 

Textural analysis of the soil was determined using the pipette method, with NaOH solution 

1 mol L-1 as a chemical dispersant and mechanical agitation using the Wagner type agitator, in 

a slow rotation apparatus for 16 hours at 50 rpm. 

The granulometric fractions of the sand obtained from the texture were sieved to determine 

the dimensions of its solid particles. Each sample was shaken for 3 minutes using a sieve pattern 

with the following meshes: 2 mm, 1 mm, 0.5 mm, 0.250 mm, 0.125 mm and 0.053 mm. For 

this fractionation of the sand, a Sieve Agitator (Teixeira et al., 2017) model SOLOTEST was 

used, necessary to estimate the erodibility factors. 

Organic carbon (OC) was determined by the Walkley-Black method (Walkley and Black, 

1934), modified by Yeomans and Bremner (1988), in which the OC is oxidized with a mixture 

of potassium dichromate 0.0667 mol L-1 and titrated with ammoniacal ferrous sulphate 0.102 
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mol L-1 in the presence of the diphenylamine indicator (1%) (Teixeira et al., 2017). Considering 

that the OC contributes around 58% in the composition of the humus, the organic matter (OM) 

of the soil was estimated by the expression: OM = OC x 1.724. 

 
Figure 2. Meshes of the study area: A: Forest, B: Brachiaria (Brachiaria brizantha 

cv. Marandu) and C: Mombaça (Panicum maximum cv. Mombaça), in the 

municipality of Porto Velho, RO. 

2.4. Calculation of erodibility factors (K, Ki, Kr) and shear stress (τc) 

To estimate soil erodibility, indirect prediction models were used, which involve the values 

of soil attributes analyzed in the laboratory. Thus, in the present work, the USLE (Universal 

Soil Loss Equation) and the WEPP (Water Erosion Prediction Project) models were used to 

determine the conditioning factors of erosion in the study sites. 

To calculate the global soil erodibility (K factor, t ha-1 MJ-1 mm-1 ha-1 h), the method 

modified by Denardin (1990) was used to evaluate K factor in Brazilian soils, according to 

Equation 1. 

𝐾 =  0.00000748 𝑀 +  0.00448059 𝑝 –  0.0631175 𝑋27 +  0.01039567 𝑋32     (1) 

Where: 

M = new silt x (new silt + new sand); 

p = permeability coded according to Wischmeier et al. (1971); 

X27 = [(0.002 x clay, %) + (0.026 x silt, %) + (0.075 x very fine sand, %) + (0.175 x fine 

sand, %) + (0.375 x medium sand, %) + (0.75 x coarse sand, %) + (1.5 x very coarse sand, %)] 

/ (clay, % + silt, % + sand, %); 

X32 = new sand x (OM/100); 

New silt = silt + very fine sand, %; 
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New sand = very coarse sand + coarse sand + medium sand + fine sand, %. 

To calculate the interrill erodibility (Ki, kg s m-4), rill erodibility (Kr, s m-1), and the 

critical shear stress (τc, N m-2), we use equations from the WEPP model proposed by Flanagan 

and Livingston (1995) (Equations 2, 3, 4, 5, 6 and 7). 

𝐊𝐢  𝐰𝐞𝐩𝐩 =  2728000 +  192100 VFS sand ≥  30%         (2) 

𝐊𝐢  𝐰𝐞𝐩𝐩 =  6054000 –  55130 CLAY sand <  30%          (3) 

𝐊𝐫  𝐰𝐞𝐩𝐩 =  0.00197 +  0.00030 VFS +  0.03863 ∗  EXP (−1.84 ∗ OM) sand ≥  30%    (4) 

𝐊𝐫  𝐰𝐞𝐩𝐩 =  0.0069 +  0.134 ∗  EXP (−0.20 ∗ CLAY) sand <  30%        (5) 

𝛕𝐜  𝐰𝐞𝐩𝐩 =  2.67 +  0.065 CLAY –  0.058 VFS  sand ≥  30%         (6) 

𝛕𝐜  𝐰𝐞𝐩𝐩 =  3.5 sand <  30%             (7) 

Where: 

VFS = very fine sand, %; 

CLAY = clay percentage; 

OM = soil organic matter, %; 

2.5. Statistical analysis 

2.5.1. Univariate and descriptive statistics 

After determining the texture, soil organic matter and erodibility factors, univariate 

statistics (ANOVA) were performed to compare means of the attributes individually by the 

Tukey test (p<0.05). Both descriptive statistics and ANOVA were performed using the SPSS 

21.0 software (IBM, 2017), in which the values of mean, median, standard deviation, coefficient 

of variation, asymmetry and kurtosis were calculated. The hypotheses of normality of the data 

were verified by the Kolmogorov-Smirnov test, using the statistical software Statistica 7.0 

(Statsoft, 2004). 

The coefficient of variation (CV%) was assessed according to the classification proposed 

by Warrick and Nielsen (1980), which classifies soil variables as: CV < 12%, 12 < CV < 60%, 

and CV > 60% for low, medium and high variability, respectively. 

2.5.2. Multivariate analysis 

For multivariate analysis (MANOVA), a factor analysis extracted by the method of 

Principal Component Analysis (PCA) was performed to obtain a set of smaller linear 

combinations of soil attributes that preserve most of the data provided by the soil property (Silva 

et al., 2010). The PCA aimed to find statistical significance of the sets of soil attributes that 

most discriminate between the environments under study, obtaining an answer as to in which 

environments the attributes are more influenced by the anthropic action. In this way, the PC is 

allowed to evaluate at the same time qualitatively the interactions between soil attributes by 

standardizing the values of the attributes to mean equal to zero and variance equal to one. 

The adequacy of the factor analysis was indicated by the Kaiser-Meyer-Olkin (KMO) 

measure, which assesses the simple and partial correlations of the variables, and by the Bartlett 

sphericity test, which accepts or rejects the equality between the correlation and identity 
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matrices. The extraction of the factors was performed by the principal component analysis, 

incorporating the variables that presented commonality equal to or greater than five (5.0), as 

described by Mingoti (2007). However, the choice of the number of factors to be used was 

made by the Kaiser criterion (factors that have eigenvalues greater than 1.0), so that they reach 

an accumulated variance above 70% of the variance of the variables. In order to simplify the 

factor analysis, orthogonal rotation (varimax) was performed and represented in a factorial 

plane of the variables for the principal components (Burak et al., 2010). 

2.5.3. Geostatistical analysis 

Geostatistics was used to assess the spatial variability of the analyzed attributes. For this, 

it was necessary to know if there is spatial dependence or not on the attributes studied, verified 

through the graph of the semivariogram. The GS+ 7.0 software (Robertson, 2004) was used to 

adjust semivariograms, based on the presupposition of the stationary intrinsic hypothesis 

(Equation 8). 

𝛾
^

(ℎ) =
1

2𝑁(ℎ)
∑ [𝑍(𝑥𝑖) − 𝑍(𝑥𝑖 + ℎ)]2𝑁(ℎ)

𝑖=1            (8) 

Where: 

γ (h) = semivariance value for a distance h; 

N (h) = number of pairs involved in calculating the semivariance; 

Z (xi) = value of attribute Z in position xi; 

Z (xi + h) = value of attribute Z separated by a distance h from position xi. 

During the adjustment, the coefficients of determination (R²) and cross-validation (C-V) 

served as the basis for choosing the best theoretical model for the semivariogram. From the 

choice of the model type (linear, spherical, gaussian, exponential), its parameters were defined 

(nugget effect – C0, sill – C0 +C, and range – a). 

To analyze the Degree of Spatial Dependence (DSD) of the attributes that presented a 

spatial dependence structure, the examination of the parameters of the semivariograms 

proposed by Cambardella et al. (1994) was used. Thus, the semivariograms that have: DSD ≤ 

25%, 25% < DSD < 75%, and DSD > 75% are considered as having strong, moderate and weak 

spatial dependence, respectively. 

After geostatistical modeling, the data generated were interpolated using kriging in the 

Surfer software Version 13.0 (Golden Software Inc., 1999). Then, the individual 

semivariograms were scaled for all variables in each area studied, with the aim of reducing 

them to the same scale, facilitating the comparison of results from different areas (Ceddia et al., 

2009). 

The experimental semivariograms were scaled by dividing the semi variances by the 

statistical variance (Guimarães, 1993). Thus, the choice of the scaled semivariogram model that 

best fitted the data was performed based on the determination coefficient (R2), cross-validation 

(C-V), in addition to the practical knowledge of the behavior of the attributes in the 

environments. 

3. RESULTS 

Evaluating the dispersion of the variables (Table 1), it was observed in the pasture areas 

(brachiaria and mombaça) in comparison with the forest area, that the measures of central 

tendency (mean and median) of the variables presented symmetrical distribution, and both 



 

 

Rev. Ambient. Água vol. 16 n. 6, e2750 - Taubaté 2021 

 

8 Lucivânia Izidoro da Silva et al. 

showed values very close for all attributes, which justifies normal or approximately normal 

distributions of the analyzed data. 

Table 1. Descriptive statistics of texture, organic matter and soil erodibility factors in 

pasture and forest areas in the city of Porto Velho, RO. 

Properties Mean Median Asymmetry Kurtosis 1S.D. 2CV% 3K-S 

 Native Forest area 

Sand (%) 50.67c 50.85 -0.03 -0.93 2.55 5.03 0.08* 

Silt (%) 5.66a 5.70 -0.06 -0.90 1.88 33.27 0.08* 

Clay (%) 42.68a 42.74 -0.14 -0.69 3.00 7.03 0.09* 
4OM (g.kg-1) 36.10a 35.46 0.55 0.21 4.85 13.43 0.06* 

5Factor K 0.03a 0.03 0.13 -0.48 0.00 8.65 0.08* 
6Ki wepp 3.42E6b 3.38E6 0.17 -1.35 2.08E5 6.08 0.13* 
7Kr wepp 0.0032b 0.00 0.11 -1.24 0.00 10.66 0.13* 
8 τc wepp 5.29a 5.28 0.07 -0.61 0.23 4.27 0.06* 

 Brachiaria area 

Sand (%) 66.83a 67.24 -0.24 -1.06 2.64 3.95 0.10* 

Silt (%) 2.95c 2.86 0.18 -0.90 0.89 30.07 0.06* 

Clay (%) 30.11a 29.92 0.12 -0.96 2.53 8.41 0.09* 
4OM (g.kg-1) 25.65b 25.85 -0.01 -0.55 3.93 15.33 0.05* 

5Factor K 0.01c 0.02 0.45 -0.14 0.00 13.56 0.09* 
6Ki wepp 3.80E6a 3.81E6 0.02 -1.39 3.51E5 9.23 0.13* 
7Kr wepp 0.0042a 0.00 0.00 -1.00 0.00 15.83 0.08* 
8 τc wepp 4.32c 4.30 0.36 -0.53 0.22 4.99 0.07* 

 Mombaça area 

Sand (%) 56.28b 56.65 -0.45 0.57 3.61 6.41 0.13* 

Silt (%) 4.45b 4.48 0.62 0.31 1.36 30.55 0.10* 

Clay (%) 39.27b 38.83 0.62 0.30 3.53 9.00 0.13* 
4OM (g.kg-1) 28.43b 27.23 1.02 1.44 6.30 22.16 0.12* 

5Factor K 0.02b 0.02 0.80 1.53 0.00 15.18 0.07* 
6Ki wepp 3.23E6c 3.19E6 0.35 -0.68 2.34E5 7.26 0.07* 
7Kr wepp 0.0031b 0.00 0.90 1.92 0.00 16.90 0.09* 
8τc wepp 5.07b 5.02 0.60 -0.03 0.26 5.11 0.10* 

Means followed by equal letters in the column do not differ by Tukey's test at the 5% 

probability level. 1S.D.: standard deviation; 2CV%: coefficient of variation, %; 3K-S: 

normality test (Kolmogorov-Smirnov significant at 5% probability); 4OM: organic 

matter; 5K: soil erodibility, t.ha-1.MJ-1.mm-1.ha.h; 6Ki wepp: interrill erodibility, kg.s.m-4; 
7Kr wepp: rill erodibility, kg.N-1.s-1; 8τc wepp: critical shear stress, N.m-2. 

It was noted through the texture results that the average values in the forest area indicate 

that this area has more clay, more organic matter and higher values of K and τc wepp than in the 

areas with pastures. 

Thus, the asymmetry values ranged from -0.45 to 1.02, where variables with values greater 

than zero represent data with an asymmetric distribution on the right while the negatives 

indicate that they have an asymmetric distribution on the left. For kurtosis, values from -0.03 

to 1.92 were observed; these values should preferably be null; however, values between -2 to 

+2 are acceptable (Negreiros Neto et al., 2014). 

In the mombaça grass area, it was found that the standard deviation values were high, 

highlighting the value of 6.30 g.kg-1 for organic matter (OM). For the forest area, the OM 

presented a standard deviation value equal to 4.85 g.kg-1 and the lowest value found for the 
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brachiaria area (3.93 g.kg-1). 

Through the classification of the variation coefficient (CV%) proposed by Warrick and 

Nielsen (1980), it was found that the highest value was found in the forest area (33.27%), 

followed by the mombaça grass area (30.55%) and brachiaria (30.07%,), all for the variable 

silt, being classified as medium variability of the data. The variable with the least variability 

was sand, with a value of 3.95% in the brachiaria area. 

In general, the K factor for all areas showed normal hypothetical data distribution using 

the Kolmogorov-Smirnov test at 5% probability. Thus, the erodibility factors K, Ki wepp and τc 

wepp showed low variability for the forest area, indicating a good homogeneity of the area, in 

addition to a good representativeness of the samplings performed. 

However, the K factor (t ha-1 MJ-1 mm-1 ha h) was lower in the brachiaria area (0.01), and 

a higher value was observed in the forest area (0.03), as in Table 1. Thus, the high value in the 

forest area may be related to the high content of OM present, which does not match the types 

of soils for which USLE was developed and adapted. 

Table 2 shows the parameters of the adjusted semivariograms that best describe the spatial 

distribution of the analyzed attributes. It was confirmed that in the forest area, the attributes 

have a spatial dependence structure with a moderate degree for sand (27.70%) and with a strong 

spatial dependence for all other attributes (DSD < 25%). Some variables showed a condition of 

pure nugget effect (PNE), such as the factor Ki wepp (interrill erodibility) and Kr wepp (rill 

erodibility), that is, they did not show a spatial dependence structure. 

On the other hand, in the brachiaria area the variable τc wepp showed moderate spatial 

dependence, with a value of 28.10% and the other variables a strong spatial dependence (DSD 

< 25%). In the mombaça area, it is observed that the variables sand, clay and organic matter 

showed strong DSD, with moderate DSD for the other variables, showing that possibly the 

mombaça grass area is more influenced by the intrinsic properties of the soil linked to the 

formation factors (Cambardella et al., 1994). 

Table 2. Models and parameters estimated for semivariograms, under 0.0-0.2 m layer, in forest and 

pasture areas in the municipality of Porto Velho, RO. 

Attri

bute 
Forest Brachiaria Mombaça 

 
Mo

d. 
C0 

C0+

C1 

a 

(m) 
R2 

DS

D% 

Mo

d. 
C0 

C0+

C1 

a 

(m) 
R2 

DS

D% 

Mo

d. 
C0 

C0+

C1 

a 

(m) 
R2 

DS

D% 

Sand 
Ex

p. 

3.

68 

13.

28 

79.

29 

0.

92 

27.7

0 

Ga

u. 

2.

31 

18. 

94 

89.

21 

0.

98 

12.2

0 

Ex

p. 

1.

85 

16.

02 

72.

00 

0.

81 

11.5

0 

Silt 
Ex

p. 

0.

83 

6.1

8 

25.

20 

0.

85 

13.4

0 

Lin

. 
- - - - 

PN

E 

Ex

p. 

0.

46 

1.3

0 

27.

60 

0.

81 

35.5

0 

Clay 
Ex

p. 

0.

01 

14.

51 

40.

50 

0.

90 
0.10 

Ex

p. 

0.

10 

14.

89 

90.

00 

0.

90 
0.70 

Ex

p. 

2.

52 

17.

26 

90.

00 

0.

90 

14.6

0 

OM 
Sp

h. 

0.

02 

32.

54 

22.

80 

0.

80 
0.60 

Sp

h. 

0.

01 

15.

03 

20.

69 

0.

71 
0.00 

Sp

h. 

7.

52 

30.

07 

17.

60 

0.

71 

25.0

0 

K 

Factor 

Ex

p. 

0.

00 

0.0

0 

32.

40 

0.

77 
0.00 

Ex

p. 

0.

00 

0.0

0 

39.

90 

0.

71 
0.00 

Ex

p. 

0.

00 

0.0

0 

27.

84 

0.

70 

37.5

0 

Ki wepp 
Lin

. 
- - - - 

PN

E 

Lin

. 
- - - - 

PN

E 

Lin

. 
- - - - 

PN

E 

Kr wepp 
Lin

. 
- - - - 

PN

E 

Lin

. 
- - - - 

PN

E 

Lin

. 
- - - - 

PN

E 

τc wepp 
Ex

p. 

0.

01 

0.0

8 

48.

00 

0.

81 

15.4

0 

Ex

p. 

0.

03 

0.0

3 

86.

78 

0.

95 

28.1

0 

Ex

p. 

0.

02 

0.0

8 

86.

40 

0.

86 

28.4

0 

Mod.: Model; Sph.: Spherical; Exp.: Exponential; Lin.: Linear; Gau.: Gaussian; C0: Nugget effect; 

C0+C1: Sill; a: Range; R²: Coefficient of determination; DSD%: Degree of Spatial Dependence; OM: 

Organic Matter; PNE: Pure Nugget Effect; K: Erodibility of the soil; Ki wepp: interrill erodibility; Kr wepp: 

rill erodibility; τc wepp: critical shear stress. 

The adjustments of the experimental semivariograms, kriging maps and spatial dependence 

analysis are shown in Figures 3, 4, 5, 6, 7 and 8, for the forest, brachiaria and mombaça grass 

areas. 
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Figure 3. Experimental semivariograms adjusted for erodibility factors 

at a depth of 0.0-0.2 m, in a forest area in the municipality of Porto 

Velho, RO. The letters represent the attributes: silt (a), clay (b), sand (c), 

OM (d), K factor (e) and shear stress (f). The values in parentheses 

represent, respectively: coefficient of determination (R2), cross-

validation (C-V) and range (a). 

 
Figure 4. Experimental semivariograms adjusted for erodibility 

factors at a depth of 0.0-0.2 m, in a brachiaria area in the 

municipality of Porto Velho, RO. The letters represent the 

attributes: sand (g), clay (h), OM (i), K factor (j) and shear stress 

(k). The values in parentheses represent, respectively: coefficient 

of determination (R2), cross-validation (C-V) and range (a). 
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Figure 5. Experimental semivariograms adjusted for erodibility factors at a 

depth of 0.0-0.2 m, in a mombaça grass area in the municipality of Porto Velho, 

RO. The letters represent the attributes: sand (l), clay (m), K factor (n), silt (o), 

and OM (p). The values in parentheses represent, respectively: coefficient of 

determination (R2), cross-validation (C-V) and range (a). 

 
Figure 6. Kriging maps of soil attributes and erodibility factors in a native 

forest area in the municipality of Porto Velho, RO. 
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Figure 7. Kriging maps of soil attributes and erodibility factors in a brachiaria 

area in the municipality of Porto Velho, RO. 

 

 
Figure 8. Kriging maps of soil attributes and erodibility factors in a mombaça area 

in the municipality of Porto Velho, RO. 
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Through the results, it was possible to observe that the attributes showed spatial 

dependence, adjusting predominantly to the exponential and spherical models with values of 

R2 above 0.70 for all areas. 

Oliveira et al. (2015a), studying soils in Amazonas, observed the predominance of the 

spherical model in forest area and exponential model in pastures to the adjustment of 

semivariograms for soil attributes. 

The coefficient of determination showed values ranging from 0.71 to 0.98 while cross-

validation varied from 0.71 to 1.00 for all areas. According to Azevedo (2004), the more the R2 

is close to 1.00, the better the estimation of the values by the common kriging method. 

The scaled semivariograms for the three areas studied are shown in Figure 9. The model 

adjusted to the graphs is exponential for the three areas, which showed R2 performance between 

0.57 to 0.69 and cross-validation between 0.76 to 0.83. Oliveira et al. (2015b) also observed 

that, in forest and pastures areas, the exponential model fits better for the chemical attributes of 

the soil. 

 
Figure 9. Scaled semivariograms for the environments studied in Porto Velho, Rondônia. The values 

in parentheses indicate respectively: nugget effect (C0), range (a), Degree of Spatial Dependence 

(DSD%), coefficient of determination (R2) and cross-validation (C-V). 

The areas presented range values (a) ranging from 35.00 to 67.52 m, with the highest value 

being found for the brachiaria area and the lowest value in the native forest area. In relation to 

DSD%, the forest and brachiaria area showed variables with strong spatial dependence. In 

contrast, the mombaça grass area showed moderate spatial dependence (Cambardella et al., 

1994). 

The factor analysis showed significant results (KMO = 0.772; p <0.05, for the Barlett 

sphericity test) for the variables in the evaluated areas, showing suitability for the construction 

of the Principal Components (Figure 10). 

In the principal component analysis (PCA), with the variables with the highest scores, two 

main components were extracted, which could explain the total variability of the data for the 

0.0-0.2 m depth, in which the studied environments were influenced by the high levels of sand 

and clay, which interfere with soil compaction and OM accumulation (Table 3 and Figure 10). 

However, each area had a well-distributed score distribution within the factorial plane, 
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discriminating the specific characteristics presented by the type of management adopted in each 

studied area. 

 
Figure 10. Principal component analysis of soil attributes at 0.0-0.2 m depth in 

pastures and forest areas in the municipality of Porto Velho, RO. 

Table 3. Correlation between each principal 

component with soil texture and erodibility. 

Attributes Common Variation 
Factors 

PC1 PC2 

Clay 0.89 0.77* 0.52 

Sand 0.89 -0.73* -0.56 

OM 0.60 0.12 0.91* 

K 0.67 0.22 0.90* 

Ki wepp 0.34 -0.82* -0.01 

Tc wepp 0.42 0.78* 0.18 

Explanatory Variance 61.26 18.24 

* More discriminatory values; PC1: principal 

component 1; PC2: principal component 2. 

4. DISCUSSION 

Studies highlight that asymmetry and kurtosis are indicators of data distribution; however, 

they are more sensitive to extreme values than the mean and median, and such values close to 

zero indicate greater normality of the data (Kamimura et al., 2013; Alho et al., 2016), with 

symmetrical values or not, the ideal is that these values are close to the central zero value 

(Cortez et al., 2011). For kurtosis, values of - 0.03 to 1.92 were observed; these values should 

preferably be null, however values between -2 to +2 are acceptable (Negreiros Neto et al., 

2014). 

According to Oliveira et al. (2015a), the statistical measure of CV% allows comparing the 
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variability between samples of variables with different units; however, it does not allow 

analyzing the spatial variability of soil attributes. Considering that the CV% indicates the 

variability of the data in relation to the mean, the smaller the value the more homogeneous the 

data set is, it is possible to evaluate the homogeneous condition for the results found in the 

present study. 

According to Frogbrook et al. (2002), high values of CV% can be considered as the first 

indicators of the existence of heterogeneity in the data. Thus, based on the CV% values found, 

it was possible to state that the analyzed attributes presented low to medium variation for the 

studied areas, corroborating the results found by Cunha et al. (2017). 

In general, analyzing the results of factor K, it was observed that they were lower than the 

values of 5.21 x 10-2 t ha-1 MJ-1 mm-1 ha h, found by Nunes et al. (2017) studying the application 

of the universal equation of soil losses in Argissolos in the southern region of Amazonas. 

According to Castro et al. (2011), the K factor, can be classified into classes according to 

its potential, so that the authors adopt the following classifications: K < 9.00 x 10-3  (very low); 

9.00 x 10-3 < K ≤ 1.50 x 10-2  (low); 1.50 x 10-2  < K ≤ 3.00 x 10-2 (mean); 3.00 x 10-2 < K ≤ 

4.50 x 10-2 (high); 4.50 x 10-2 < K ≤ 6.00 x 10-2 (very high), and K > 6.00 x 10-2 (extremely 

high). 

In this sense, taking into account that values found in the three areas studied ranged from 

0.01 to 0.03 t ha- 1 MJ-1 mm-1 ha, it was possible to classify the areas in the following classes: 

low erodibility for the brachiaria area; and medium erodibility for mombaça grass and forest. 

However, the forest area is located in areas considered to be flatter, allowing less 

conditions for sediment losses caused by water erosion, since it is the main form of degradation 

of Brazilian soils, caused by rain drops and runoff, which carry suspended soil particles, 

nutrients, organic matter and chemicals, causing serious damage to agricultural activities 

(Bertol et al., 2007). 

Regarding Ki wepp and Kr wepp, it was possible to observe that the brachiaria area had the 

highest value compared to the other areas studied, with a clear significant difference between 

them. In general, pasture areas, although well managed, are heterogeneous, and this problem 

can be even more accentuated when pastures are established in sloping areas (Artur et al., 2014). 

When assessing the difference in texture for the three environments studied, it is observed 

that all areas at a depth of 0-0.2 m, showed a statistical difference (Table 1). When analyzing 

the fractions, it was observed that the sand fraction of the forest and pasture areas showed a 

significant difference between them by the Tukey test. The brachiaria area showed a medium 

texture, with high sand contents, while the forest and mombaça grass areas were clayey. The 

high levels of sand in the brachiaria area may be related to the topography of the respective 

areas, due to the flood of small particles of the mineral fraction (clay) and organic matter, which 

are transported by surface runoff. In general, studies highlight that the topography of the terrain 

has a strong influence on erosion losses, especially due to the degree of slope and the length of 

the ramp (Campos et al., 2008). 

Range (a) is a parameter of geostatistics that has served as a basis for sample planning, 

indicating the maximum distance at which the attribute is spatially correlated (Dalchiavon et 

al., 2012). Reflecting the degree of homogenization between the samples, the higher the value, 

the more homogeneous the phenomenon or process will be studied. Range values ranging from 

22.80 (OM) to 79.29 m (sand) were observed, followed by brachiaria from 20.69 (OM) to 90.00 

m (clay) and for mombaça grass 17.60 (OM) at 90.00 m (clay). This means that all neighbors 

within this radius can be used to estimate values in closer spacing, and that all samples are 

correlated and dependent on each other at the same distance from each other. 

The area with brachiaria showed higher values of range in relation to the other areas, 

indicating that the area of brachiaria has less variability and is more homogeneous. In contrast, 

the area with mombaça grass showed smaller values of range, indicating that this area has 
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greater variability, thus being more heterogeneous. Thus, this greater variability in the area of 

mombaça grass may be related to the greater grazing intensity (Alencar et al., 2016). 

The Degree of Spatial Dependence (DSD) presented values varying from 0.00 to 37.50% 

between the studied areas, presenting strong spatial dependence (DSD < 25%) and moderate 

(26% < DSD < 75%) (Cambardella et al., 1994), indicating that the studied variables are not 

randomly distributed in space (Cavalcante et al., 2011). 

The mombaça grass area showed a strong DSD for most of the variables compared to the 

variables of the forest and brachiaria environments, showing that possibly the mombaça grass 

area is more influenced by the intrinsic properties of the soil linked to the formation factors 

(Cambardella et al., 1994). 

However, the sand fraction of the forest area and the variable τc wepp for brachiaria area, 

along with the variables silt, K and τc wepp for mombaça grass, were shown to have a moderate 

spatial dependence (26% < DSD < 75%). For the other variables, a strong degree of spatial 

dependence was found. 

The semivariograms were adjusted to the exponential model for all areas studied except 

for the attribute OM, which presented the spherical model for brachiaria, mombaça and forest 

area (Figures 4, 5 and 6), and for the sand of the brachiaria area which best fit the Gaussian 

model (Figure 5). The choice of models was evaluated using the highest R2 value, corroborating 

with Faraco et al. (2008), in which they evaluated the exponential model for most variables, 

followed by the spherical and Gaussian model and excluding those that presented a pure nugget 

effect (PNE). 

According to Isaaks and Srivastava (1989), spherical models describe soil properties with 

high spatial continuity, that is, less erratic over short distances. Studies by Aquino et al. (2015), 

evaluating forest and pasture areas, observed that the spherical and exponential models were 

also the ones that best fit for physical soil attributes. 

Carvalho et al. (2010), in a study about spatial variability of the physical and chemical 

attributes of the soil, mention that the R2 and cross-validation are tools designed to evaluate 

alternative models of semivariograms that will perform kriging to predict values in places 

unsampled and to optimize sampling loops. The lowest values of the R2 obtained were found 

in factor K and OM in the three areas. But in general the values were high, allowing us to obtain 

maps of the spatial distribution of the attributes with quality. 

Kriging maps allow the establishment of land-use and management criteria in isolation for 

each variable evaluated, making it possible to improve the use of the area, the nutrition of 

pastures (Alencar et al., 2016), with decreased production costs and quick and certain decision 

making, enabling greater productivity and also the conservation of the environment through 
less use of pesticides, in addition to providing more detailed and useful records of the productive 

area (Santos et al., 2017). 

The K factor kriging maps showed smaller and uniform scores, indicating that soil losses, 

in general, occur more uniformly. Thus, the maps of the spatial distribution of the physical 

attributes are presented in Figures 7, 8 and 9, which allowed a greater understanding of the 

distribution of the analyzed areas. In this way, the study of the spatial distribution of the physical 
properties of the soil can be used to select indicators of groundwater storage and flow potential 

(Alvarenga et al., 2012) and to identify degraded pasture regions (Grego et al., 2012). 

Through maps it is possible to observe spatial correlations between attributes, mainly those 

related to compaction. In general, it is possible to verify which attributes are most influenced 

by the relief. It is observed that the variables related to the texture suffer more changes due to 

the relief, that is, this occurs due to the microreliefs present in the areas, which condition the 
different flows of water and the soil particles from the highest parts to the lowest with it (Oliveira 

et al., 2013). 

Burak et al. (2012) proved that the higher the PCA scores, the greater their contribution to 
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positive correlations between the variables that make up each factor. In contrast, the K factor 

had lower scores, so the lower the scores, the greater the contribution to negative correlations. 

The forest area showed most of the positive scores, while the pasture areas showed the 

most negative. According to Ribas and Vieira (2011), the objective of principal component 

analysis (PCA) is achieved when a relatively small number of extracted components have the 

ability to explain most of the variability in the original data. It allows us to qualitatively evaluate 

at the same time the interactions between the attributes of the soil. In general, these attribute 

values were normalized to the mean equal to zero (0) and the variance equal to one (1). 

In detail, the first component explained 61.26% of the total variability of the data; such a 

component presented a percentage of explanation for attributes more focused on soil 

granulometric characteristics such as: sand, clay, Ki wepp and τc wepp. It was also observed that 

only clay, OM, K and τc wepp correlated positively (Table 3, Figure 10). 

The mombaça grass area functions as an intermediate environment between the forest and 

the brachiaria, being closer to the forest environment (Figure 10). Thus, PC2 shows that 

brachiaria is discriminated by the highest sand content, and PC1 by Ki wepp. However, the area 

with mombaça grass showed intermediate levels in relation to the areas studied. In general, it 

was possible to attribute the highest levels of sand and the lowest levels of silt and clay in the 

pasture areas in relation to the forest, the greater intensity of removal of fine particles provided 

by the micro reliefs, and according to Oliveira et al. (2013), also to the conditioning of water 
flows (Oliveira et al., 2013), which are intensified by the low ground cover provided by pastures 

(Santos et al., 2018). 

The second PC had an explanation percentage of 18.24% of the data variability, with 

characteristics more related to the condition of OM and factor K of the soil, and both attributes 

showed a positive correlation (Table 3). However, studies that address the soil organic matter 

fractions and their direct link to the K factor are still needed to understand why these two 

variables have a direct dependence relationship. In general, both PCs retained a percentage of 

the explained variance of 79.50% (Table 3 and Figure 10). 

However, it was observed that all quadrants in each environment need differentiated 

management, more or less intensive, and thereby increase the efficiency of the use of natural 

resources, reducing the impact of agriculture on the environment and optimizing the economic 

costs for the agricultural system (Santos et al., 2017). Couto et al. (2016), evaluating through 

MANOVA different environments in the southwestern Amazon, observed that the pasture and 

forest environment do not differ statistically, corroborating the results found here. Oliveira et 

al. (2015b), evaluating soils under different uses in the southern region of Amazonas, also 

verified through multivariate analysis that forest and pasture environments do not differ from 

each other. 

However, studies are needed in other regions, mainly in Rondônia, where there is a high 

livestock production, as it is still possible to increase production without deforesting the areas, 

only improving the productivity of soils with adequate management, aiming at improving 

economic, social and environmental aspects. 

5. CONCLUSION 

The high spatial variability of physical attributes in the environment with mombaça grass 

is attributed to the greater intensity of grazing and animal trampling. 

The forest area represents most of the positive scores obtained in the principal component 

analysis, while the pasture areas the majority of the negative scores, indicating that the OM in 

the forest is correlated with the acidity components, differently from the correlations found for 

the pastures. 

The K factor presented low variability for pasture area compared to forest area, indicating 

a good homogeneity of the area in addition to a good representativeness of the samplings carried 
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out. 

The brachiaria area has higher values of Ki wepp and Kr wepp, with significant differences 

between the other areas. However, the forest and pasture environments differed in terms of soil 

erodibility, where the area with mombaça grass was intermediate between brachiaria and forest. 
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ABSTRACT  
Water treatment and reuse are fundamental because of the increasing demand for 

freshwater, especially in agriculture. Accordingly, this study evaluated the effects of turbidity 

of wastewater processed at the Effluent Treatment Station (ETE) of the UFSCar/Araras and of 

UV dose on microbial inactivation. The ETE treats up to 2000 L of wastewater daily from 

toilets and a university restaurant and has five components (grease box, septic tank, microalgae 

tank, upflow anaerobic filter, and wetlands). Pretreated effluents were used in the experiments, 

and sampling sites consisted of inspection boxes located after the wetlands. Sample collection, 

inspection, preservation, and analyses were performed according to standard methods. Sample 

turbidity was adjusted to 5, 50, 100, 200, and 300 nephelometric turbidity units (NTU), and UV 

doses of 7.2–28.8 mWs cm-2 were used. A 5 x 5 factorial design (five turbidity levels and five 

radiation doses) was used, totaling 25 treatments. Each treatment was performed in triplicate. 

The data were submitted to analysis of variance and Tukey’s test. The results showed that the 

increase in turbidity significantly decreased disinfection efficiency in samples with turbidity 

levels higher than 50 NTU. The microbial inactivation coefficients obtained here can be 

extrapolated to disinfection of wastewater with turbidity up to 300 NTU to eliminate 

thermotolerant coliforms. The UV sterilizer is feasible for wastewater treatment and its reuse 

in agriculture. 

Keywords: domestic effluent, sustainability, ultraviolet radiation, water reuse. 

Efeito da turbidez na desinfecção ultravioleta de águas residuais 

domésticas para reutilização agrícola 

RESUMO 
O tratamento e o reúso da água são fundamentais devido à crescente demanda por água 

doce, principalmente na agricultura. Nesse sentido, este estudo teve como objetivo avaliar os 
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efeitos da turbidez de águas residuárias tratada na Estação de Tratamento de Efluentes  (ETE) 

da UFSCar/Araras e da dose de UV na inativação microbiana. A ETE trata até 2.000 litros de 

águas residuais diariamente de banheiros e um restaurante universitário e tem cinco 

componentes (caixa de graxa, fossa séptica, tanque de microalgas, filtro anaeróbio de fluxo 

ascendente e wetlands). Efluentes pré-tratados foram usados nos experimentos, e os locais de 

amostragem consistiram em caixas de inspeção localizadas após os wetlands. A coleta de 

amostras, inspeção, preservação e análises foram realizadas de acordo com métodos padrão. A 

turbidez da amostra foi ajustada para 5, 50, 100, 200 e 300 unidades de turbidez nefelométrica 

(NTU) e doses de UV de 7,2-28,8 mWs cm-2 foram usadas. Foi utilizado um planejamento 

fatorial 5 x 5 (cinco níveis de turbidez e cinco doses de radiação), totalizando 25 tratamentos. 

Cada tratamento foi realizado em triplicata. Os dados foram submetidos à análise de variância 

e teste de Tukey. Os resultados mostraram que o aumento da turbidez diminuiu 

significativamente a eficiência da desinfecção em amostras com níveis de turbidez superiores a 

50 NTU. Os coeficientes de inativação microbiana aqui obtidos podem ser extrapolados para a 

desinfecção de águas residuais com turbidez de até 300 NTU para eliminar coliformes 

termotolerantes. O esterilizador UV é viável para o tratamento de efluentes e sua reutilização 

na agricultura. 

Palavras-chave: efluente doméstico, radiação ultravioleta, reúso de água, sustentabilidade. 

1. INTRODUCTION 

Increases in world population, urbanization, and water use for irrigation have led to 

irregular and disordered water supply, hence limiting water availability. This has promoted 

indirect reuse of wastewater without prior planning or treatment (Oliveira et al., 2019). 

However, after proper treatments, the reuse of effluents is an alternative to meet water demands 

of the agricultural sector, in which large amounts of freshwater are used (Zewde et al., 2019). 

Disinfection is considered a tertiary treatment, with emphasis on chlorination, ozonation, 

reverse osmosis, membrane filtration, and ultraviolet (UV) radiation (Collivignarelli et al., 

2018). However, these treatments are expensive and increase the toxicity of effluents (Chai et 

al., 2018). 

The purpose of UV sterilization is eliminating or inactivating microorganisms such as 

bacteria and viruses (Chhetri et al., 2018). UV radiation has been increasingly used in 

wastewater treatment in the last 25 years because of little contact time and high antimicrobial 

activity (Masschelein et al., 1989; Guo et al., 2009; Zewde et al., 2019). 

UV disinfection of water and wastewater normally uses low-pressure mercury lamps at the 

254 nm wavelength (Zewde et al., 2019). Short UV radiation (100 - 280 nm) causes changes in 

DNA and RNA molecules, which absorb radiation at wavelengths between 200 and 300 nm, 

especially at about 260 nm. This radiation range alters the structure and function of nucleic 

acids, inhibiting DNA replication and inactivating microbial cells (Gibson et al., 2017). More 

recently, Silva et al. (2020) evaluated the inactivation of Escherichia coli in effluent from an 

urban wastewater treatment plant subjected to UV-LED (Ultraviolet-Light Emitting Diodes) 

radiation, emitting UVA (365 and (405 nm) or UVC (255 and 280 nm). The authors indicated 

that 280 nm UV-LED appears to be crucial for the success of the disinfection process, with a 

4-log reduction being obtained at this wavelength. 

The advantages of UV radiation include absence of dangerous co-products or chemicals 

that could change water composition, in addition to short contact time and inactivation of 

viruses (Guo et al., 2012; Gibson et al., 2017; Bolyard et al., 2019). After UV radiation 

treatment, wastewater could be used in agriculture if legal requirements are met and its use does 

not alter microbial ecosystems in soils (Chevremont et al., 2013). 
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The degree of microbial cell inactivation is directly proportional to the UV dose applied. 

The dose is the amount of UV light emitted by the lamp and is calculated as the radiation 

intensity multiplied by the duration of exposure, as well as the dose of chemical disinfectants 

(Gibson et al., 2017; Zewde et al., 2019). Therefore, the use of adequate doses during 

disinfection is essential for the complete inhibition of microbial growth.  

UV radiation intensity decreases when penetrating materials due to its absorption 

(Artichowicz et al., 2020). Therefore, physicochemical properties of wastewater may affect UV 

light transmittance, and hence treatment efficiency. In this sense, the efficiency of UV radiation 

can be affected by water turbidity, suspended solid concentrations, microorganisms, cellular 

aggregates, leachate, and fluid density, thus requiring higher doses for disinfection process 

(Hassen et al., 2000; Brahmi et al., 2010; Uslu et al., 2015; Azimi et al., 2017; Bolyard et al., 

2019). Of these, turbidity, which is determined by the presence of suspended particles that 

reflect or absorb radiation, strongly affect UV transmittance and hence disinfection efficiency 

(Nourmoradi et al., 2012); in addition, colloidal particles tend to favor microbial activity (Burch 

and Thomas, 1998). 

The Center for Agricultural Sciences of the Federal University of São Carlos (CCA-

UFSCar) manages a Pilot Effluent Treatment Station (ETE), in which a UV sterilizer was used 

to remove microbial loads; however, the equipment has not performed steadily due to variable 

wastewater turbidity (Oliveira et al., 2019). Thus, in this study, we assessed at a bench scale 

the effect of wastewater turbidity and radiation dose on microbial inactivation using a UV 

sterilizer for effluent treatment. 

2. MATERIAL AND METHODS 

2.1. Study site 

The study was conducted at the ETE of CCA-UFSCar, located in Araras, São Paulo State, 

Brazil. The ETE treats up to 2000 liters of wastewater daily from toilets and a university 

restaurant and has five components (grease box, septic tank, microalgae tank, upflow anaerobic 

filter, and wetlands) (Figure 1). 

 
Figure 1. Schematic diagram of the effluent treatment station. 
(Source: Souza et al., 2015). 

2.2. Wastewater 

Pretreated effluents were used in the experiments, and sampling sites consisted of 

inspection boxes located after the wetlands (Figure 1). The effluents were characterized weekly 

from May to June (Table 1). Sample collection, inspection, preservation, and analyses were 

performed according to standard methods (APHA et al., 2012). 

Turbidity was adjusted to 5, 50, 100, 200, and 300 nephelometric turbidity units (NTU). 

Average turbidity was 20 NTU and was normalized to 5 NTU by diluting the samples in water. 

To increase turbidity, a sample from the microalgae tank was centrifuged at 3000 rpm for 5 min 
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and resuspended to obtain a suspension with turbidity higher than 1000 NTU. Aliquots were 

added to diluted samples until the desired turbidity was achieved. 

Table 1. Physicochemical and microbiological 

characteristics of wastewater. 

Variable Values 

pH 7.50 ± 0.16 

Turbidity (NTU) 20.00 ± 12.16 

EC (μS cm-1) 1030.00 ± 47.36 

DO (mg L-1) 3.40 ± 0.90 

TOC (mg L-1) 26.00 ± 10.59 

TN (mg L-1) 46.00 ± 6.88 

TP (mg L-1) 19.00 ± 6.13 

TC (× 106 MPN 100 mL-1) 5.39 

E. coli (× 105 MPN 100 mL-1) 3.53 

EC: electrical conductivity; DO: dissolved oxygen; 

TOC: total organic carbon; TN: total nitrogen; TP: 

total phosphorus; TC: total coliforms.  

2.3. Experimental procedure 

Figure 2 shows a schematic of the UV reactor used in the experiments. This reactor was 

built using a PVC tube and contained a UV germicidal lamp (Philips TUV 75W HO G75 T8 

UV 254nm) protected by a quartz cylinder. The average radiation intensity was 0.24 mW cm-2. 

The water depth inside the reactor was 1 cm.  

 

Figure 2. Diagram of the ultraviolet sterilizer. 

Sterilization tests were carried out in batches by adding 1500 mL of a sample with known 

turbidity. The lamp remained on for 120 s. Samples were collected at 0, 30, 60, 90, and 120 s, 

and heterotrophic bacteria were counted. At each time point, the radiation dose was calculated 

by D = I × t, where D is the radiation dose (mWs cm-2), I is the radiation intensity (mW cm-2), 

and t is the duration of exposure (s) (Zewde et al., 2019). The doses used were 0.0, 7.2, 14.4, 

21.6, and 28.8 mWs cm-2. 

The collected samples were serially diluted, and 1 mL aliquots were transferred to 3M 

Petrifilm Aqua plates and incubated at 36 ± 2°C for 44 ± 4 hours. Bacterial counts were 

expressed as colony-forming units (CFU) per mL.  

A 5 × 5 factorial design (five turbidity levels and five radiation doses) was used, totaling 

25 treatments. Each treatment was performed in triplicate. The data were submitted to analysis 

of variance and Tukey’s test. The disinfection model was evaluated by the relationship between 

the logarithmic change in the number of inactivated bacterial cells and the applied dose (Zhou 

et al., 2016) and followed first-order Chick-Watson kinetics according to Equation 1 (Hijnen et 

al., 2006): 
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𝑙𝑜𝑔 (
𝑁0

𝑁
) = 𝑘 ∗ 𝐷              (1) 

N0 - pre-treatment bacterial count, CFU mL-1; 

N - post-treatment bacterial count, CFU mL-1; 

k - inactivation coefficient, cm2 mWs-1; 

D - radiation dose, mWs cm-2. 

3. RESULTS AND DISCUSSION 

The effect of turbidity was evaluated as a function of transmittance measures of samples. 

Transmittance is the amount of radiation passing through a sample relative to the emitted 

radiation. The lower the transmittance, the greater the amount of particles impairing disinfection 

(Nguyen et al., 2019). Transmittance decreased as turbidity increased (Figure 3).  

 
Figure 3. Transmittance profile as a function of turbidity. 

The samples with a turbidity of 5, 50, 100, 200, and 300 NTU showed an approximate 

transmittance of 84%, 49%, 27%, 8%, and 2%, respectively. Figure 2 shows that UV 

transmittance decreased exponentially with turbidity; therefore, transmittance differences 

between samples with 5 and 50 NTU were greater than those of samples with 200 and 300 

NTU. Similar results were obtained by Nguyen et al. (2019), wherein treatments that reduced 

effluent turbidity increased UV transmittance. 

The dose of radiation absorbed by microorganisms is hard to be measured and varies with 

emitted light and period of exposure (Gayan et al., 2011). Given that decimal reduction times 

are longer (lower microbial inactivation) for heterotrophic bacteria in treated effluents, it is 

possible to estimate the duration of exposure for samples with turbidity levels of up to 300 

NTU. Failly (1994) recommended a minimum dose of 30 mWs cm-2 for wastewater, although 

the dose depends on the type of installation and the physicochemical characteristics of the 

effluent (Hassen et al., 2000). 

Turbidity may increase or transmittance decrease with the addition of several compounds 

(Bolyard et al., 2019; Azimi et al., 2012; Carré et al., 2018). Depending on the material used, 

the efficiency of UV disinfection in inactivating microorganisms varies (Farrell et al., 2018). 

For instance, ultrasound treatment did not decrease effluent turbidity but increased the 

efficiency of UV disinfection (Zhou et al., 2016).  

Microbial aggregates are formed during biological or secondary treatments through 



 

 

Rev. Ambient. Água vol. 16 n. 6, e2766 - Taubaté 2021 

 

6 Diego Fernando Atoche Garay et al. 

incorporation or adsorption of microorganisms to suspended particles. These aggregates help 

protect microorganisms against UV radiation and decrease disinfection efficiency (Azimi et al., 

2017). Therefore, the use of a microalgae suspension to increase turbidity may have decreased 

the efficiency of disinfection by decreasing transmittance and promoting the formation of 

bacterial aggregates. 

To evaluate the effect of turbidity and radiation dose on disinfection, doses of 0, 7.2, 14.4, 

21.6, and 28.8 mWs cm-2 were applied for 30, 60, 90, and 120 s, respectively, for effluents with 

a turbidity of 5, 50, 100, 200, and 300 NTU. The results showed that the samples with a turbidity 

of 5 and 50 NTU presented the highest levels of disinfection. Inactivation was higher than 

99.97% for all turbidity levels at a dose of 28.8 mWs cm-2. These results agree with those of 

USEPA (2006), which indicated that the dose required for killing 99.99% of coliforms in 

wastewater was at least 20 mWs cm-2. 

The analysis of variance showed significant differences due to interaction between factors 

(p<0.05). Therefore, the efficiency of disinfection was analyzed according to turbidity levels 

and radiation doses (Table 2). All turbidity levels tested showed significant disinfection 

efficiency differences among radiation doses. The analysis also proved that 95% of the variation 

was caused by radiation doses. Thus, dose variations had a greater impact on bacterial 

inactivation than did turbidity changes, which agrees with a previous study (Farrell et al., 2018). 

Table 2. Log-cycle reduction for the inactivation of heterotrophic bacteria as a function of the 

duration of exposure, radiation dose, and sample turbidity. 

Duration of 

exposure (s) 

Radiation dose 

(mWs cm-2) 

Turbidity (NTU) 

5 50 100 200 300 

Log-cycle reduction 

0 s 0 0.00 Aa 0.00 Aa 0.00 Aa 0.00 Aa 0.00 Aa 

30 s 7.2 1.56 Ba 1.40 Bab 1.18 Bbc 0.99 Bcd 0.84 Bd 

60 s 14.4 2.62 Ca 2.64 Ca 2.26 Cb 1.96 Cc 1.88 Cc 

90 s 21.6 3.59 Da 3.74 Da 3.29 Db 2.97 Dc 2.81 Dc 

120 s 28.8 5.11 Ea 4.88 Ea 4.59 Eb 4.32 Ec 3.58 Ed 

Means with the same uppercase letters in each column and the same lowercase letters in each line 

were not significantly different from each other by the Tukey’s test at a significance level of 5%. 

At each radiation dose, there were no significant differences in bacterial elimination 

between samples with 5 and 50 NTU. Besides, at the exposure times of 30, 60, and 90 s, there 

were no significant differences in bacterial elimination between samples with 200 and 300 

NTU. However, above 50 NTU, higher turbidity levels decreased microbial inactivation 

significantly. Thus, despite applying the same doses, turbidity had a negative effect on UV 

disinfection, and as dose increases, such differences become greater.  

The inactivation of heterotrophic microorganisms using a contact reactor was greater than 

that obtained by Chhetri et al. (2018), who used similar doses in a reactor without direct contact, 

indicating that the type of reactor strongly affected disinfection efficiency. Sanctis et al. (2016) 

found that total coliforms in domestic wastewater decreased by 2.8 logs using a dose of 40 mWs 

cm-2. In our study, heterotrophic bacteria counts were reduced by 3.0 logs at a dose of 20 mWs 

cm-2 and by 5 logs at a dose of 28.8 mWs cm-2 in samples with a turbidity of 5 NTU. Nguyen 

et al. (2019) reported that the total count of E. coli was reduced by 5 logs in domestic 

wastewater pretreated with a UV dose of 69.4 mWs cm-2 in samples with an initial turbidity of 

4 NTU.  

Our results were similar to those obtained by Guo et al. (2011), in which counts of E. coli 
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and fecal coliforms were reduced by 5 logs, and total counts of B. subtilis were reduced by 4 

logs using 40 mWs cm-2. However, other studies found that killing efficiency was higher using 

UV doses lower than 40 mWs cm-2 (Lazarova et al., 1999; Beck et al., 2016; Nyangaresi et al. 

(2018). Silva et al. (2020) obtained similar results with much lower irradiance intensity using 

280 nm UV-LED (0.019 mW cm - 2) with a 4 log reduction of 15 min E. coli. This wavelength 

range from 280 to 200 nm, called UVC and used in our experiments, appears to cause more 

effective and irreversible damage to DNA. Therefore, it is also important to consider this aspect 

combined with the physicochemical characteristics of the effluent and irradiance intensity. 

Previous studies demonstrated that increases in turbidity have a negative effect on UV 

disinfection effectiveness. Nourmoradi et al. (2012) used a UV reactor like that used in our 

study and reported that an increase in turbidity from 1 to 5 NTU reduced inactivation 

effectiveness by 0.2-0.5 log. Wu and Doan (2005) also reported a decrease in inactivation 

efficiency as turbidity increased from 1 to 5 NTU, and Gullian et al. (2012) observed that 

microbial inactivation decreased as turbidity was raised from 9 to 28 NTU. Likewise, Zhou et 

al. (2016) reported that increases in turbidity and UV absorbance reduce efficiency of 

disinfection.  

In the above studies, small changes in turbidity had great impacts on disinfection 

efficiency. However, in ours, only major changes impacted the treatment, even though we 

expected greater differences after analyzing Figure 3. This discrepancy might have been due to 

the composition of microalgae used to increase sample turbidity. The phosphate concentration 

in microalgae is high, and these microorganisms absorb phosphorus from the medium during 

wastewater treatment (Sajjadi et al., 2018).  

Azimi et al. (2014a) reported that floc-forming during biological treatment with 

polyphosphates would enhance UV-radiation disinfection by acting as photoactive agents and 

producing oxidative hydroxyl radicals. In addition, effluents with low phosphorus 

concentrations are more resistant to UV disinfection than effluents with higher phosphorus 

levels (Azimi et al., 2014b). Thus, the presence of microalgae biomass may have benefited 

disinfection since, despite the increase in turbidity and reduction in transmittance, its efficiency 

has not dropped dramatically. 

The k value indicates the sensitivity of microorganisms to UV radiation (Hijnen et al., 

2006) and was calculated using Equation 1 (Figure 4). The k values (slopes) varied from 0.1266 

to 0.1759 cm2 (mWs)-1. 

 
Figure 4. Microbial inactivation profile (Log N0/N) for each 

turbidity level as a function of UV dose. 
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The k values vary depending on the microorganism, UV radiation system, and the type and 

physicochemical characteristics of wastewater. The obtained K values agree with the literature. 

Zhou et al. (2016) reported that k values for the UV inactivation of E. coli in municipal 

wastewater varied between 0.1027 and 0.1887 cm2 mWs-1, and Oguma et al. (2016) found that 

the k value for the inactivation of E. coli in synthetic media was 0.157 cm2 mJ-1. In contrast, 

Beck et al. (2016) reported that the k value for killing E. coli using a low-pressure UV lamp 

was 0.31 cm2 mWs-1.  

Torres-Palma et al. (2017) observed that pretreatment increased the efficiency of UV 

disinfection, and the k value for inactivating fecal coliforms in secondary effluents pretreated 

with hexanol and ultrasound was 0.3 cm2 mWs-1. 

The results indicate that the k values estimated here can be extrapolated to disinfection of 

effluents at the ETE of CCA/UFSCar, with turbidity values below 300 NTU. This is because 

thermotolerant coliforms are classified as heterotrophic bacteria.  

According to CONAMA Resolution 357/05 (CONAMA, 2005), the maximum 

concentration of thermotolerant coliforms estimated by the technique of the most probable 

number (MPN) of CFU per 100 mL in reuse water should be 100 (Classes 1 and 2) and 2000 

(Class 3). The MPN of E. coli in the effluents was 3.53 × 105 (Table 1).  

A disinfection efficiency of 99.999% (5 log reduction) would be necessary to obtain a 

bacterial count of fewer than 2000 coliforms. The time required to achieve this goal can be 

calculated from the k value at a given turbidity, with the number of log cycles required being 

obtained by the product k versus dose of UV radiation (D). 

4. CONCLUSION 

Our results indicated that turbidity in wastewater samples influence bacterial inactivation 

by ultraviolet light. Inactivation coefficients between 0.1266 and 0.1759 cm2 (mWs-1) reduce 

heterotrophic bacteria counts by more than 99.999%, i.e., more than 5 log cycles. This 

efficiency could be improved by increasing the time of exposure to ultraviolet. 

5. ACKNOWLEDGEMENTS 

The authors are grateful to CAPES, FAPESP - 2013/14893-7 and CNPq. 

6. REFERENCES 

APHA; AWWA; WEF. Standard Methods for the examination of water and wastewater. 

22nd ed. Washington, 2012. 1496 p. 

ARTICHOWICZ, W.; LUCZKIEWICZ, A.; SAWICKI, J. M. Analysis of the Radiation Dose 

in UV-Disinfection Flow Reactors. Water, Basel, v. 12, n. 1, p. 231, 2020. 

https://doi.org/10.3390/w12010231 

AZIMI, Y.; ALLEN, D. G.; FARNOOD, R. R. Kinetics of UV inactivation of wastewater 

bioflocs. Water Research, v. 46, n. 12, p. 3827-3836, 2012. 

https://doi.org/10.1016/j.watres.2012.04.019 

AZIMI, Y.; ALLEN, D. G.; FARNOOD, R. R. Enhancing disinfection by advanced oxidation 

under UV irradiation in polyphosphate-containing wastewater flocs. Water Research, 

Amsterdam, v. 54, p. 179-187, 2014a. https://doi.org/10.1016/j.watres.2014.01.011 

 

https://doi.org/10.3390/w12010231
https://doi.org/10.1016/j.watres.2012.04.019
https://doi.org/10.1016/j.watres.2014.01.011


 

 

9 Effect of turbidity on ultraviolet disinfection of … 

Rev. Ambient. Água vol. 16 n. 6, e2766 - Taubaté 2021 

 

AZIMI, Y.; ALLEN, D. G.; SETO, P.; FARNOOD, R. R. Effect of Activated Sludge Retention Time, 

Operating Temperature, and Influent Phosphorus Deficiency on Floc Physicochemical 

Characteristics and UV Disinfection. Industrial & Engineering Chemistry Research, v. 53, v. 

31, p. 12485-12493, 2014b. https://doi.org/10.1021/ie5012068  

AZIMI, Y.; LIU, Y.; TAN, T. C.; ALLEN, D. C.; FARNOOD, R. R. The tail of two models: 

Impact of circularity and biomass non-homogeneity on UV disinfection of wastewater 

flocs. Water Research, Amsterdam, v. 126, p. 70-78, 2017. 

https://doi.org/10.1016/j.watres.2017.09.011  

BECK, S. E.; RODRIGUEZ, R. A.; HAWKINS, M. A.; HARGY, T. M.; LARASON, T. C.; 

LINDEN, K. G. Comparison of UV-Induced Inactivation and RNA Damage in MS2 

Phage across the Germicidal UV Spectrum. Applied and Environmental Microbiology, 

v. 82, n. 5, p. 1468-1474, 2016. https://doi.org/10.1128/AEM.02773-15  

BOLYARD, S. C.; MOTLAGH, A. M.; LOZINSKI, D.; REINHART, D. R. Impact of organic 

matter from leachate discharge to wastewater treatment plants on effluent quality and UV 

disinfection. Waste Management, v. 88, p. 257-267, 2019. 

https://doi.org/10.1016/j.wasman.2019.03.036  

BRAHMI, M.; BELHADI, N. H.; HAMDI, H.; HASSEN, A. Modeling of secondary treated 

wastewater disinfection by UV irradiation: Effects of suspended solids content. Journal 

of Environmental Sciences, v. 22, p. 1218-1224, 2010. http://dx.doi.org/10.1016/S1001-

0742(09)60241-2 

BURCH, J.; THOMAS, K. Water disinfection for developing countries and potential for solar 

thermal pasteurization. Solar Energy, v. 64, p. 87-97, 1998. 

http://dx.doi.org/10.1016/S0038-092X(98)00036-X 

CARRÉ, E.; PÉROT, J.; JAUZEIN, V.; LOPEZ-FERBER, M. Impact of suspended particles 

on UV disinfection of activated-sludge effluent with the aim of reclamation. Journal of 

Water Process Engineering, v. 22, p. 87-93, 2018. 

https://doi.org/10.1016/j.jwpe.2018.01.016 

CHAI, Q.; HU, A.; QIAN, Y.; AO, X.; LIU, W.; YANG, H.; XIE, Y. F. A comparison of 

genotoxicity change in reclaimed wastewater from different disinfection processes. 

Chemosphere, v. 191, p. 335-341, 2018. 

https://doi.org/10.1016/j.chemosphere.2017.10.024 

CHEVREMONT, A. C.; BOUDENNE, J. L.; COULOMB, B.; FARNET, A. M. Impact of 

watering with UV-LED-treated wastewater on microbial and physico-chemical 

parameters of soil. Water Research, v. 47, n. 6, p. 1971-1982, 2013. 

https://doi.org/10.1016/j.watres.2013.01.006 

CHHETRI, R. K.; KLUPSCH, E.; ANDERSEN, H. R.; JENSEN, P. E. Treatment of Arctic 

wastewater by chemical coagulation, UV and peracetic acid disinfection. Environmental 

Science and Pollution Research, v. 25, p. 32851–32859, 2018. 

https://doi.org/10.1007/s11356-017-8585-5 

COLLIVIGNARELLI, M. C.; ABBÀ, A.; BENIGNA, I.; SORLINI, S.; TORRETTA, V. 

Overview of the main disinfection processes for wastewater and drinking water treatment 

plants. Sustainability, v. 10, n. 1, p. 86, 2018. https://doi.org/10.3390/su10010086 

 

https://doi.org/10.1021/ie5012068
https://doi.org/10.1016/j.watres.2017.09.011
https://doi.org/10.1128/AEM.02773-15
https://doi.org/10.1016/j.wasman.2019.03.036
http://dx.doi.org/10.1016/S1001-0742(09)60241-2
http://dx.doi.org/10.1016/S1001-0742(09)60241-2
http://dx.doi.org/10.1016/S1001-0742(09)60241-2
http://dx.doi.org/10.1016/S0038-092X(98)00036-X
https://doi.org/10.1016/j.jwpe.2018.01.016
https://doi.org/10.1016/j.chemosphere.2017.10.024
https://doi.org/10.1016/j.watres.2013.01.006
https://doi.org/10.1007/s11356-017-8585-5
https://doi.org/10.3390/su10010086


 

 

Rev. Ambient. Água vol. 16 n. 6, e2766 - Taubaté 2021 

 

10 Diego Fernando Atoche Garay et al. 

CONAMA (Brasil). Resolução nº 357 de 17 de março de 2005. Dispõe sobre a classificação 

dos corpos de água e diretrizes ambientais para o seu enquadramento, bem como 

estabelece as condições e padrões de lançamento de efluentes, e dá outras providências. 

Diário Oficial [da] União: seção 1, Brasília, DF, n. 053, p. 58-63, 18 mar. 2005. 

FARRELL, C.; HASSARD, F.; JEFFERSON, B.; LEZIART, T.; NOCKER, A.; JARVIS, P. 

Turbidity composition and the relationship with microbial attachment and UV 

inactivation efficacy. Science of the Total Environment, v. 624, p. 638-647, 2018. 

https://doi.org/10.1016/j.scitotenv.2017.12.173 

FAILLY, J. Desinfection des eaux usées par rayonnement ultraviolet. L'eau, l'industrie, les 

Nuisances, n. 176, p. 58-60, 1994. 

GAYAN, E.; MONFORT, S.; ÁLVAREZ, I.; CONDÓN, S. UV-C inactivation of Escherichia 

coli at different temperatures. Innovative Food Science and Emerging Technologies, 

Amsterdam, v. 12, n. 4, p. 351-341, 2011. http://dx.doi.org/10.1016/j.ifset.2011.07.008 

GIBSON, J.; DRAKE, J.; KARNEY, B. UV Disinfection of wastewater and combined sewer 

overflows. In: AHMAD, S. (eds.). Ultraviolet Light in Human Health, Diseases and 

Environment. Advances in Experimental Medicine and Biology. New York: Springer, 

2017. https://doi.org/10.1007/978-3-319-56017-5_22 

GULLIAN, M.; ESPINOSA‐FALLER, F. J.; NÚÑEZ, A.; LÓPEZ‐BARAHONA, N. Effect of 

turbidity on the ultraviolet disinfection performance in recirculating aquaculture systems 

with low water exchange. Aquaculture Research, v. 43, n. 4, p. 595-606, 2012. 

https://doi.org/10.1111/j.1365-2109.2011.02866.x 

GUO, M.; HU, H.; LIU, W. Preliminary investigation on safety of post-UV disinfection of 

wastewater: bio-stability in laboratory-scale simulated reuse water pipelines. 

Desalination, v. 239, p. 22-28, 2009. http://dx.doi.org/10.1016/j.desal.2008.03.003 

GUO, M.; HUANG, J.; HU, H.; LIU, W. Growth and repair potential of three species of bacteria 

in reclaimed wastewater after UV disinfection. Biomedical and Environmental 

Sciences, v. 24, n. 4, p. 400-407, 2011. https://doi.org/10.3967/0895-3988.2011.04.011 

GUO, M.; HUANG, J.; HU, H.; LIU, W.; YANG, J. UV inactivation and characteristics after 

photoreactivation of Escherichia coli with plasmid: Health safety concern about UV 

disinfection. Water Research, v. 46, n. 13, p. 4031–4036, 2012. 

http://dx.doi.org/10.1016/j.watres.2012.05.005 

HASSEN, A.; MAHROUK, M.; OUZARI, H.; CHERIF, M.; BOUDABOUS, A.; 

DAMELINCOURT, J. J. UV disinfection of treated wastewater in a large-scale pilot plant 

and inactivation of selected bacteria in a laboratory UV device. Bioresource Technology, 

v. 7, n. 2, p. 141-150, 2000. http://dx.doi.org/10.1016/S0960-8524(99)00179-0 

HIJNEN, W. A. M.; BEERENDORK, E. F.; MEDEMA, G. J. Inactivation credit of UV 

radiation for viruses, bacteria and protozoan (oo)cysts in water: a review. Water 

Research, v. 40, n. 1, p. 3–22, 2006. https://doi.org/10.1016/j.watres.2005.10.030  

LAZAROVA, V.; SAVOYE, P.; JANEX, M. L.; BLATCHLEY, E. R.; POMMEPUY, M. 

Advanced wastewater disinfection technologies: state of the art and perspectives. Water 

Science & Technology, v. 40, n. 4-5, p. 203-213, 1999. https://doi.org/10.1016/S0273-

1223(99)00502-8  

https://doi.org/10.1016/j.scitotenv.2017.12.173
http://dx.doi.org/10.1016/j.ifset.2011.07.008
https://doi.org/10.1007/978-3-319-56017-5_22
https://doi.org/10.1111/j.1365-2109.2011.02866.x
http://dx.doi.org/10.1016/j.desal.2008.03.003
http://dx.doi.org/10.1016/j.desal.2008.03.003
https://doi.org/10.3967/0895-3988.2011.04.011
http://dx.doi.org/10.1016/j.watres.2012.05.005
http://dx.doi.org/10.1016/j.watres.2012.05.005
http://dx.doi.org/10.1016/S0960-8524(99)00179-0
https://doi.org/10.1016/j.watres.2005.10.030
https://doi.org/10.1016/S0273-1223(99)00502-8
https://doi.org/10.1016/S0273-1223(99)00502-8


 

 

11 Effect of turbidity on ultraviolet disinfection of … 

Rev. Ambient. Água vol. 16 n. 6, e2766 - Taubaté 2021 

 

MASSCHELEIN, J.; DEBACKER, S.; CHEBAK, S. Etude sur modèle de la désinfection de 

l’eau par rayonnements ultraviolets. Reveu des Sciences de l’eau, v. 2, n. 1, p. 29-41, 

1989. https://doi.org/10.7202/705022ar  

NGUYEN, D. D.; JONES, N. C.; HOFFMANN, S. V.; SPANGET-LARSEN, J. UV 

synchrotron radiation linear dichroism spectroscopy of the anti-psoriatic drug anthralin. 

Journal for Physical Chemistry, v. 1, p. e5, 2019. https://doi.org/10.7717/peerj-

pchem.5 

NOURMORADI, H.; NIKAEEN, M.; STENSVOLD, C. R.; MIRHENDI, H. Ultraviolet 

irradiation: An effective inactivation method of Aspergillus spp. in water for the control 

of waterborne nosocomial Aspergillosis. Water Research, v. 46, n. 18, p. 5935-5940, 

2012. https://doi.org/10.1016/j.watres.2012.08.015  

NYANGARESI, P.; QIN, Y.; CHEN, G.; ZHANG, B.; LU, Y.; SHEN, L. Effects of single and 

combined UV-LEDs on inactivation and subsequent reactivation of E. coli in water 

disinfection. Water Research, v. 147, p. 331-341, 2018. 

https://doi.org/10.1016/j.watres.2018.10.014  

OGUMA, K.; RATTANAKUL, S.; BOLTON, J. R. Application of UV light–emitting diodes 

to adenovirus in water. Journal of Environmental Engineering, v. 142, n. 3, p. 

04015082, 2016. https://doi.org/10.1061/(ASCE)EE.1943-7870.0001061  

OLIVEIRA, A. A. S.; BASTOS, R. G.; SOUZA, C. F. Adaptation of domestic effluent for 

agricultural reuse by biological, physical treatment and disinfection by ultraviolet 

radiation. Revista Ambiente & Água, v. 14, n. 2, p. 1-10, 2019. 

https://doi.org/10.4136/ambi-agua.2292  

SAJJADI, B.; CHEN, W. Y.; RAMAN, A. A. A.; IBRAHIM, S. Microalgae lipid and biomass 

for biofuel production: A comprehensive review on lipid enhancement strategies and their 

effects on fatty acid composition. Renewable and Sustainable Energy Reviews, v. 97, 

p. 200-232, 2018. https://doi.org/10.1016/j.rser.2018.07.050 

SANCTIS, M.; MORO, G.; LEVANTESI, C.; LUPRANO, M. L.; IACONI, C. Integration of 

an innovative biological treatment with physical or chemical disinfection for wastewater 

reuse. Science of the Total Environment, v. 543, p. 206-213, 2016. 

https://doi.org/10.1016/j.scitotenv.2015.11.006 

SILVA, N. B.; LEONEL, L. P.; TONETTI, A. L. UV-LED for safe effluent reuse in agriculture. 

Water, Air, & Soil Pollution, v. 231, 343, 2020. https://doi.org/10.1007/s11270-020-

04742-4  

SOUZA, C. F.; BASTOS, R. G.; GOMES, M. P. M.; PULSCHEN, A. A. Efficiency of domestic 

wastewater treatment plant for agricultural reuse. Revista Ambiente & Água, v. 10, n. 

3, p. 587-597, 2015. https://doi.org/10.4136/ambi-agua.1549 

TORRES-PALMA, R.; GIBSON, J.; DROPPO, I.; SETO, P.; FARNOOD, R. Surfactant-

assisted sono-breakage of wastewater particles for improved UV disinfection. Water, 

Air, & Soil Pollution, v. 228, 106, 2017. https://doi.org/10.1007/s11270-017-3283-y  

USEPA. Ultraviolet disinfection guidance manual for the final long term 2 enhanced surface 

water treatment rule, EPA, 815-R-06-007. Washington, 2006. 

https://nepis.epa.gov/Exe/ZyPURL.cgi?Dockey=600006T3.TXT  

https://doi.org/10.7202/705022ar
https://doi.org/10.7717/peerj-pchem.5
https://doi.org/10.7717/peerj-pchem.5
https://doi.org/10.1016/j.watres.2012.08.015
https://doi.org/10.1016/j.watres.2018.10.014
https://doi.org/10.1061/(ASCE)EE.1943-7870.0001061
https://doi.org/10.4136/ambi-agua.2292
https://doi.org/10.1016/j.rser.2018.07.050
https://doi.org/10.1016/j.scitotenv.2015.11.006
https://doi.org/10.1007/s11270-020-04742-4
https://doi.org/10.1007/s11270-020-04742-4
https://doi.org/10.4136/ambi-agua.1549
https://doi.org/10.1007/s11270-017-3283-y
https://nepis.epa.gov/Exe/ZyPURL.cgi?Dockey=600006T3.TXT


 

 

Rev. Ambient. Água vol. 16 n. 6, e2766 - Taubaté 2021 

 

12 Diego Fernando Atoche Garay et al. 

USLU, G.; DEMIRCI, A.; REGAN, J. Efficacy of pulsed UV-Light treatment on wastewater 

effluent disinfection and suspended solid reduction. Journal Environmental 

Engineering, v. 141, n. 6, p. 22-28, 2015. http://dx.doi.org/10.1061/(ASCE)EE.1943-

7870.0000912 

WU, J.; DOAN, H. Disinfection of recycled red‐meat‐processing wastewater by ozone. 

Journal of Chemical Technology and Biotechnology, v. 80, n. 7, p. 828-833, 2005. 

https://doi.org/10.1002/jctb.1324 

ZEWDE, A. A.; ZHANG, L.; LI, Z.; ODEY, E. A. A review of the application of 

sonophotocatalytic process based on advanced oxidation process for degrading organic 

dye. Reviews on Environmental Health, v. 34, n. 4, p. 365-375, 2019. 

https://doi.org/10.1515/reveh-2019-0024  

ZHOU, X.; LI, Z.; LAN, J.; YAN, Y.; ZHU, N. Kinetics of inactivation and photoreactivation 

of Escherichia coli using ultrasound-enhanced UV-C light-emitting diodes disinfection. 

Ultrasonics Sonochemistry, v. 35, p. 471-477, 2016. 

https://doi.org/10.1016/j.ultsonch.2016.10.028 

http://dx.doi.org/10.1061/(ASCE)EE.1943-7870.0000912
http://dx.doi.org/10.1061/(ASCE)EE.1943-7870.0000912
https://doi.org/10.1002/jctb.1324
https://doi.org/10.1515/reveh-2019-0024
https://doi.org/10.1016/j.ultsonch.2016.10.028


 

 

 

Ambiente & Água - An Interdisciplinary Journal of Applied Science 

ISSN 1980-993X – doi:10.4136/1980-993X 

www.ambi-agua.net 

E-mail: ambi.agua@gmail.com 

 

 

This is an Open Access article distributed under the terms of the Creative Commons 

Attribution License, which permits unrestricted use, distribution, and reproduction in any 

medium, provided the original work is properly cited. 
 

Filling and validating rainfall data based on statistical techniques and 

artificial intelligence 

ARTICLES doi:10.4136/ambi-agua.2767 

Received: 05 Jul. 2021; Accepted: 10 Nov. 2021 

Camila Bermond Ruezzene1* ; Renato Billia de Miranda2 ;  

Talyson de Melo Bolleli1 ; Frederico Fábio Mauad1  

1Escola de Engenharia de São Carlos. Departamento de Hidráulica e Saneamento. Universidade de São  

Paulo (USP), Avenida Trabalhador são-carlense, n° 400, CEP: 13566-590, São Carlos, SP, Brazil.  

E-mail: bolleli@usp.br, mauadffm@sc.usp.br 
2Gerência de Cursos e Matrizes. Anhanguera Educacional, Alameda Maria Tereza, n° 4266,  

CEP: 13278-181, Valinhos, SP, Brazil.  E-mail: eng.renato.miranda@gmail.com 
*Corresponding author. E-mail: camila.ruezzene@gmail.com 

ABSTRACT  
The study of the hydric regime of rainfall helps in management analysis and decision-

making in hydrographic basins, but a fundamental condition is the need for continuous time 

series of data. Therefore, this study compared gap filling methods in precipitation data and 

validated them using robust statistical techniques. Precipitation data from the municipality of 

Itirapina, which has four monitoring stations, were used. Four gap filling techniques were used, 

namely: normal ratio method, inverse distance weighting, multiple regression and artificial 

neural networks, in the period from 1979 to 1989. For validation and performance evaluation, 

the coefficient of determination (R²), mean absolute error (MAE), mean squared error (RMSE), 

Nash-Sutcliffe coefficient (Nash), agreement index (D), confidence index were used (C) and 

through non-parametric techniques with Mann-Witney and Kruskal-Wallis test. Excellent 

performances of real data were verified in comparison with estimated data, with values above 

0.8 of the coefficient of determination (R²) and of Nash. Kruskal-Wallis and Mann-Whitney 

tests were not significant in Stations C1 and C2, demonstrating that there is a difference between 

real and estimated data and between the proposed methods. It was concluded that the multiple 

regression and neural network methods showed the best performance. From this study, efficient 

tools were found to fill the gap, thus promoting better management and operation of water 

resources. 

Keywords: artificial neural networks, inverse distance weighting, multiple regression, normal ratio 

method. 

Preenchimento e validação em dados de precipitação através de 

técnicas estatísticas e de inteligência artificial 

RESUMO 
O estudo do regime hídrico das chuvas auxilia nas análises de gestão e em tomadas de 

decisão nas bacias hidrográficas, mas uma condição fundamental é a necessidade de séries 

temporais contínuas de dados. Diante disso, o objetivo do presente estudo foi realizar a 

comparação entre os métodos de preenchimento de falha em dados de precipitação e validá-los 
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através de técnicas estatísticas robustas. Foram utilizados dados de precipitação localizados no 

município de Itirapina que conta com quatro estações de monitoramento. Foi empregado quatro 

técnicas de preenchimento de falhas, sendo: método razão normal, ponderação distância 

inversa, regressão múltipla e redes neurais artificiais, no período de 1979 a 1989. Para validação 

e avaliação do desempenho utilizou-se o coeficiente de determinação (R²), erro absoluto médio 

(MAE), erro quadrático médio (RMSE), coeficiente de Nash-Sutcliffe (Nash), índice de 

concordância (D), índice de confiança (C) e através de técnicas não paramétricas com teste de 

Mann-Whitney e Kruskal-Wallis. Foram verificados ótimos desempenhos dos dados reais em 

comparação aos dados estimados, com valores acima de 0,8 do coeficiente de determinação 

(R²) e de Nash. Para os testes de Kruskal-Wallis e Mann-Whitney não foram significativos nas 

estações C1 e C2, demonstrando que existe diferença entre os dados reais e estimados e entre 

os métodos propostos. Pôde-se concluir que os métodos de regressão múltipla e redes neurais 

apresentaram os melhores desempenhos. A partir desse estudo verificou-se ferramentas 

eficientes para o preenchimento de falha promovendo assim, uma melhor gestão e operação dos 

recursos hídricos. 

Palavras-chave: método razão normal, ponderação distância inversa, redes neurais artificiais, regressão 

múltipla. 

1. INTRODUCTION 

Rainfall is one of the variables with the greatest influence on society, environment and 

economy, as it has direct implications for agriculture, climate, hydrology, disaster management, 

among others. Therefore, evaluating its behavior allows it to assist in the analysis of water 

availability and decision-making in hydrographic basins. However, for such verifications to be 

carried out, a fundamental condition is the need for continuous time series of data in order to 

obtain consistent and reliable results (Correia et al. 2016). 

A constant problem in developing countries is the absence of continuous data on 

meteorological variables and rainfall stations in different regions, which reinforces the 

importance of making the most of existing data. Since gaps in databases can influence data 

analysis and inferences, missing data-filling methods, such as multiple regression method 

(MR), inverse distance weighting (IDW), normal ratio method (NRM), and neural networks 

(NN), stand out in the scientific environment due to their excellent performance in calculating 

estimates (Depiné et al., 2014; Wanderley et al., 2014; Khosravi et al., 2015; Correia et al., 

2016; Bier and Ferraz, 2017; Coutinho et al. 2018). 

Several studies have highlighted the multiple linear regression method as an efficient tool 

used to fill gaps in time series, such as rainfall, temperature and humidity data, among others. 

According to Oliveira et al. (2010), multiple linear regression and regional weighting perform 

better in filling in gaps than regional vector and regional weighting methods based on linear 

regressions. However, the aforementioned authors have emphasized that these methodologies 

should not be used without prior regional analysis of their performance.  

On the other hand, the inverse distance weighting method is one of the techniques mostly 

used to estimate missing data in hydrology and geographic sciences, since it presents 

satisfactory results in filling in gaps about rainfall data (Teegavarapu and Chandramouli, 2005; 

Shepard, 1968).  

Junqueira et al. (2018) have compared different rainfall missing data-filling methodologies 

and found that methods such as regional weighting, arithmetic mean and regional weighting 

based on regression have overestimated rainfall rates in the Mortes River Basin (MG), whereas 

linear regression, multiple regression and inverse distance weighting methods have 

underestimated them.  
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According to Bier and Ferraz (2017), regional weighting was the most suitable method 

used for missing rainfall data-filling purposes, but it did not significantly stand out in 

comparison to methods such as multiple linear regression, regional weighting, inverse distance 

weighting, normal ratio method, United Kingdom traditional method and simple arithmetic 

mean. Normal ratio method has shown satisfactory results and low mean absolute errors 

(18.1%) in estimates.  

The aforementioned authors have also pointed out that these estimates have represented 

monthly rainfall variations in a reasonable way. They were capable of detecting monthly rainfall 

peaks between original and estimated series, and it has evidenced the possibility of generating 

good estimates for monthly and annual rainfall data (Bier and Ferraz, 2017). 

Coutinho et al. (2018) used a Multilayer Perceptron-type neural network fault filling tool 

comparing monthly meteorological variables with Multiple Regression models in four stations 

in the state of Rio de Janeiro from 2002 to 2014. The neural network model presented a high 

linear correlation (r) with the recorded data of maximum air temperature (r from 0.94 to 0.98), 

obtaining a mean percentage error (EMP) between 1.05% and 2 .32%. Regarding the relative 

air humidity, the r coefficient remained between 0.77 and 0.94, and the use of RNA to estimate 

this variable resulted in an EMP between 1.85% and 2.41%. They concluded that the neural 

network method is an effective tool for filling and reliably estimating meteorological variables, 

as the estimated data were close to the real data. 

Given the range of procedures and statistical techniques used to fill in missing data in 

climate series, it is of paramount importance to select the most appropriate methodology 

capable of meeting the needs of the study by taking into consideration the climatic and 

geographical reality the meteorological stations are inserted in, as well as of statistically proving 

the veracity of estimated data (Fante and Sant'Anna Neto, 2016). 

Assessing and validating the performance of hydrological models is a crucial process to 

justify their continued use, as well as verifying their limitations. In this way, it is necessary to 

apply statistical criteria to quantify the quality and accuracy of the adjustment, in relation to the 

measured and estimated data, which enables a comprehensive evaluation of the models, 

enabling their proper reproduction, the prediction of future behavior and the identification of 

improvements in modeling. 

The most commonly used criteria for evaluating models are commonly divided between 

performance indices, which include: coefficient of determination (R²), agreement (d) and 

confidence (c) index, and Nash-Sutcliffe efficiency (Nash) and error checking measures such 

as mean absolute error (MAE) and mean squared error (RMSE). There are no standard 

procedures in the literature to assess the performance of models, but it is preferable that different 

statistical techniques are applied, as different metrics quantify various aspects of model fit and 

accuracy, providing a quantitative and objective assessment of the agreement between 

simulated and estimated data (Jackson, 2019). 

Thus, the present study compared gap filling methods in precipitation data and validated 

them using robust statistical techniques. 

2. MATERIALS AND METHODS 

2.1. Study site featuring 

The study site is located in Itirapina County-SP (Figure 1), approximately 218 km away 

from the capital; its population is estimated as 18,157 inhabitants and its territorial area covers 

564.60 km² comprising Cerrado and Atlantic Forest biomes (IBGE, 2019). 

The county has two important conservation units, namely: Experimental Station and 

Ecological Station. They are managed by the Forestry Institute, which manages an area of 5,512 

hectares and aims at environmental preservation, research and education. The water network in 

these units, together with the other water bodies, are of paramount importance because they 
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play a key role in the overall balance of the region (Silva et al., 2006). 

 

 
Figure 1. Location of the study area. 

Itirapina County is located in the Cuestas Basálticas region, on São Carlos Plateau. The 

climate in the region is classified as Cwa, based on Köppen’s classification. Summer is hot and 

rainy, whereas winter is dry. Seasonality observed in the region comprises dry semester from 

April to September, as well as rainy semester from October to March. Mean annual rainfall 

reaches 1,450 mm per year and mean annual temperature is approximately 20.8°C (CEPAGRI, 

2009; Santos et al., 2018b). 

According to Santos et al. (2018a), land use and cover classification in Itirapina County 

corresponds to native vegetation (30.68%), agricultural crops such as sugarcane (19.93%), 

forestry (18.37%), citrus culture (1.55%), exposed soil (11.97%) and pasture (14.55%). The 

aforementioned authors have emphasized that the region presents low environmental 

vulnerability level due to its flat terrain and to the incidence of Oxisol in the county.  

2.2. Rainfall data 

Monthly historical data about rainfall recorded in Itirapina County (SP) from 1979 to 1989 

were selected from stations available at the HIDROWEB portal, on the National Water Agency 

(ANA, 2020) platform. Table 1 shows the stations and their respective codes, altitude, 

geographic coordinates, as well as the time (in years) of each analyzed series - these data were 

consolidated before they were made available.  

Table 1. Rain stations located in Itirapina County. 

Adopted nomenclature Code Altitude Latitude Longitude 

C1 2247180 760 22°08'54'' 47°47'42'' 

C2 2247184 610 22°18'01'' 47°44'38'' 

C3 2247196 732 22°10'12'' 47°53'56.04'' 

C4 2247198 690 22°10'00'' 47°54'00'' 

Source: Adapted from ANA (2020). 
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The period from 1979 to 1989 was adopted due to the need to work with a continuous 

series of data, allowing better representation of the characteristics present in each station and 

the comparison of real and estimated data for each proposed method, using all stations available 

for that municipality. The climatological station (C4) located at the Center for Water Resources 

and Environmental Studies (CRHEA/USP) was included in the group of meteorological stations 

because it makes it possible to work with primary data. Considering all available data from this 

period of study, 11.37% of the data were removed and thus obtained in a homogeneous series 

and with the same number of data for all stations according to the methodology of Coutinho et 

al. (2018). 

2.3. Missing data-filling  

Criteria adopted to select the tested methods took into consideration methodologies already 

consolidated in the field. Thus, rather than being not limited to a single methodology, the current 

study used several of them in order to compare and validate them, based on different statistical 

techniques that will be addressed throughout the methodology and results. The following 

techniques stood out among the main missing data-filling methods and they were used in the 

current study: multiple regression (MR); inverse distance weighting (IDW), normal ratio 

method (NRM) and artificial neural networks (ANNs).   

2.3.1. Multiple regression (MR) 

Rainfall information about the behavior of a dependent variable Y in multiple regression 

depends on two, or more, independent variables Xj, j = 1, ..., p (Naghettini and Pinto, 2007). 

Therefore, a model likely to evaluate this association is enabled by Equation 1.  

𝑌𝑖 =  𝛽0 +  𝛽1𝑋𝑖1 +  𝛽2𝑋𝑖2+. . . + 𝛽𝑝𝑋𝑖𝑝 +  𝑒𝑖 ,   𝑖 =  1, . . . , 𝑛        (1) 

Where in: n is the number of observations, Yi is the observation of the dependent variable 

for the i-th individual, Xi = (Xi1, Xi2, ..., Xip) is a vector of observations of independent variables 

for the i-th individual, β = (β0, β1, β2, ..., βp) is a vector of regression coefficients (parameters) 

and ei is a random error component.It is presumed that these errors are independent and follow 

normal distribution with mean equal to zero and unknown variance σ2.  

2.3.2. Inverse Distance Weighting (IDW) 

The inverse distance weighting method is applied through the linear combination of 

observations within a given research radius, whose influence decreases as distance increases. 

According to Hubbard (1994), the IDW method for missing data-filling is calculated based on 

Equation 2.  

𝐷𝑥 =
∑ (𝐷𝑖/𝑑𝑖)𝑛

𝑖=1

∑ (1/𝑑𝑖)𝑛
𝑖=1

              (2) 

Where in: Dx is the missing monthly data to be filled in the test station, Di corresponds to 

data deriving from the neighboring station of order “i” in the month when the failure in the test 

station takes place, and di is the distance between the test station and the neighboring station of 

order “i”.  

2.3.3. Normal Ratio Method (NRM) 

According to Young (1992), the normal ratio method lies on weighting data based on 

records performed at neighboring stations; such a ratio can be calculated through Equation 3. 

𝐷𝑥 =
∑ 𝐷𝑖𝑤𝑖

𝑛
𝑖=1

∑ 𝑤𝑖
𝑛
𝑖=1

               (3) 
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Where in: Dx is the monthly data that needs to be filled in the test station, Di corresponds 

to data deriving from the neighboring station of order “i” in the month when the failure in the 

test station takes place, and wi is the weight assigned to each neighboring station of order “i”, 

as described in Equation 4.  

𝑤𝑖 = 𝑟2
𝑖 (

𝑛𝑖−2

1−𝑟2
𝑖
)              (4) 

Where in: ri is the correlation between the test station and the neighboring station of order 

“i”, and ni is the number of months when data overlapped between the test station and the 

neighboring station of order “i”. In other words, it is the size of the data series used to calculate 

the correlation coefficient.  

2.3.4. Artificial Neural Networks (ANN) 

Neural networks are calculated through mathematical functions; they are naturally prone 

to store knowledge and make it useful, like the process carried out by the human brain. 

Nonlinear functions are calculated, which can be appropriate for complex analyses, such as 

estimating rainfall data (Di Piazza et al., 2011; Depiné et al., 2014; Wanderley et al., 2014; 

Correia et al., 2016; Coutinho et al., 2018). 

The current study has used Multilayer Perceptron (MLP) neural networks due to their 

greater versatility and applicability in this field. This network type can be used to estimate 

information and new desired conditions, as well as to find accurate answers to the analyses in 

question (Wanderley et al., 2014). 

Figure 2 shows an example of the neural network architecture corresponding to a station. 

Networks were trained in the MATLAB software, Version R2015a 

(https://www.mathworks.com/products/matlab.html) developed by the MathWorks company. 

It was done by using the Feed-forward backpropagation network type and mean square error as 

a performance function. The current research has defined that the network architecture should 

have 3 inputs (corresponding to the stations located in the county), 2 layers, 10 neurons, 1 output 

and a tan-sigmoid activation function. With respect to network training and validation, 70% of 

data were used for training; 15%, for testing; and 15%, for validation purposes, as established 

by the software itself.  

 
Figure 2. Neural network configuration for Itirapina County, from 1979 to 1989. 

As in the example in Figure 2, to fill in the precipitation data for Station 2247180, all 

available data for that station was removed and three stations were used as input data and one 
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for output, obtaining a total of four networks for this municipality carrying out this entire 

process for the four seasons. Each trained neural network recognizes and adapts to the 

characteristic patterns of each station's rainfall data, providing gap-filling results. 

2.4. Method-performance validation and evaluation 

The coefficient of determination (R²) was calculated to verify the relationship between 

estimated and measured data. To assess the performance and errors of the failure filling 

methods, parameters such as mean absolute error (MAE), mean square error (RMSE), index of 

agreement (D), Pearson’s correlation coefficient (r), confidence index (C) and Nash-Sutcliffe 

efficiency coefficient (Nash), which are applied in several hydrological studies (Goyal, 2014; 

Pereira et al., 2014; Wanderley et al., 2014; Bier and Ferraz, 2017; Coutinho et al., 2018; 

Junqueira et al., 2018). 

2.4.1. Coefficient of determination (R²) 

The coefficient of determination (R²) (Equation 5) assesses the quality of model fit and 

indicates the extent to which it was capable of explaining the reference data - the higher the 

recorded value, the better it fits the model.  

𝑅² =
∑ (�̂�𝑖−�̅�)²𝑛

𝑖−1

∑ (𝑌𝑖−�̅�)²𝑛
𝑖−1

= 1 −  
∑ 𝑒𝑖

2/(𝑛−1)𝑛
𝑖−1

∑ (𝑌𝑖−�̅�)²𝑛
𝑖−1 /(𝑛−1)

           (5) 

Where in: R² is the coefficient of determination measured in (%), Yi is the observed value 

of the dependent variable, �̂�𝑖  is the estimated value of the dependent variable, and 𝑌 is the mean 

recorded for the dependent variable.  

2.4.2. Mean absolute error (MAE) 

According to Alves et al. (2012), MAE refers to the mean absolute deviation of 

interpolated values in comparison to the observed ones. It is considered an accurate and robust 

measure to check numerical models; ideally, its values should be as close or equal to zero as 

possible (Equation 6).  

𝑀𝐴𝐸 =
∑ |𝑂𝑗−𝑥𝑗|𝑛

𝑗=1

𝑛
              (6) 

Where in: MAE is the mean absolute error (mm), Oj concerns values observed in the 

measurement stations, xj corresponds to values estimated through the missing data-filling 

method, and “n” is the number of observations.  

2.4.3. Root mean square error (RMSE) 

RMSE enables checking the mean magnitude of estimated errors. The obtained value is 

always positive; the closer to zero, the better the estimated values. This parameter can be 

calculated through Equation 7.  

𝑅𝑀𝑆𝐸 = √
∑ (𝑂𝑗−𝑥𝑗)²𝑛

𝑗=1

𝑛
             (7) 

Where in: RMSE is the mean square error (mm), Oj concerns values observed in the 

measurement stations, xj corresponds to values estimated by the missing data-filling method, 

and “n” is the number of observations.  

2.4.4. Confidence (c) and agreement (d) indices  

The confidence index enables checking the precision and accuracy of results. The index of 
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agreement is used in different simulations of a single phenomenon. Values recorded for this 

index range from 0 (lack of agreement) to 1 (excellent agreement). Table 2 shows the criteria 

used to assess performance. These parameters can be calculated through Equations 8, 9 and 10.  

𝐷 = 1 −  
∑ (𝑂𝑗−𝑥𝑗)²𝑛

𝑗=1

∑ (|𝑥𝑗−�̅�⎸+|𝑂𝑗−�̅� ⎹ )²𝑛
𝑗=1

            (8) 

𝑟 =

∑ (𝑁
𝑗=𝐼 𝑥𝑗−�̅�)×(𝑂𝑗−�̅�)

𝑁

√∑ (𝑁
𝑗=1 𝑥𝑗−�̅�)²

𝑁
×

√∑ (𝑁
𝑗=1 𝑂𝑗−�̅�)²

𝑁

             (9) 

𝐶 = (𝑟 ×  𝐷)             (10) 

Where in: D refers to the agreement index (dimensionless), r Pearson's correlation 

coefficient (dimensionless), C confidence index (dimensionless); Oj are the values observed at 

the measurement stations, 𝑂 mean of observed values, 𝑥 mean estimated values, xj correspond 

to values estimated by the filling method and n to the number of observations. 

 
Table 2. Confidence index (C) 

values used to evaluate and 

analyze models’ performance. 

C value Performance 

> 0.85 Excellent 

0.76 a 0.85 Very good 

0.66 a 0.75 Good 

0.61 a 0.65 Intermediate 

0.51 a 0.60 Tolerable 

0.41 a 0.50 Poor 

≤ 0.40 Terrible 

Source: Coutinho et al. (2018). 

2.4.5. Nash–Sutcliffe efficiency coefficient (Nash) 

The Nash-Sutcliffe efficiency coefficient (Equation 11) is one of the most important and 

usual statistical methods applied in hydrology to assess the performance of hydrological 

models, as described by Pereira et al. (2014). This coefficient can range from -∞ to 1; the value 

corresponding to 1 represents the ideal adjustment of estimated data.  

Nash = 1 −
∑ (Xobs,i−Xsim)²n

i=1

∑ (Xobs,i−Xobs)²n
i=1

           (11) 

Where in: Nash is the Nash-Sutcliffe efficiency coefficient (dimensionless), 𝑋𝑜𝑏𝑠 are the 

observed rainfall data, 𝑋𝑠𝑖𝑚 are the rainfall data simulated by the model, 𝑋𝑜𝑏𝑠 is the mean 

recorded for data observed during the simulation period, and n is the number of events.  

Model classification was herein adopted based on Silva et al. (2006): models presenting 

coefficient value higher than 0.75 were classified as adequate and good, those whose coefficient 

value ranged from 0.36 to 0.75 were classified as acceptable, whereas the ones presenting 

coefficient value lower than 0.36 were considered unacceptable.  

2.4.6. Descriptive and inferential analysis and data normality tests 

The assumption of normality was checked through the Anderson Darling test, due to its 
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sensitivity in giving more weight to distribution tail points (Espinosa et al., 2004). Shapiro-

Wilk test was also applied, since it is one of the most efficient tests used to identify non-normal 

data (Shapiro and Wilk, 1965).  

Both normality tests adopted a significance level of 0.05. H0 - which corresponds to data 

presenting normal distribution - was rejected whenever p-values were lower than 0.05. Thus, 

whenever such data did not show normality, they were subjected to non-parametric analysis 

techniques, as well as to data median analysis.  

The following hypotheses were used in the Anderson Darling and Shapiro-Wilk tests: 

H0: data follow normal distribution.  

H1: data do not follow normal distribution. 

2.4.7. Mann-Whitney (MW) and Kruskal-Wallis (KW) non-parametric tests 

Mann-Whitney non-parametric test was carried out at a significance level of 0.05 in order 

to test whether there were significant differences between the value estimated through the 

methods and the real rainfall reference data. H0 was accepted and H1 was rejected whenever the 

p-value was higher than the significance level - the two samples presented the same distribution 

(Triola, 2008). 

Hypothesis testing:  

H0: data derived from equal samples.  

H1: data derived from different samples. 

Non-parametric KW test initially suggested by Kruskal and Wallis (1952) was also applied 

at significance level of 0.05 in order to determine whether the medians among all four (4) 

missing data-filling methods used in the current study have significantly differed from each 

other. Thus, the null hypothesis was rejected whenever p-value was lower than, or equal to, the 

significance level, and it led to the conclusion that not all medians were equal to each other.  

3. RESULTS AND DISCUSSION 

Figure 3 shows the time-based rainfall variability among all four stations located in 

Itirapina County. They followed similar behavior, i.e., they recorded the highest rainfall values 

in January 1983 and 1981 (554 mm and 441.2 mm, respectively), which corresponded to the 

C4 station of CRHEA-USP.  

 
Figure 3. Time-based rainfall variation in all four investigated stations, from 1979 to 

1989. 
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Souza and Galvani (2017) have analyzed rainfall events recorded by 16 stations located in 

the Jacaré Guaçu River Basin, Itirapina County, from 1968 to 1998. Results have shown that 

this region presents great spatial and temporal variability in rainfall events, as seen in tropical 

areas. The annual rainfall amplitude among the analyzed stations reached 366.6 mm, whereas 

the seasonal amplitude reached 70.8 mm in the lesser rainy period and 291.4 mm in the rainy 

period.  

The full analysis of all series played a key role in helping to find likely explanations for 

temporal-spatial rainfall dynamics and for its main factors acting in the investigated river basin. 

Such representative features of each station have directly influenced results recorded for each 

method.  

After the preliminary analysis was over, Anderson Darling and Shapiro-Wilk normality 

tests were applied to all real and estimated data; results of both tests have shown p-value lower 

than the significance level of 0.05, and it enabled concluding that the analyzed data did not 

follow normal distribution. Lima et al. (2008) have found similar results and indicated that high 

monthly rainfall variability is a decisive factor for such a behavior. Thus, non-parametric 

statistics should be used for other analyses.  

3.1. Evaluating the performance of the missing data-filling method applied in Itirapina 

County 

Tables 3, 4, 5 and 6 show the performance analysis applied to the normal ratio method, 

inverse distance weighting, multiple regression and neural networks, respectively, based on 

coefficient of determination (R²), mean absolute error (MAE), root mean square error (RMSE), 

Nash-Sutcliffe efficiency coefficient (Nash), index of agreement (D), confidence index (C) and 

performance. 

Table 3. Performance of the normal ratio method based on R², MAE, RMSE, Nash, D, 

C and performance generated for all stations, from 1979 to 1989. 

Station R² (%) MAE (mm) RMSE (mm) Nash D C Performance 

C1 0.899 21.030 32.090 0.898 0.972 0.922 Excellent 

C2 0.820 27.242 42.955 0.807 1.000 0.903 Excellent 

C3 0.844 25.939 39.426 0.824 1.000 0.919 Excellent 

C4 0.815 28.714 46.123 0.814 1.000 0.903 Excellent 

Table 4. Performance of the inverse distance weighting method based on R², MAE, 

RMSE, Nash, D, C and performance generated for all stations, from 1979 to 1989.  

Station R2 (%) MAE (mm) RMSE (mm) Nash D C Performance 

C1 0.895 36.253 53.353 0.721 0.906 0.857 Excellent 

C2 0.810 51.676 71.211 0.470 0.816 0.735 Good 

C1 0.829 28.504 41.144 0.810 0.944 0.859 Excellent 

C4 0.844 36.860 59.860 0.690 0.934 0.858 Excellent 

Table 5. Performance of the multiple regression method based on R², MAE, RMSE, 

Nash, D, C and performance generated for all stations, from 1979 to 1989.  

Station R² (%) MAE (mm) RMSE (mm) Nash D C Performance 

C1 0.906 20.271 30.987 0.896 0.975 0.928 Excellent 

C2 0.843 25.296 38.768 0.813 0.956 0.878 Excellent 

C1 0.869 24.390 34.169 0.849 0.964 0.899 Excellent 

C4 0.931 29.558 44.369 0.795 0.946 0.913 Excellent 
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Table 6. Performance of the neural network method based on R², MAE, RMSE, Nash, 

D, C and performance generated for all stations, from 1979 to 1989. 

Station R² (%) MAE (mm) RMSE (mm) Nash D C Performance 

C1 0.903 17.486 26.784 0.931 0.982 0.933 Excellent 

C2 0.884 23.151 33.197 0.867 0.968 0.910 Excellent 

C1 0.884 21.605 32.985 0.872 0.968 0.910 Excellent 

C4 0.828 25.676 44.828 0.831 0.956 0.870 Excellent 

All four methods used in the current research – namely: NRM, IDW, MR and NN - 

presented excellent performances in all stations in Itirapina County. Values recorded for 

coefficient of determination (R²) and Nash coefficient were higher than 0.8; except for station 

C4, which recorded Nash coefficient value of 0.795. The other parameters presented low error 

values. Based on the MR method, stations C1 and C4 have shown the best performances in R² 

(0.906 and 0.931, respectively). Based on NN, station C1 presented the best performance in R² 

and Nash coefficient, as well as the lowest error values in comparison to other methods.  

Similar results were reported by Coutinho et al. (2018), who analyzed multiple linear 

regression and neural network models. According to them, linear regression methods have 

shown satisfactory results, high correlation indices and low mean errors in comparison to real 

data.  

Depiné et al. (2014) Correia et al. (2016) and Wanderley et al. (2014) have also concluded 

that the neural network method has efficiently reproduced the missing rainfall data-filling 

process and made it possible to compare the complex inputs and outputs of simulations. 

However, the aforementioned authors have pointed out that there may be variations in the 

results due to the procedure adopted for network testing, training and validation processes. They 

also highlighted that estimated data are more accurate when there is lower spatial variability in 

rainfall events.  

Table 7 shows the p-values of the Mann-Whitney test corresponding to each method and 

station. It was done to investigate whether there was significant difference between real and 

estimated data. The p-values of Kruskal-Wallis test are also shown to help identify whether 

there was significant difference among the proposed methods.  

Table 7. p-values of Mann-Whitney (MW) and Kruskal-

Wallis (KW) tests. 

Station MW-NRM MW-IDW MW-MR MW-NN KW 

C1 0.024 0.024 0.788 0.633 0.018 

C2 0.868 0 0.860 0.934 0.001 

C3 0.569 0.459 0.864 0.980 0.380 

C4 0.847 0.125 0.776 0.873 0.176 

Thus, NRM was not significant for Station C1 since the p-value was lower than 0.05. With 

respect to the IDW method, two of the four stations did not show significant values, namely: 

Stations C1 (p-value 0.024) and C2 (p-value 0). The other two stations have reached p-values 

of 0.459 and 0.125 for Stations C1 and C3, respectively. The MR and NN methods, on the other 

hand, recorded p-values higher than the significance level, indicating lack of difference between 

real and estimated data. Based on the NN method, all stations recorded a p-value higher than 

0.7, except for Station C1. Thus, it is worth emphasizing the importance of adopting in-depth 

non-parametric statistical methods to perform this analysis type, since the exclusive use of Nash 

and determination coefficients may not help in identifying such issues.  

The Krukal-Wallis test has evidenced significant differences among the four methods 

applied to Stations C1 and C2, which recorded p-values of 0.018 and 0.001, respectively. 

Significant p-values were observed for the other stations, although there was no difference 
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among the four analyzed methods. It is worth emphasizing that the neural networks subjected 

to KW test recorded the best performance for Station C1, whereas MR, NRM and IDW 

presented inferior performances; however, any of the investigated methods can be used for 

missing data-filling purposes.  

Non-parametric analyses applied to the two stations (C1 and C2) that did not record 

significant p-values have indicated significant differences between actual and estimated data. 

This outcome can be explained by the orographic effect associated with that region, as well as 

by episodes of rainfall rate fluctuations that were not identified by the NRM and IDW methods, 

a fact that hindered the estimates.  

4. FINAL CONSIDERATIONS 

The missing data-filling methods used and validated through the herein-adopted statistical 

techniques presented excellent performances. Based on analyses applied to all four methods, 

neural networks and multiple regression were the ones presenting the best results; thus, they are 

the most suitable methods to be used for missing rainfall data-filling purposes.  

Thus, based on the use of efficient missing data-filling tools, it is possible to minimize the 

social, environmental and economic consequences by promoting better water-resource 

management and operation by public and private agents, as well as by society as a whole. In 

addition, these tools can help mitigate issues such as flooding, drought, water supply, electric 

power generation, among others, enabling the use of continuous data series for these studies. 
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