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ABSTRACT  
This analysis applied systematic review as a methodology for identifying, analyzing and 

interpreting data on the use of water quality indices for human consumption. Scientific articles 

were searched in the “PubMed”, “Scielo”, “ScienceDirect” and “Web of Science" databases, 

using the keywords “drinking water” and “water quality index”, with a custom interval between 

2000 and 2020. The results indicated 82,573 published articles, with 16 of them being selected 

after a filtering process. The occurrence of 11 water quality indices was verified, including 47 

water quality parameters used to assess the quality of drinking water, highlighting that the 

parameters pH, Nitrate, Turbidity, Chloride and Sulfate were the most used, cited in 10 of the 

16 articles selected (62,5%). We suggest that future studies seek to propose regionalized water 

quality indicators for consumption, in order to consider local aspects in the evaluation process 

and to determine intervention priorities by health surveillance agencies. 

Keywords: drinking water, systematic review, water quality indices. 

Índice de qualidade de água para consumo humano: uma revisão 

sistemática 

RESUMO 
Esta análise aplica a revisão sistemática como metodologia para identificar, analisar e 

interpretar dados sobre o uso de índices de qualidade da água para consumo humano. Os artigos 

científicos foram pesquisados nas bases de dados “PubMed”, “Scielo”, “Science Direct” e 

“Web of Science”, usando as palavras-chave “água potável” e “índice de qualidade da água”, 

com um intervalo personalizado entre 2000 e 2020. Os resultados indicaram 82573 artigos 

publicados, sendo 16 deles selecionados após um processo de filtragem. Verificou-se a 

ocorrência de 11 índices de qualidade da água, incluindo 47 parâmetros de qualidade da água 

utilizados para avaliar a qualidade da água potável, destacando que os parâmetros pH, nitrato, 

turbidez, cloreto e sulfato foram os mais utilizados, citados em 10 dos 16 artigos selecionados 

(62,5%). Sugerimos que pesquisas futuras procurem propor indicadores regionalizados de 

qualidade da água para consumo, a fim de considerar aspectos locais no processo de avaliação 

e determinar prioridades de intervenção por órgãos de vigilância em saúde. 

Palavras-chave: água potável, índices de qualidade da água, revisão sistemática. 

http://www.ambi-agua.net/seer/index.php/ambi-agua/index
http://dx.doi.org/10.4136/1980-993X
http://dx.doi.org/10.4136/1980-993X
http://www.ambi-agua.net/splash-seer/
http://www.ambi-agua.net/splash-seer/
https://doi.org/10.4136/ambi-agua.2630
https://orcid.org/0000-0002-6048-660X
https://orcid.org/0000-0003-3009-7459
https://orcid.org/0000-0002-3032-081X
https://orcid.org/0000-0001-8167-0484


 

 

Rev. Ambient. Água vol. 16 n. 2, e2630 - Taubaté 2021 

 

2 Rodrigo Augusto Klamt et al. 

1. INTRODUCTION 

Sustainable access to drinking water is essential for human life, health and well-being. 

However, surface water bodies that are the most important water sources for human activities 

are, unfortunately, under severe environmental stress, being threatened because of 

anthropogenic activities (Yogendra and Puttaiah, 2008). Thus, poor water quality in rural 

communities causes health inequality, especially in developing countries. The quality of 

drinking water can be controlled through a combination of water source protection, treatment 

process control and water management. The guidelines must be appropriate for regional and 

local circumstances, which requires adaptation to environmental issues, social, economic and 

cultural circumstances, and setting priorities (WHO, 2006). 

Several physical, chemical and biological parameters are used to characterize water 

quality, which can be integrated in a Water Quality Index (WQI) to describe, for instance, the 

degree to which a waterbody is suitable for consumption purposes (Tyagi et al., 2013). A WQI 

provides a single number that expresses overall water quality based on importance weights 

assigned to each water quality parameter. WQI’s are widely used as a practical method for 

representing pollution problems in water bodies. They do not require a huge number of different 

water quality parameters for development and validation, only the concentration of a limited 

number of parameters (Akkoyunlu and Akiner, 2012). Water resource specialists generally 

determine the water quality state and its trends, based on the assessment of individual water 

quality parameters. While professionals readily understand this technical language, non-

technical people have difficulty in understanding these water quality results (Cude, 2001). 

One of the most widespread indices in the world is the National Sanitation Foundation 

Water Quality Index (NSF WQI) developed by Brown et al. (1970) for the United States. The 

NSF WQI was established by selecting nine variables: dissolved oxygen, fecal coliforms, pH, 

biochemical oxygen demand (BOD), temperature, total phosphate and nitrate concentrations, 

turbidity, and total solid content. Five classes for water quality were defined: red (very poor), 

orange (poor), yellow (average), green (good) and blue (excellent) (Kachroud et al., 2019). The 

NSF WQI was developed to compare the quality of water bodies and monitor temporal or 

spatial changes in water quality, mainly applied to pollution from domestic sewage and 

eutrophication processes (Finotti et al., 2015; Klamt et al., 2019). The WQI can also indicate 

the contribution of industrial effluents, as long as they are of a biodegradable organic nature 

(CETESB, 2019). The NSF WQI was calibrated for subtropical and temperate Brazilian lotic 

systems by Moretto et al. (2012), based on Resolution 357/2015 from the Brazilian National 

Environment Council (CONAMA, 2005). The calculations were made using the IQAData 

software (Posselt et al., 2015). 

The potability standards in Brazil are established in Consolidation Ordinance No. 5/2017 

(Brasil, 2017), which provides the procedures for the control and surveillance of water quality 

and potability standards for human consumption, as well as establishing the competences and 

responsibilities assigned to public health authorities. The Annex XX of this Consolidation 

Ordinance shows the physical-chemical and bacteriological parameters for consumption, 

highlighting the Free Residual Chlorine, pH, Apparent Color, Fluoride, Turbidity, Total 

Coliforms, Escherichia coli and Heterotrophic Bacteria as standards of potability. Changes in 

their physical-chemical and microbiological properties can compromise their quality, enabling 

the creation of environments favorable to the development of vectors, which can alter and/or 

suppress ecosystems and biomes, in addition to causing the emergence and aggravation of 

population's health problems. 

According to Chapter II, Art. 5º, Section II of this Consolidation Ordinance, drinking water 

is defined as the water that meets the potability standard established in Annex XX, not offering 

health risks (BRASIL, 2017). On the other hand, according to the National Health Foundation 
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(FUNASA), water for human consumption must not contain pathogenic microorganisms and 

be free of bacteria from coliform group, which are indicators of fecal contamination, being 

represented mainly by Escherichia coli (FUNASA, 2009). 

Currently, there is a lack of WQI’s for drinking purposes, especially those focused on 

simpler parameters, at low cost, generating qualitative information accessible to the population. 

In this context, this study uses the systematic review methodology developed by Petersen et al. 

(2008), aimed at identifying, analyzing and interpreting data on the use of WQI’s for human 

consumption, trying to find the most relevant publications, the possible research gaps, and their 

challenges, but mainly to identify the main parameters used and the composition of WQI’s. 

2. METHODOLOGY 

This study is characterized as a systematic review, defined by the use of data from the 

literature, seeking to integrate information from a set of studies carried out separately on a given 

topic, which may present conflicting or coincident results (Sampaio, 2007). A scientific article 

that applies the systematic review as a methodology aims to identify, analyze and interpret all 

available evidence related to a specific research question (Kitchenham and Charters, 2007), in 

this case addressed to the use of WQI’s for human consumption. This type of methodology 

discusses not only the conclusion, but also all activities related to the main theme. Thus, a 

systematic study collects data on the places where the activity occurs and the media in which it 

was published. The methodology consists of elaborating the research questions, designing the 

research process and defining the criteria for filtering the results (Cooper, 2016). 

2.1. Research questions 

The review covers articles published from January 2000 until March 2020, over a period 

of 20 years. The first general question (GQ1) is to identify which WQI’s were applied to classify 

water quality (Table 1). From this, a specific question (FQ1) and a statistical question (SQ1) 

were defined. 

Table 1. Research questions. 

Reference Questions 

General question (GQ1) Which indices were applied to classify the quality of drinking water? 

Specific question (FQ1) Which variables were found in the research? 

Statistic question (SQ1) Where were the surveys published? 

2.2. Research process 

According to Petersen et al. (2008), three stages are defined during the research process: 

(1) Specify the research keywords, (2) Choose the databases to apply the research keywords, 

and (3) Get the results. The first step begins by identifying the main terms and their most 

relevant synonyms. Thus, scientific articles were searched using the keywords “drinking water” 

and “water quality index”, in the PubMed, Scielo, ScienceDirect and Web of Science databases, 

with a custom interval between 2000 and 2020. 

2.3. Applying filters 

In order to filter the most relevant scientific information, the following criteria (C) were 

included: 

C1. The study must be published in a scientific magazine or newspaper. 
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C2. The study must be directly related to WQI’s for consumption. 

C3. The study must be a complete work. 

C4. Keywords must be included in the title. 

The selected articles were stored in EndNote X7© software (Thomson Reuters), where the 

texts were organized in specific folders for each research database. The next filter was based 

on the three-step approach introduced by Srinivasan Keshav (2007). The first step was a quick 

scan and consists of reading the title, summary and introduction. In the second step, only the 

section and subsection headings are read. Finally, in the third step, the mathematical content (if 

any) is examined to determine the underlying theoretical foundations. 

3. RESULTS AND DISCUSSION 

Table 2 shows the filtering process, with criteria C1 to C4 applied in each stage. Based on 

the results obtained, the articles were organized by title, year of publication, authors, databases, 

technologies and work objectives. 

Table 2. Filtering process. 

Database Initial search Keywords in the title C1 C2 C3/C4 

PubMed 126 32 24 24 3 (2,38%) 

Scielo 38 1 1 1 0 (0%) 

Science Direct 42815 356 356 344 10 (0,02%) 

Web of science 39594 26 15 15 3 (0,01%) 

Total 82573 415 396 381 16 (0,02%) 

3.1. GQ1 – Which indices were applied to classify water quality? 

A WQI is a tool to present a numerical expression derived cumulatively to define a certain 

level of water quality. In other words, a WQI summarizes large amounts of water quality data 

in simple terms (for example, excellent, good and bad) to report to management authorities and 

non-technical people consistently. The WQI concept is based on the comparison of water 

quality parameters with their respective regulatory standards, and gives a unique value to water 

quality, which translates the list of constituents and their concentrations present in a sample. 

The formulation and use of indices have been strongly advocated by agencies responsible for 

water supply and water pollution control. Table 3 shows the WQIs for consumption that have 

been used.  

In some studies, more than one WQI was used, being modified for consumption purposes, 

and several citations followed the standards of the World Health Organization, which deals with 

drinking water guidelines. The Indian Standard Bureau (ISB) is an institution that regulates and 

provides details on the permitted and desirable standard specifications and limits of various 

parameters in drinking water. The CCME Water Quality Index, based on a formula developed 

by the British Columbia Ministry of Environment, is a quality index that summarizes complex 

data on water quality to facilitate its communication to the public. The NSF index was 

developed to provide a standardized method for comparing the water quality of various bodies. 
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Table 3. Water quality indices used and respective references. 

Water Quality Indices Articles 

Bhargava Water Quality Index. Avvannavar and Shrihari (2008). 

GWQI - Groundwater Quality 

Index. 
Masocha et al. (2019). 

National Sanitation Foundation 

Index (NSF). 
Gharibi et al. (2012); Barakat et al. (2018); Cooray et al. (2019). 

WQI CCME. 
Gharibi et al. (2012); Hurley et al. (2012); Mohebbi et al. (2013); Abtahi 

et al. (2015). 

Water Quality Index (WQI). Batabyal and Chakraborty (2015). 

Drinking Water Quality Index 

(DWQI). 

Scheili et al. (2015); Jasmin and Mallikarjuna (2014); Ramesh et al. 

(2010); Ponsadailakshmi et al. (2018). 

Fuzzy-based Water Quality 

Index. 
Gharibi et al. (2012). 

Additive Water Quality Index 

(AWQI). 
Paca et al. (2019). 

Multiplicative Water Quality 

Index (MWQI). 
Paca et al. (2019). 

Scottish Water Quality Index 

(SDD). 
Bordalo and Savva-Bordalo (2007). 

Integrated Water Quality Index 

(IWQI). 
Mukate et al. (2019). 

3.2. FQ1 – Which variables were found in the research? 

The researchers explored each index as a performance measure that aggregates 

information, reflecting the influence of physical, chemical and biological variables of water 

quality conditions. These are based on quality parameters with their respective regulatory 

standards, presenting a single value for water quality. Table 4 shows the parameters used and 

their respective references.  

Table 4. Parameters used to assess the quality of drinking water and respective references. 

Parameters 

(Nº of citations) 
Articles 

pH (16) 

Paca et al. (2019); Batabyal and Chakraborty (2015); Scheili et al. (2015); Jasmin and 

Mallikarjuna (2014); Cooray et al. (2019); Avvannavar and Shrihari (2008); Bordalo 

and Savva-Bordalo (2007); Ramesh et al. (2010); Gharibi et al. (2012); Hurley et al. 

(2012); Mohebbi et al. (2013);  Abtahi et al. (2015); Barakat et al. (2018); 

Ponsadailakshmi et al. (2018); Masocha et al. (2019); Mukate et al. (2019). 

Nitrate (13) 

Paca et al. (2019); Batabyal and Chakraborty (2015); Jasmin and Mallikarjuna 

(2014); Bordalo and Savva-Bordalo (2007); Ramesh et al. (2010); Gharibi et al. 

(2012); Hurley et al. (2012); Mohebbi et al. (2013); Abtahi et al. (2015); Barakat et 

al. (2018); Ponsadailakshmi et al. (2018); Masocha et al. (2019); Mukate et al. 

(2019). 

Turbidity (11) 

Paca et al. (2019); Batabyal and Chakraborty (2015); Scheili et al. (2015); 

Avvannavar and Shrihari (2008); Bordalo and Savva-Bordalo (2007); Gharibi et al. 

(2012); Hurley et al. (2012); Mohebbi et al. (2013); Abtahi et al. (2015); Barakat et 

al. (2018); Masocha et al. (2019). 

Continue... 

https://www-sciencedirect.ez127.periodicos.capes.gov.br/science/article/pii/S0043135401000793?via%3Dihub#BIB26
https://www-sciencedirect.ez127.periodicos.capes.gov.br/science/article/pii/S0043135401000793?via%3Dihub#BIB26
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Continued... 

Chlorides (10) 

Batabyal and Chakraborty (2015); Jasmin and Mallikarjuna (2014); Cooray et al. 

(2019); Ramesh et al. (2010); Gharibi et al. (2012); Mohebbi et al. (2013);  Abtahi et 

al. (2015); Barakat et al. (2018); Ponsadailakshmi et al. (2018); Mukate et al. (2019). 

Sulfate (10) 

Batabyal and Chakraborty (2015); Jasmin and Mallikarjuna (2014); Cooray et al. 

(2019); Ramesh et al. (2010); Gharibi et al. (2012); Mohebbi et al. (2013);  Abtahi et 

al. (2015); Ponsadailakshmi et al. (2018); Masocha et al. (2019); Mukate et al. 

(2019). 

Total hardness (9) 

Batabyal and Chakraborty (2015); Jasmin and Mallikarjuna (2014); Cooray et al. 

(2019); Ramesh et al. (2010); Mohebbi et al. (2013); Abtahi et al. (2015); Barakat et 

al. (2018); Ponsadailakshmi et al. (2018); Masocha et al. (2019). 

Iron (9) 

Batabyal and Chakraborty (2015); Cooray et al. (2019); Bordalo and Savva-Bordalo 

(2007); Ramesh et al. (2010); Hurley et al. (2012);  Mohebbi et al. (2013);  Abtahi et 

al. (2015); Ponsadailakshmi et al. (2018); Masocha et al. (2019). 

Calcium (9) 

Batabyal and Chakraborty (2015); Jasmin and Mallikarjuna (2014); Ramesh et al. 

(2010); Mohebbi et al. (2013);  Abtahi et al. (2015); Barakat et al. (2018); 

Ponsadailakshmi et al. (2018); Masocha et al. (2019); Mukate et al. (2019). 

Magnesium (8) 

Batabyal and Chakraborty (2015); Jasmin and Mallikarjuna (2014); Ramesh et al. 

(2010); Mohebbi et al. (2013); Abtahi et al. (2015); Ponsadailakshmi et al. (2018); 

Masocha et al. (2019); Mukate et al. (2019). 

Sodium (8) 

Batabyal and Chakraborty (2015); Jasmin and Mallikarjuna (2014); Ramesh et al. 

(2010); Mohebbi et al. (2013); Abtahi et al. (2015); Ponsadailakshmi et al. (2018); 

Masocha et al. (2019); Mukate et al. (2019). 

Fluorides (8) 

Batabyal and Chakraborty (2015); Jasmin and Mallikarjuna (2014); Cooray et al. 

(2019); Ramesh et al. (2010); Gharibi et al. (2012); Mohebbi et al. (2013);  Abtahi et 

al. (2015); Ponsadailakshmi et al. (2018). 

Electric conductivity (8) 

Paca et al. (2019); Batabyal and Chakraborty (2015); Cooray et al. (2019); Bordalo 

and Savva-Bordalo (2007); Ramesh et al. (2010); Barakat et al. (2018); 

Ponsadailakshmi et al. (2018); Masocha et al. (2019). 

Total coliforms (7) 

Avvannavar and Shrihari (2008); Ramesh et al. (2010); Gharibi et al. (2012); Hurley 

et al. (2012); Barakat et al. (2018); Masocha et al. (2019); Bordalo and Savva-

Bordalo (2007). 

Total dissolved solids (6) 
Batabyal and Chakraborty (2015); Jasmin and Mallikarjuna (2014); Gharibi et al. 

(2012); Mohebbi et al. (2013); Abtahi et al. (2015); Mukate et al. (2019). 

Chrome (6) 
Bordalo and Savva-Bordalo (2007); Ramesh et al. (2010); Gharibi et al. (2012); 

Mohebbi et al. (2013); Abtahi et al. (2015); Ponsadailakshmi et al. (2018). 

Nitrite (6)  
Bordalo and Savva-Bordalo (2007); Ramesh et al. (2010); Gharibi et al. (2012); 

Mohebbi et al. (2013); Abtahi et al. (2015); Barakat et al. (2018). 

Total alkalinity (5) 
Batabyal and Chakraborty (2015); Cooray et al. (2019); Ramesh et al. (2010); 

Barakat et al. (2018); Ponsadailakshmi et al. (2018). 

Manganese (5) 
Batabya and Chakraborty (2015); Ramesh et al. (2010); Mohebbi et al. (2013); 

Abtahi et al. (2015); Ponsadailakshmi et al. (2018). 

Zinc (5) 
Batabyal and Chakraborty (2015); Ramesh et al. (2010); Mohebbi et al. (2013); 

Abtahi et al. (2015); Ponsadailakshmi et al. (2018). 

Copper (5) 
Bordalo and Savva-Bordalo (2007); Ramesh et al. (2010); Mohebbi et al. (2013); 

Abtahi et al. (2015); Ponsadailakshmi et al. (2018). 

Ammonia (5) 
Paca et al. (2019); Bordalo and Savva-Bordalo (2007); Mohebbi et al. (2013); 

Abtahi et al. (2015); Barakat et al. (2018). 

Continue... 
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Continued... 

Potassium (4) 
Batabyal and Chakraborty (2015); Jasmin and Mallikarjuna (2014); Masocha et al. 

(2019); Mukate et al. (2019). 

Lead (4) 
Ramesh et al. (2010); Gharibi et al. (2012); Mohebbi et al. (2013); Ponsadailakshmi 

et al. (2018). 

Dissolved oxygen (4) 
Paca et al. (2019); Bordalo and Savva-Bordalo (2007); Gharibi et al. (2012); 

Barakat et al. (2018). 

Arsenic (4) 
Bordalo and Savva-Bordalo (2007); Gharibi et al. (2012); Mohebbi et al. (2013); 

Abtahi et al. (2015). 

Temperature (4) 
Scheili et al. (2015); Bordalo and Savva-Bordalo (2007); Gharibi et al. (2012); 

Barakat et al. (2018).   

Escherichia coli (3) Hurley et al. (2012); Abtahi et al. (2015); Barakat et al. (2018). 

Fecal coliforms (3) Paca et al. (2019); Bordalo and Savva-Bordalo (2007); Mohebbi et al. (2013).  

Biochemical oxygen 

demand (3) 
Paca et al. (2019); Avvannavar and Shrihari (2008); Gharibi et al. (2012). 

Total organic carbon (3) Scheili et al. (2015); Hurley et al. (2012); Cooray et al. (2019). 

Cadmium (3) Ramesh et al. (2010); Mohebbi et al. (2013); Gharibi et al. (2012). 

Aluminium (2) Mohebbi et al. (2013);  Abtahi et al. (2015). 

Phosphate (2) Paca et al. (2019); Gharibi et al. (2012). 

Mercury (2) Gharibi et al. (2012); Mohebbi et al. (2013). 

Fecal enterococci (2) Bordalo and Savva-Bordalo (2007); Barakat et al. (2018). 

Bicarbonate (2) Batabyal and Chakraborty (2015); Jasmin and Mallikarjuna (2014). 

Nickel (1) Ramesh et al. (2010). 

Free chlorine (1) Scheili et al. (2015). 

Barium (1) Gharibi et al. (2012). 

Cyanide (1) Bordalo and Savva-Bordalo (2007). 

Ryznar Index (1) Abtahi et al. (2015). 

Colour (1) Bordalo and Savva-Bordalo (2007). 

Salmonella (1) Ramesh et al. (2010). 

Trihalomethanes (1) Scheili et al. (2015). 

Haloacetic acid (1) Scheili et al. (2015). 

Ultraviolet absorption (1) Scheili et al. (2015). 

Heterotrophic coliforms (1) Scheili et al. (2015). 

The parameters most used to assess water quality were pH, nitrate, turbidity, chloride and 

sulfate, cited in 10 of the 16 articles selected in this study (62,5% of the total). The inorganic 

contaminant of greatest concern in groundwater is the nitrate ion, NO3
−, which normally occurs 

in aquifers in rural and suburban areas. Nitrate in groundwater comes mainly from four sources: 

application of nitrogen fertilizers, animal manure in plantations; soil cultivation; human sewage 

deposited in septic systems; and atmospheric deposition (Baird and Cann, 2011). 
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A recent concern deals with the increase in nitrate ion levels in drinking water, particularly 

in well water in rural localities, the main source of this nitrate being leaching from cultivated 

land into rivers and water flows. Excess nitrate ion in drinking water is worrying because it 

causes blue baby syndrome in newborns; in adults, it may be responsible for causing stomach 

cancer and increase the likelihood of breast cancer in women (Baird and Cann, 2011). 

Chloride in drinking water comes from natural sources, sewers, industries, effluents, urban 

runoff containing defrost salt, and saline intrusion. High concentrations of chloride increase the 

metal corrosion rates in the distribution system, depending on the alkalinity of the water, and 

give a salty taste to water. The taste limits for the chloride anion depend on the associated cation 

and are in the range of 200-300 mg L-1 for sodium, potassium and calcium chloride. Excess 

concentrations of 250 mg L-1 are more likely to be detected by taste, but some consumers may 

get used to low levels of chloride-induced flavor. No health-based guideline proposes a 

concentration value for chloride in drinking water (WHO, 2017). 

The presence of sulfate in drinking water can cause a noticeable taste, and very high levels 

can cause a laxative effect in unaccustomed consumers. Sulfates occur naturally in various 

minerals and are used commercially, mainly in the chemical industry. They are discharged into 

water in industrial waste and by atmospheric deposition; however, the highest levels generally 

occur in groundwater and are from natural sources. In general, the average daily intake of 

drinking water, air and food sulfate is approximately 500 mg, with food being the main source. 

However, in areas with drinking water supplies containing high levels of sulfate, drinking water 

can be the main intake source. No health-based guidelines are proposed for sulfate. However, 

due to gastrointestinal effects resulting from drinking water containing a high sulfate content, 

it is recommended that health authorities are notified of drinking water sources containing 

sulfate concentrations above 500 mg L-1 (WHO, 2017). 

pH is a measure of the concentration of H+ ions in water. The balance of hydrogen and 

hydroxide ions (OH−) determines how acidic or basic water is. In chemically pure water, the 

H+ ions are in equilibrium with the OH− ions and their pH is neutral, that is, equal to 7. The 

main factors that determine the pH of water are dissolved carbon dioxide (CO2) and alkalinity. 

pH has a direct relationship with the quality of water for human consumption. Water with a 

high carbon dioxide content, reduced total alkalinity and low pH is considered aggressive. 

Aggressive waters are those that tend to dissolve calcium carbonate. Water with a low pH 

promotes corrosion of metal pipes and fittings, namely copper, lead and zinc, which can cause 

problems such as a metallic or sour taste (ERSAR, 2008; WHO, 2011). 

A pH greater than 8.5 may indicate that the water is hard. It does not pose a health risk, 

but it can cause esthetic problems, such as incrustations in pipes and equipment, causing a 

decrease in the inside diameter; alkaline flavor; difficulty in obtaining foam; and formation of 

insoluble precipitates on clothes. Turbidity has a potential health effect: it is often associated 

with the presence of microorganisms originating in surface runoff from soil (WHO, 2017). 

The presence of microbiological agents (Escherichia coli, coliforms), can generate acute 

and generalized effects on the health of consumers without changing the flavor, odor or color 

of water. The greatest public health risk of microbes in water is associated with drinking water 

that is contaminated with human and animal excrement, although other sources and routes of 

exposure may also be significant. Outbreaks transmitted by water have been associated with 

inadequate water treatment and unsatisfactory management of drinking water distribution. 

There are few chemical substances in the water causing health problems, except for 

massive water contamination, such as in environmental accidents, and it is commonly 

impossible to consume the water due to its taste, odor or general appearance. Therefore, 

variations in the concentration of chemical elements in the water, even if for short periods they 

present values above those allowed does not necessarily mean that it is not fit for consumption. 
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The proportion by which the permitted values can be exceeded and the period for which this 

situation can be prolonged without prejudice to health will depend on each substance or element 

considered. 

The problems related to the elements or chemical substances present in water for human 

consumption are mainly due to the negative effects to health after prolonged periods of exposure 

to organic contaminants and toxic heavy metals. The radioactive aspects depend on naturally 

occurring radioactive isotopes that start from the uranium decay series, such as lead 210 mg L-

1 and uranium 238 mg L-1 and 234 mg L-1. The presence of radionuclides, even in normal 

circumstances, must be considered. 

As for the acceptability aspects of drinking water, the population bases them on properties 

such as taste, color, odor, appearance, turbidity and other parameters perceptible to its taste. 

Esthetically unacceptable water will decrease consumer confidence, leading to complaints and, 

more importantly, to the use of water from less secure sources. Consumers have no means of 

judging the quality of their drinking water, but their attitude towards drinking water supplies 

and suppliers will be largely affected by the aspects of quality that they are able to perceive 

with their own senses. Consumers consider unacceptable water that is not colorless or which 

has an unpleasant taste or smell, even though these characteristics may not have direct health 

impacts. 

It is important to consider whether existing water treatment and distribution practices can 

affect the acceptability of drinking water, as well as managing changes and operations to 

minimize the risk of acceptability problems. For example, chloramination that is not properly 

managed can lead to the formation of trichloramines, which can cause unacceptable taste and 

odor. Other problems can be indirect, such as internal deposits in pipes when the flow in 

distribution systems is disturbed or altered. 

The water quality parameters used to assess the quality of drinking water were classified 

into microbiological, chemical, radioactive and acceptance aspects, as described in the 

Guidelines for Drinking-water Quality (WHO, 2017). The parameters not included in these 

categories were classified in “others” (Table 5). 

In Brazil, according to the Consolidation Ordinance nº 5/2017 of the Ministry of Health 

(Brasil, 2017), some physical, chemical and bacteriological parameters must be followed to 

ensure their potability, considering their respective regulatory standards listed in Annex XX 

(Table 6), which deals with the control and surveillance of water quality for human 

consumption. All water intended for human consumption from an individual alternative water 

supply solution, regardless of how the population accesses it, is subject to water quality 

monitoring. 

3.3. SQ1 – Where the surveys were published? 

The articles were categorized in the four databases used in this systematic review. Table 7 

shows the number of articles published by the database, highlighting ScienceDirect with 10 

articles. No articles were published in the Scielo database. In a general way, little is found in 

the literature about comparative analysis related to the development, comparison and 

application of different WQI’s; currently, there is great concern about controlling the quality of 

the water we consume. A series of indices are being developed and adapted for consumption. 

The database that stood out most for the publication of studies on WQI within the 

selection criteria was ScienceDirect. It was observed that the impact of human activity was 

severe in most parameters. The maximum permitted values have exceeded the tolerable limits 

in some situations. Yet the main cause of deterioration in water quality is the lack of adequate 

sanitation, unprotected river areas and high anthropogenic activity. Water is essential to sustain 

life; there must be a satisfactory supply (adequate, safe and accessible) and it must be available 

to everyone. Improving access to contaminant-free drinking water can result in tangible health 

benefits. Every effort should be made to obtain drinking water that is as safe as possible. 
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Table 5. Water quality parameter classification (WHO, 2017). 

Microbiological Chemicals Radioactive Acceptability Others 

Total coliforms Fluoride Lead pH Temperature 

Escherichia coli Total hardness  Chloride Calcium 

Fecal coliforms Nitrate  Sulfate Magnesium 

Fecal enterococci Aluminum  Chlorine Phosphate 

Salmonella Potassium  Sodium Total organic carbon 

Heterotrophic 

coliforms 
Chromium  

Total dissolved 

solids 
Electric conductivity 

 Zinc  Iron Total alkalinity 

 
Copper  Manganese 

Biochemical oxygen 

demand 

 Nitrite  Turbidity  

 Cyanide  Total hardness  

 Ammonia  Zinc  

 Cadmium  Dissolved oxygen  

 Arsenic  Aluminium  

 Barium  Ammonia  

 Nickel  Colour  

 Mercury  Copper  

 Chloride    

 Manganese    

 pH    

 Sodium    

 Sulfate    

 Iron    

 Lead    

 Bicarbonate    

 Total dissolved 

solids 
   

Table 6. Water quality parameters in Brazil, following the 

Consolidation Ordinance nº 5/2017 of the Ministry of Health 

(Brasil, 2017). 

Potability parameter Maximum value allowed 

Free Residual Chlorine 0,2 - 2,0 mg L-1 

pH 6,0 - 9,5 

Apparent Color 15 CU 

Fluoride 1,5 mg L-1 

Turbidity 5 NTU 

Total Coliforms Absence in 100 mL 

Escherichia coli Absence in 100 mL 

Heterotrophic Bacteria 500 UFC mL-1 

Table 7. Classification of results. 

Database Articles 

PubMed Paca et al. (2019); Batabyal and Chakraborty (2015); Cooray et al. (2019). 

Web of Science Avvannavar and Shrihari (2008); Jasmin and Mallikarjuna (2014); Scheili et al. (2015). 

Science Direct Masocha et al. (2019); Mukate et al. (2019); Ponsadailakshmi et al. (2018); Barakat et al. 

(2018); Mohebbi et al. (2013); Hurley et al. (2012); Gharibi et al. (2012); Abtahi et al. 

(2015); Bordalo and Savva-Bordalo (2007); Ramesh et al. (2010). 
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Safe drinking water, as defined by authorities that determine its parameters, does not 

represent a significant health risk during the entire consumption life, including in those with 

sensitivities that can occur at different stages of life. Those most at risk for waterborne diseases 

are children and elderly people, especially when living in unsanitary conditions. Those who are 

generally at risk for waterborne illnesses may need to take additional measures to protect 

themselves from exposure to waterborne pathogens, such as boiling drinking water. Safe 

drinking water is required for all usual household purposes, including drinking, food 

preparation and personal hygiene. Therefore, the development of indices to assess the quality 

of drinking water is essential for each human being to have access to the quality of the water 

they are consuming. 

4. CONCLUSION 

This systematic review presented the search for WQI’s for human consumption. In 

addition, it presented different models of variables associated with the quality of drinking water, 

in order to obtain a better result for water quality. However, none of the reviewed articles 

documented how a historical database could effectively improve this goal with the support of 

new technologies. The bibliographic references selected in this systematic review allow us to 

observe that, although the frequency of studies related to WQI’s for drinking has increased in 

recent years, the number of studies is still insufficient to obtain effective scientific evidence. 

One of the gaps found during this research corresponds to evaluation of the parameters analyzed 

and their separation between microbiological, radioactive, chemical, acceptability and others, 

highlighting that the basic and essential requirements to guarantee the safety of drinking water 

are based on the health established by competent health system authorities and adequate 

surveillance systems. 

We suggest that future research seek to propose regionalized WQI’s for consumption, in 

order to consider local aspects in the evaluation process and to determine intervention priorities 

for health surveillance agencies.  In addition, the development of computerized platforms for 

centralizing information on these WQI's, accessible to the public in real time, is essential for 

the effective implementation of programs for monitoring the quality of drinking water. 
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ABSTRACT  
Biological wastewater treatment processes with biological nitrogen removal are potential 

sources of nitrous oxide (N2O) emissions. It is important to expand knowledge on the 

controlling factors associated with N2O production, in order to propose emission mitigation 

strategies. This study therefore sought to identify the parameters that favor nitrite (NO2
-) 

accumulation and its influence on N2O production and emission in an 

anaerobic/aerobic/anoxic/aerobic sequencing batch reactor with biological nitrogen removal. 

Even with controlled dissolved oxygen concentrations and oxidation reduction potential, the 

first aerobic phase promoted only partial nitrification, resulting in NO2
- build-up (ranging from 

29 to 57%) and consequent N2O generation. The NO2
- was not fully consumed in the subsequent 

anoxic phase, leading to even greater N2O production through partial denitrification. A direct 

relationship was observed between NO2
- accumulation in these phases and N2O production. In 

the first aerobic phase, the N2O/NO2
- ratio varied between 0.5 to 8.5%, while in the anoxic one 

values ranged between 8.3 and 22.7%. Higher N2O production was therefore noted during the 

anoxic phase compared to the first aerobic phase. As a result, the highest N2O fluxes occurred 

in the second aerobic phase, ranging from 706 to 2416 mg N m-2 h-1, as soon as aeration was 

triggered. Complete nitrification and denitrification promotion in this system was proven to be 

the key factor to avoid NO2
- build-up and, consequently, N2O emissions. 

Keywords: nitrite accumulation, nitrous oxide production and emission, sequencing batch reactor. 

Efeito do acúmulo de nitrito na emissão de óxido nitroso de um reator 

em batelada sequencial anaeróbio/aeróbio/anóxico/aeróbio em escala 

de laboratório 

RESUMO 
Os processos de tratamento biológico de esgotos com remoção biológica de nitrogênio são 

potenciais fontes de emissão de óxido nitroso (N2O). No entanto, é importante ampliar o 

conhecimento dos principais fatores de controle associados à produção de N2O para propor 

estratégias de mitigação de sua emissão. O objetivo deste estudo foi identificar os parâmetros 

http://www.ambi-agua.net/seer/index.php/ambi-agua/index
http://dx.doi.org/10.4136/1980-993X
http://dx.doi.org/10.4136/1980-993X
http://www.ambi-agua.net/splash-seer/
http://www.ambi-agua.net/splash-seer/
https://doi.org/10.4136/ambi-agua.2634
mailto:barbaracp90@gmail.com
https://orcid.org/0000-0003-1936-3461
https://orcid.org/0000-0003-2683-9886
https://orcid.org/0000-0003-3673-2644
https://orcid.org/0000-0002-0361-3457


 

 

Rev. Ambient. Água vol. 16 n. 2, e2634 - Taubaté 2021 

 

2 Larissa Coelho Auto Gomes et al. 

que favoreceram o acúmulo de nitrito (NO2
-) e sua influência na produção e emissão de N2O 

em um reator em batelada sequencial anaeróbio/aeróbio/anóxico/aeróbio com remoção de 

nitrogênio. Mesmo com a concentração de oxigênio dissolvido e o potencial redox controlados, 

a primeira fase aeróbia promoveu apenas a nitrificação parcial resultando em acúmulo de NO2
- 

(variando de 29 a 57%) e geração de N2O. Este NO2
- não foi totalmente consumido na fase 

anóxica subsequente promovendo uma produção ainda maior de N2O pela desnitrificação 

parcial. Foi observada uma relação direta entre o acúmulo de NO2
- nessas fases e a produção 

de N2O. Enquanto na primeira fase aeróbia a razão N2O/NO2
- variou entre 0,5 a 8,5%, na 

anóxica foi entre 8,3 e 22,7%. Portanto, houve uma maior produção de N2O durante a fase 

anóxica do que na primeira fase aeróbia. Com isso, os maiores fluxos de N2O ocorreram na 

segunda fase aeróbia, variando de 706 a 2416 mg N m-2 h-1, assim que a aeração foi acionada. 

A promoção da nitrificação e da desnitrificação completas neste sistema mostrou ser o fator 

chave para evitar o acúmulo de NO2
- e, consequentemente, a emissão de N2O. 

Palavras-chave: acúmulo de nitrito, produção e emissão de óxido nitroso, reator em batelada 

sequencial. 

1. INTRODUCTION 

High nitrogen (N) concentrations in effluents may cause eutrophication and deterioration 

of recipient water bodies. N overloads favor microalgae and water plant growth, which may 

release toxins into the water (von Sperling, 2005). Although non-toxic, geosmin and 2-

methylisoborneol (2-MIB), two products released by cyanobacteria, can influence drinking 

water organoleptic characteristics, representing an obstacle to water treatment (Freitas et al., 

2008). In order to prevent eutrophication, wastewater treatment plants (WWTPs) must be 

improved to ensure that N loads to receiving water bodies are within the limits stipulated by 

local legislation (Yang et al., 2017). 

An economically viable and widely studied alternative for N removal is the application of 

biological processes involving nitrification and denitrification (von Sperling, 2005). However, 

the possibility of N2O release exists in both reactions, thus resulting in an anthropogenic source 

of this gas into the atmosphere (Wrage et al., 2001). In the troposphere, N2O is a chemically 

stable and long-lived greenhouse gas, with a global warming potential about 265 times that of 

carbon dioxide (CO2) (IPCC, 2014). Furthermore, in the stratosphere, N2O is the most emitted 

gas from anthropogenic sources displaying ozone (O3) depletion potential (Ravishankara et al., 

2009). The highest N2O emission rates in WWTPs occur on those that apply biological 

processes, especially those that operate nitrification and denitrification processes in activated 

sludge (IPCC, 2019). 

During nitrification under aerobic conditions, the ammonium ion (NH4
+) is converted to 

hydroxylamine (NH2OH), which is, in turn, oxidized to nitrite (NO2
-) with the participation of 

ammonia-oxidizing bacteria (AOB) under alkaline conditions, while NO2
- is oxidized to nitrate 

(NO3
-) by nitrite-oxidizing bacteria (NOB). During denitrification under anoxic conditions, 

facultative heterotrophic bacteria convert NO3
- into molecular N (N2) (Wrage et al., 2001).  N2O 

production is commonly attributed to three pathways: (1) partial nitrification, as a by-product 

of NH2OH oxidation; (2) nitrifier denitrification, which can occur under oxygen-limiting 

conditions, as an intermediate product; and (3) heterotrophic denitrification, where N2O is an 

intermediate product but can be released when the process is incomplete (Duan et al., 2017; 

Terada et al., 2017). Variations in N2O production and emissions occur according to the type 

of applied treatment process and configuration and operational parameters (Law et al., 2012).  

N2O generation is usually associated with dissolved oxygen (DO) concentrations, NH4
+ 

and NO2
- accumulation, pH and organic carbon availability (Duan et al., 2017; Vasilaki et al., 
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2019). Pijuan et al. (2014) reported N2O emissions almost ten-fold higher when altering a pilot 

plant system from continuous operation to a sequencing batch reactor (SBR). The authors 

attributed the N2O increases to the transient conditions between the anoxic and aerobic stages. 

Rodriguez-Caballero et al. (2015) also reported higher emissions in a full-scale SBR due to 

anoxic/aerobic transition. The authors also pointed out NO2
- build-up and the length of the 

aeration phases as contributors. Thus, SBR may become a potential source of emissions when 

applying operational conditions that favor N2O generation.  

Knowledge of parameters that affect N2O production during the nitrification and 

denitrification stages is necessary to improve the sustainability of the process (Blum et al. 

2018). Therefore, this study evaluated and identified the parameters responsible for NO2
- build-

up and its effects on N2O production and emission in an SBR operated under 

anaerobic/aerobic/anoxic/aerobic conditions. 

2. MATERIAL AND METHODS 

2.1. SBR operation 

The study was carried out in a laboratory-scale anaerobic/aerobic/anoxic/aerobic SBR 

(Figure 1A). The different SBR system phases were adjusted and regulated by a programmable 

logic controller (PLC), favoring higher DO and oxidation reduction potential (ORP) control. 

The reactor comprises 8.1 L of working volume and treats 4 L during each 8-hour cycle               

(Figure 1B). An air compressor pump was used to provide system aeration, with an air flow 

rate of 120 L h-1. Peristaltic pumps were used for the feeding and discharge of raw and treated 

wastewater, respectively. A mixed liquor volume was removed from the reactor during each 

cycle by a peristaltic pump, to guarantee a solid retention time (SRT) of 30 days.  

 
Figure 1. (A) SBR schematic: 1 - wastewater inlet; 2 - mixed liquor 

outlet; 3 - treated wastewater outlet; 4 – DO, pH and ORP probe; 5 - 

oxygen diffuser; 6 - mechanical agitator; 7 - inverted funnel; 8 - syringe. 

(B) SBR cycle schematic. 
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The reactor was inoculated with sludge from a WWTP designed to treat sanitary 

wastewater from a 2,500 population equivalent (PE) and fed with synthetic wastewater, which 

was prepared by adapting the formulation used by Holler and Trösh (2001). The synthetic 

wastewater was composed of casein peptone (500 mg N L-1), beef extract (323 mg N L-1), 

dibasic potassium phosphate (35 mg N L-1), sodium chloride (24 mg N L-1), urea (23 mg N L-

1), calcium chloride dihydrate (23 mg N L-1) and magnesium sulfate heptahydrate (11 mg N L-

1). SBR stabilization took 2 months. After this period, samples were collected for efficiency 

and N2O production and emission assessments.  

2.2. Sampling and analysis  

Monitoring took place for six consecutive weeks, where one sampling of one cycle was 

performed (one cycle per week). Throughout the sampling stage, raw and treated wastewaters 

were collected for chemical oxygen demand (COD), dissolved organic carbon (DOC) and total 

nitrogen (TN) analyses. In addition, volatile suspended solids (VSS) were analyzed in the 

discharged mixed liquor. After each metabolic phase, mixed liquor samples were collected for 

NO2
- and NO3

- analysis. Dissolved and emitted N2O sampling were also carried out during this 

period. 

COD and VSS were determined according to APHA et al. (2012). DOC and TN analyses 

were performed on a TOC-L and TN Analyzer model TOC-L/TNM-L (Shimadzu). NO2
- and 

NO3
- analyses were performed by a Personal IC ion chromatograph (Metrohm) with 

conductivity detector, using a Polyvinyl alcohol with quaternary ammonium groups column 

(Metrosep A Supp 5 – 150x4.0 mm); a solution of Sodium Carbonate (3.2 mmol L-1) and 

Sodium Bicarbonate (1.0 mmol L-1 in 5% acetone) was used as anion carrier and a solution of 

Tartaric Acid (4 mmol L-1) and Dipicolinic Acid (0.75mmol L-1) was used as cation carrier. A 

HI 9828 multiparameter probe (Hanna) was used to monitor reactor DO, ORP, temperature and 

pH.  

A technique similar to the one applied by Brotto et al. (2015) was used for the emitted N2O 

sampling. Emitted N2O was collected using a modified lab-scale upturned funnel partially 

submerged in the reactor and a syringe (Figure 1A). The N2O flux (F) was calculated using 

Equation 1: 

𝐹 =  
𝑄𝑢𝑝𝑡𝑢𝑟𝑛𝑒𝑑 𝑓𝑢𝑛𝑛𝑒𝑙𝑥 ∆[𝑁2𝑂]

𝐴𝑢𝑝𝑡𝑢𝑟𝑛𝑒𝑑 𝑓𝑢𝑛𝑛𝑒𝑙
             (1) 

Where Qupturned funnel stands for the emerging air flow rate passing through the upturned 

funnel, Δ[N2O] is the difference between the N2O concentration determined in the reactor and 

the concentration present in the atmosphere and Aupturned funnel is the superficial area of the 

upturned funnel.  

Dissolved N2O was collected from the mixed liquor using a syringe and the concentration 

in the liquid was determined by the headspace gas method (de Mello et al., 2013). Dissolved 

N2O concentrations (C) were calculated with Equation 2: 

C =  K0 × Chs + [(
P

R×T
) × (Chs − Car)]           (2) 

Where K0 is the N2O solubility coefficient (Weiss and Price, 1980), Chs is the N2O 

concentration stripped from the liquid (final), P is the atmospheric pressure, R is the universal 

gas constant, T is the liquid temperature (K) and Car is the N2O concentration present in the 

atmosphere (initial). 

Both emitted and dissolved N2O were stored in glass vials containing a saturated saline 

solution following Bastviken et al. (2010). The N2O in the vial was recovered and analyzed on 
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a GC-2014 gas chromatograph with flame ionization (FID) and electron capture detector (GC-

ECD) (Shimadzu), using a Porapak-Q packed column, ultrapure N2 (99,999%) as carrier gas 

and argon containing 5% CH4 as make-up. 

3. RESULTS AND DISCUSSION  

The SBR reached average COD, DOC and TN removal efficiencies of 89, 91 and 79%, 

respectively, similar to those reported by other authors (Jia, et al., 2012; Rodriguez-Caballero 

et al., 2015). Jia et al. (2012) reported removal efficiencies of 91 and 85% for COD and TN, 

respectively, in an anaerobic/aerobic SBR designed for simultaneous nitrification and 

denitrification (SND), with a 6-hour cycle. Rodriguez-Caballero et al. (2015) also reported 

removal efficiencies near 90%, for both COD and TN in a full-scale SBR operated with 

alternate aerobic and anoxic phases in 4.5-hour cycles. 

Despite the high TN removal obtained during this study, a high concentration of NO2
- at 

the end of both the aerobic and anoxic phases was noted, with higher values in the aerobic 

phases (Figure 2). Too low NO3
- concentrations (<0.16 mg N L-1) during the cycle were also 

observed. These results can be an indicator that both nitrification and denitrification were only 

partial, as reported by other authors (Guo et al., 2009; Stenström et al., 2014; Du et al., 2016). 

Stenström et al. (2014) also observed NO2
- build-up in a SBR applying both nitrification and 

denitrification, indicating higher NO2
- production during nitrification and consumption 

reduction during denitrification throughout the study. Guo et al. (2009) observed NO2
- 

concentrations over 25 mg N L-1 and NO3
- concentrations under 6 mg N L-1 in an SBR aerobic 

designed for partial nitrification. In the present study, the NO2
- accumulation rate reached 96%. 

Du et al. (2016), for an anoxic SBR designed for partial denitrification, reported that NO2
- 

accumulated due to decreased NO2
- enzyme reduction activity. It is known that high nitritation 

rates may result in decrease of pH, provoking a reaction shift of nitrite and nitrous acid upon 

pH below 5, which may impact the denitrification (Todt and Dörsch, 2016). However, the pH 

values measured in the present study were above 5, which may not have been sufficient to 

increase nitrous acid production. This reinforces the theory that partial nitrification was 

responsible for the accumulation of nitrite.  

 
Figure 2. Mean NO2

- and NO3
- concentrations (mg N L-1) and their 

respective standard deviations at the end of each metabolic phase.  

Figure 3A presents NO2
- production (first aerobic phase), consumption (anoxic phase) and 

build-up (operational cycle) throughout the study. During the first aerobic phase, NO2
- 



 

 

Rev. Ambient. Água vol. 16 n. 2, e2634 - Taubaté 2021 

 

6 Larissa Coelho Auto Gomes et al. 

consumption rates were high and varied from 43.1 to 63.8 mg N h-1. In the next phase (anoxic), 

the consumption rates decreased throughout the sampling period, from 40.4 to 20.3 mg N h-1. 

The combination of high partial nitrification rates (NO2
- generation) during the first aerobic 

phase with decreased NO2
- consumption in the subsequent anoxic phase led to NO2

- build-up at 

the end of each operational cycle. The NO2
- build-up rate increased from 29 to 57% at the end 

of each operational cycle and expresses the NO2
- percentage that was not consumed during the 

anoxic phase in relation to that produced in the previous phase (aerobic). Wu et al. (2011) 

observed NO2
- accumulation rates near 90% in an anaerobic/aerobic SBR designed for partial 

nitrification with lower biomass concentrations, while Stenström et al. (2014) reported that 

NO2
- accumulation can lead to increased N2O production and emission, as observed herein. 

 
Figure 3. (A) NO2

- production (mg N h-1) during the first 

aerobic phase, consumption (mg N h-1) in the anoxic phase 

and build-up (%) during the cycle. (B) NO2
- production (mg 

N h-1) during the first aerobic phase, consumption (mg N h-1) 

in the anoxic phase and the N2O/NO2
- ratio (%) of both 

phases. 

Figure 3B indicates NO2
- production (first aerobic phase) and consumption (anoxic phase) 

rates and the N2O/NO2
- ratio for each phase (first aerobic and anoxic) during the study. The 

increased NO2
- build-up rate coincides with increased N2O production rate, raising the 

N2O/NO2
- ratio (Figure 3B). During the aerobic phase, N2O production accounted for 0.5 to 

8.5% of NO2
- production, where the main production mechanism was nitrification. During the 

anoxic phase, values were substantially higher and corresponded to the evolution of the 

denitrification process, ranging from 6.3 to 22.7%. Therefore, denitrification was responsible 
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for the higher N2O production in this type of system, being extremely important for the control 

of the operational conditions of the anoxic phase to mitigate N2O emissions in the following 

phases, mainly the aerobic stage. Rodriguez-Caballero et al. (2015) reported NO2
- build-up as 

a key factor in increasing N2O production during nitrifying denitrification. Mampaey et al. 

(2016) described the anoxic phase as an important N2O generation factor, in addition to high 

NO2
- concentrations. According to these authors, the anoxic phase was responsible for 70% of 

N2O production in a SHARON reactor. Therefore, effective operational parameter control, in 

order to minimize NO2
- accumulation and, consequently, N2O supersaturation in the liquid, is 

necessary for N2O emission mitigation measures (Kampschreur et al., 2009; Vasilaki et al., 

2019).  

The higher N2O production rate occurring simultaneously with NO2
- build-up in the system 

may be associated with a reduction in the reactor biomass (VSS). Figure 4 displays the NO2
- 

production (first aerobic phase) and consumption (anoxic phase) rates in parallel with the VSS 

concentrations in the reactor throughout the study period. A biomass concentration reduction 

of approximately 30% at the end of the sampling period was observed. The loss of biomass may 

be related to a mechanical problem in the mixer observed during the fifth week of sampling. 

The mixer malfunction led to sludge flotation during sedimentation, causing biomass losses 

through the treated wastewater discharge and, consequently, a sharp reduction in SRT. This 

event may have caused decreased efficiency of both the nitrification and denitrification 

processes, resulting in N2O and NO2
- accumulation. Wu et al. (2011) observed that decreased 

suspended solid (SS) concentrations in an SBR system favored NO2
- accumulation. Noda et al. 

(2003) reported higher concentrations of dissolved and emitted N2O in anoxic and oxide 

reactors with lower SRT. Other authors have also associated lower SRT with NO2
- build-up and 

increased N2O production and emissions (Hanaki et al., 1992; Kampschreur et al., 2009; 

Castellano-Hinojosa et al., 2018). 

 
Figure 4. NO2

- production (mg N h-1) during the first aerobic phase, 

consumption (mg N h-1) in the anoxic phase and biomass 

concentrations (expressed as VSS mg N L-1).  

As previously reported, solid losses in SBR alongside decreased SRT are likely to favor 

increasing NO2
- build-up and N2O generation. However, an additional effect was observed 

regarding the magnitude of the N2O transfer rate from the liquid to the atmosphere during the 

second aerobic phase. Figure 5 presents the N2O production rates (from the retained and not-

emitted portion) of the first aerobic and anoxic phases in parallel to the maximum N2O flux at 

the beginning of the second aerobic phase throughout the study period. The N2O flux peak 
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occurred as soon as aeration began during the second aerobic phase, with substantially high 

values ranging from 706 to 2416 mg N m-2 h-1. These findings are close to those reported by 

Ribeiro et al. (2017) in a conventional activated sludge WWTP with landfill leachate addition, 

where a maximum N2O flux of 1890 mg N m-2 h-1 was observed, which was correlated to 

decreased DO concentrations and partial nitrification. 

 
Figure 5. Non-emitted N2O production rate (mg N h-1) during the 

first aerobic and anoxic phases and maximum flux emitted during 

the second aerobic phase (mg N m-2 h-1). 

In the present study, the peaks from the second aerobic phase represented the amount of 

N2O produced and retained (not emitted) from the previous phases (first aerobic and anoxic). 

The same behavior for N2O/NO2
- accumulation in the liquid phase was observed for the 

maximum N2O flux throughout the study period, with an increase in emitted N2O in parallel 

with an increased N2O production rate retained from the previous phases (Figure 5). Other 

studies have reported the same liquid N2O accumulation problem during the anoxic phase and 

its implications for the next aerobic phase (Gustavsson and La Cour Jansen, 2011; Yang et al., 

2017; Pijuan et al., 2014; Mampaey et al., 2016). Thus, alternation between the anoxic and 

aerobic phases can be a negative point for N2O emission mitigation in wastewater treatment 

processes applying N removal.  

Therefore, operational control in order to favor lower N2O production during the aerobic 

phase and its rapid consumption in the subsequent anoxic phase are necessary to mitigate 

emissions in the following phases, especially in the aerated units. Otherwise, in systems with a 

subsequent aerobic phase, N2O produced and not consumed may be emitted. In systems without 

this subsequent step, N2O may be emitted during treated wastewater disposal into receiving 

water bodies. Other operational adjustments, such as NO2
- and SRT control, are extremely 

important to create favorable conditions for nitrification and denitrification processes without 

liquid N2O accumulation and subsequent emission. 

4. CONCLUSION 

This study correlates N2O production and emissions with the operational condition of an 

SBR undergoing anaerobic/aerobic/anoxic/aerobic phases. The main conclusions are: 

● Even with controlled DO and ORP, partial nitrification was observed during the first 
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aerobic phase, resulting in high NO2
- production. The NO2

- was not totally consumed 

during the anoxic phase, also indicating the partial denitrification. 

● NO2
- build-up favored N2O production during both the aerobic and anoxic phases of the 

process. The increases observed in both parameters can be associated with decreased 

biomass concentrations. 

● The anoxic phase was responsible for the highest N2O production rates. The N2O 

accumulated during this phase was released during the second aerobic phase, causing 

emission peaks as soon as aeration began. 

● An environment able to sustain complete nitrification and denitrification is required, 

minimizing NO2
- accumulation and allowing for rapid N2O consumption, thus minimizing 

emissions. 
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ABSTRACT  
The objective of this work was to evaluate the bioaccumulation of mercury in 13 species 

of fish with different eating habits, captured in the Três Marias Reservoir, São Francisco Basin, 

from March 2012 to April 2013. The results obtained showed that the species with carnivorous 

eating habit presented the highest average concentrations of mercury in muscle, especially 

Serrasalmus brandtii (pirambeba) and Pygocentrus piraya (piranha), with concentrations of 

0.4147 ± 0.2744 μg g-1 and 0.17774 ± 0.2980 μg g-1, respectively. Considering the average 

concentrations, all the species studied showed levels of mercury below the maximum limit of 

0.5 μg g-1 in non-predatory fish and 1.0 μg g-1 in predatory fish, established by the Agência 

Nacional de Vigilância Sanitária. Taking each species into account, the minimum and 

maximum values of mercury in the muscular and hepatic tissues showed a wide dispersion. In 

4% of the specimens of pirambeba and 7% of piranha, the contents of mercury in muscle 

exceeded the limit established by ANVISA for predatory fish, and therefore, were unfit for 

human consumption. The other species did not present muscle samples with Hg content above 

that established by law. Due to its carnivorous eating habit and its wide distribution in the São 

Francisco Basin, Serrasalmus brandtii can be considered a biomonitor, capable of 

bioaccumulating mercury, thus indicating the level of contamination in the aquatic environment 

in which it lives.  

Keywords: fish, mercury, São Francisco River. 
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Concentração de mercúrio total em peixes do reservatório de Três 

Marias, Bacia do rio São Francisco 

RESUMO 
Diante da toxicidade do mercúrio para o ser humano e para o meio ambiente, o objetivo 

deste trabalho foi avaliar a sua bioacumulação em 13 espécies de peixes com diferentes hábitos 

alimentares, capturados no reservatório de Três Marias, bacia do rio São Francisco, no período 

de março de 2012 a abril de 2013. Os resultados obtidos revelam que as espécies com hábito 

alimentar carnívoro apresentaram as maiores concentrações médias de mercúrio em músculo, 

com destaque para Serrasalmus brandtii (pirambeba) e Pygocentrus piraya (piranha), com 

concentrações de 0,4147 ± 0,2744 μg g-1 e 0,1774 ± 0,2980 μg g-1, respectivamente. 

Considerando as concentrações médias, todas as espécies estudadas apresentaram teores de 

mercúrio abaixo dos limites máximos de 0,5 μg g-1 em peixes não predadores e de 1,0 μg g-1 

em peixes predadores, estabelecidos pela Agência Nacional de Vigilância Sanitária. Levando 

em conta cada espécie, os valores mínimos e máximos de mercúrio nos tecidos muscular e 

hepático demonstraram uma ampla dispersão. Em 4% dos espécimes de pirambeba e 7% de 

piranha, os teores de mercúrio em músculo ultrapassaram o limite estabelecido pela ANVISA 

para peixes predadores, e, portanto, sendo impróprios para o consumo humano. As demais 

espécies não apresentaram amostras de músculo com teor de Hg acima do estabelecido em lei. 

Devido ao seu hábito alimentar carnívoro e sua ampla distribuição na bacia do rio São 

Francisco, Serrasalmus brandtii pode ser considerada como biomonitor, capaz de bioacumular 

mercúrio, indicando, assim, o nível de contaminação desse metal no ambiente aquático em que 

vive. 

Palavras-chave: mercúrio, peixe, rio São Francisco. 

1. INTRODUCTION 

Fish is an important part of a healthy human diet. Undefined fish of high quality proteins 

and other nutrients essential to the diet, are low in saturated fat and acidified omega-3 fatty 

acids. A well-balanced diet that includes a variety of fish can contribute to heart health and the 

proper growth and development of children. Therefore, women and children in particular should 

include fish in their diets due to the many nutritional benefits. 

Mercury (Hg) toxicity to humans and the environment has been the subject of several 

studies (Miranda et al., 2007; WHO, 1990; Lee et al., 2010; Silva and Estanislau, 2015; 

Barragán et al., 2020; Assis et al. 2019). The best-known and cited case of mercury poisoning 

occurred more than six decades ago in the Japanese city of Minamata, where several people 

died and suffered from neurological symptoms associated with the consumption of fish and 

seafood contaminated with methylmercury (MeHg). 

Mercury presents several chemical species, especially elemental mercury (Hg0), found 

mainly in the form of gas, ionic mercury, in the oxidized forms of mercurous (Hg2
2+) and 

mercurial (Hg2+) ions and methylated forms, methylmercury (CH3Hg+) and dimethylmercury 

((CH3)
2Hg) ions (Miranda et al., 2007; Hina et al., 2021; Silva Oliveira et al., 2021). Formed 

by methylation of inorganic Hg, methylmercury is considered the most toxic form, with 

neurotoxic action and teratogenic agents (WHO, 1990). 

One of the most worrying types of pollution of aquatic and terrestrial systems is the result 

of the dumping of potentially toxic metals, which due to their increasing use in industries and 
other activities, led to the change in the natural geochemical cycle and, consequently, the greater 

dispersion in the environment. Among metals, mercury is considered to have the most toxic 

potential and the only one which has been proven to undergo biomagnification along the trophic 

chain, also suffering efficient organification to its most toxic form (methylmercury) in the 
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aquatic environment (Barrocas and Wasserman, 1995). Due to its ability to remain for long 

periods in the tissues of organisms, the consumption of contaminated fish is the main route of 

human exposure to methylmercury (Bahia, 1997), since it can be found in high concentrations 

mainly in species of fish with carnivorous eating habits (Boening, 2000; Trasande et al., 2005). 

In fish, the accumulation of metals occurs through absorption to the surface of the 

integument, breathing and eating habits. Size, eating habits, weight, age and length are some of 

the factors which are related to accumulation capacity. Bioaccumulation (bioconcentration) 

occurs by the direct accumulation of the chemical agent from water. The phenomenon of 

biomagnification is accumulation through feeding, with transfer of the contaminant from one 

trophic level to another (Sterling, 1994; Barron, 2003). Fish can be subject to both processes 

and be used as biomonitors for metals, indicating the level of contamination and bioavailability 

of these in the region in which they live, even with some relative mobility (Förstner and 

Wittmann, 1983; Clarkson, 1998). 

The highest concentrations of mercury are generally found in fish of higher trophic level 

(Mason et al. 1995; Neumann and Ward, 1999; Dietz et al., 2000; Gilmour and Riedel, 2000; 

Bastos et al., 2006; Dorea et al., 2006) through biomagnification; almost 100% of the mercury 

which bioaccumulates in the tissue of predatory fish corresponds to methylmercury (USEPA, 

2001). Consumption of these contaminated fish can result in the ingestion of high levels of this 

substance. Based on risk assessments and based on available data and research, several 

countries and International Organizations have established reference levels for daily or weekly 

mercury intake considered safe (or without appreciable risk to health), where reference intake 

levels for methylmercury exposure range from 0.7 to 2 μg of MeHg per kilogram of body weight 

(μg kg-1) per week (WHO, 2008). 

In Brazil, the National Health Surveillance Agency (ANVISA) (ANVISA, 2013), 

considering the risks of the consumption of mercury-contaminated fish and aiming to protect 

public health, has set a maximum limit of 0.5 μg g-1 Hg in non-predatory fish and 1.0 μg g-1 in 

predatory fish. In the Amazon, several studies have used mercury concentrations in hair as a 

biomarker to evaluate human exposure to this contaminant, mainly due to the diet composed of 

high fish intake (Pinheiro et al., 2006; Lima et al., 2015; Costa Júnior et al., 2015; 2018; Silva 

et al., 2020; Zampieri et al., 2020).  

Reports from Sweden and Canada suggest that methylmercury concentrations in fish may 

increase after the construction of artificial water reservoirs (WHO, 1990). According to Hecky 

et al. (1991), the formation of new large hydroelectric reservoirs in northern Canada was 

accompanied by increased concentrations of methylmercury in fish, previously associated only 

with industrial pollution. Terrestrial vegetation and organic soils of flooded areas provide an 

anoxic environment favorable to increased methylation of mercury, a predominantly microbial 

process that occurs in lakes (Gilmour and Henry, 1991).  

In Lake Chapala, Mexico, the highest concentrations of mercury in fish samples were 

found in carp (mean of 0.87 μg g-1), where a study with 92 women from three communities 

along the lake, with ages ranging from 18 to 45 years, found that 27.2% of them had 

concentrations of mercury in their hair greater than 1 μg g-1 (Trasande et al., 2010). 

In Canada, an environmental monitoring program was established to evaluate the physical 

and chemical aspects and changes associated with the development of the La Grande 

hydroelectric complex and verified that in the reservoirs studied after filling, the average 

mercury levels in all fish species increased by factors from two to eight compared to natural 

lakes. The maximum levels were reached in the period from 4 to 11 years after filling in non-

piscivore species (0.33 to 0.72 μg g-1) and from 9 to 14 years in piscivore species (1.65 to 4.66 

μg g-1), depending on the environment. The return to levels equivalent to those of natural lakes 

was generally completed after 10 to 20 years of filling in non-piscivore species, and after 20 to 

30 years in piscivore species (Schetagne and Therrien, 2013). 
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Given the toxicity of mercury to humans and the environment, this work evaluated 

bioaccumulation in 13 fish species with different eating habits (6 carnivores, 4 omnivores, 2 

detritivorous and 1 herbivore), captured in the Três Marias Reservoir, Minas Gerais, Brazil, 

from March 2012 to April 2013. Total mercury concentrations were analyzed in tissue samples 

(liver and muscle), and the results were compared with biometric data (weight and length) to 

verify possible correlations. Total mercury concentrations in fish muscle were compared to the 

maximum tolerance limits of inorganic contaminants in food, established by ANVISA. These 

data will be of great importance, as they serve as base values for a future study of the possible 

impacts caused by the arrival of the mud from the rupture of the Brumadinho Dam. 

2. MATERIAL AND METHODS 

2.1. Study area 

The Três Marias Reservoir is approximately 2700 meters long and has a maximum depth 

of 75 meters. When it reaches the maximum quota, the flooded area is 1,050 km2 and volume 

of 21 billion m3 (Britski et al., 1988). The reservoir (Figure 1) is located in the upper São 

Francisco River region, Minas Gerais, Brazil, and its flooded area is positioned between the 

18th and 19th South parallels and the 44º and 46º West meridians. Its main tributaries are the 

rivers São Francisco, Paraopeba, São Vicente, Sucuriú, Indaiá, Extrema, Borrachudo and Boi, 

reaching the municipalities of Abaeté, Biquinhas, Felixlândia, Morada Nova de Minas, 

Paineiras, Pompéu, São Gonçalo do Abaeté and Três Marias.  

 
Figure 1. Map of the Três Marias Reservoir and its main tributary 

rivers. 

2.2. Sampling 

Fish were caught in the Três Marias Reservoir near the mouth of the Borrachudo, Indaiá 

and Paraopeba Rivers, using a set of gillnets with meshes of 3, 4, 5, 6, 7, 8, 10, 12, 14 and 16 

cm (between opposite nodes). The nets were placed in the afternoon and removed in the 

morning of the next day, remaining in the water for approximately 14 hours. The specimens 

were identified using the identification keys contained in Britski et al. and in the Fishbase 

database (FISHBASE, 2019). After measurement of length and mass, samples of liver and 

muscle tissue (skinless and without flaking) were collected near the dorsal fin. The samples 

were then stored in polyethylene bottles and stored in a freezer until they were analyzed in the 

chemistry laboratory of the São Francisco Valley development company and Parnaíba 

(Codevasf), located in the municipality of Três Marias. 
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2.3. Analytical procedures 

The analysis method used to determine the total mercury concentration in the fish muscle 

and liver samples was based on thermal decomposition, amalgamation and detection by atomic 

absorption spectrometry, reaching a detection limit of 0.005 ng of mercury. The DMA-80 

equipment (Direct Mercury Analyser, Milestone) was used, with direct mercury analysis 

without the need for digestion or pretreatment of the sample, according to the USEPA 7473 

method, recommended by the United States Environmental Protection Agency (USEPA, 2007). 

2.4. Data processing 

The statistical analysis of the data was performed by linear regression and the 

determination of the degree of correlation between the variables through Pearson's correlation 

coefficient, applying the Program BioEstat 5.0 for Windows. The charts with the average, 

minimum and maximum concentrations were elaborated with the Microsoft Office Excel 2010 

software. 

3. RESULTS AND DISCUSSION 

Total mercury levels were analyzed in 311 specimens belonging to a group of 13 fish 

species caught in the Três Marias Reservoir (Figure 2), with different eating habits (6 

carnivores, 4 omnivores, 2 detriivores and 1 herbivore). The concentrations were compared 

with biometric data and with the maximum Hg limits in fish for human consumption, stipulated 

by the National Health Surveillance Agency (ANVISA, 2013). 

 
Figure 2. Fish species caught in the Três Marias Reservoir: 1- Brycon orthotaenia 

Günther, 1864; 2 - Cichla piquiti Kullander & Ferreira, 2006; 3 - Hoplias intermedius 

(Günther, 1864); 4 - Leporinus piau Fowler, 1941; 5 - Leporinus reinhardti Lütken, 

1875; 6 - Pachyurus francisci (Cuvier, 1830); 7 - Pimelodus maculatus Lacepède, 1803; 

8 - Prochilodus argenteus Spix & Agassiz, 1829; 9 - Prochilodus costatus Valenciennes, 

1850; 10 - Pygocentrus piraya (Cuvier, 1819); 11 - Salminus hilarii Valenciennes, 1850; 

12 -Schizodon knerii (Steindachner, 1875); and 13 - Serrasalmus brandtii Lütken, 1875. 
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To certify the analytical method, mercury determinations were made in reference material 

composed of fish protein (DORM-3), with known Hg content (0.382 ± 0.060 μg g-1) and 

prepared by the National Research Council Canada (NRC), where the recovery of mercury 

contents ranged from 92.3 to 107.1%. 

For species with the number of specimens greater than 12, the correlation matrix was 

calculated, showing Pearson's correlation coefficients, which measures the degree of linear 

relationship between each pair of the following parameters: mercury concentration in muscle 

(Hg-M) and liver (Hg-F), total length (CP) and body weight (CP). Simple linear regression was 

also applied to examine the linear relationship between mercury concentrations in the muscle 

and liver of each species, obtaining the line which best represents the data. 

The results obtained (Table 1) reveal that species with carnivorous eating habits presented 

the highest mean concentrations of mercury in muscle, which ranged from 0.0932 μg g-1 

(Trairão) to 0.4147 μg g-1 (Pirambeba). In the other species, the means ranged from 0.0269 μg 

g-1 (Curimatã pioa) to 0.0703 μg g-1 (Piau gordura). In liver tissue, the highest mean 

concentrations of mercury were found in Corvina (0.1916 μg g-1), Pirambeba (0.1872 μg g-1) 

and Pacu curimatã (0.1735 μg g-1). The maximum levels of mercury in muscle and liver were 

found in the carnivorous species Pirambeba (1.6303 μg g-1 and 2.4335 μg g-1, respectively) and 

Piranha (1.2073 μg g-1 and 1.5444 μg g-1, respectively). 

Moura et al. (2018) studied Hg concentrations in the biota of the estuarine region of the 

Jaguaribe River in Ceará, and concluded that the highest concentrations in fish were found in 

carnivorous species, but no significant differences were found among the average 

concentrations between carnivorous and omnivorous fish. 

This finding is consistent with earlier observations on the biota of the Amazon Basin 

(Dórea and Barbosa, 2007; da Silva et al., 2009). According to Dórea and Barbosa (2007) a 

wide variation in fish mercury bioaccumulation is expected in the complex and biologically 

dense environment of the Amazon rainforest. 

In all species studied (Figure 3), the average concentrations were below the maximum limit 

of 0.5 μg g-1 of Hg in non-predatory fish and 1.0 μg g-1 in predatory fish established by the 

National Agency of Health Surveillance - ANVISA (2013). Considering each species, the 

minimum and maximum values of mercury in the muscle and liver tissues showed wide 

dispersion. 

 
Figure 3. Average concentrations (minimum and maximum) of mercury in muscle of the fish 

species studied, compared to the limit established by law in Brazil.
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Table 1. Species, popular name, feeding habit, collected specimens (n), average concentrations of total mercury in muscle and liver, and biometric data                    

(total length and body weight) of fish caught in the Três Marias Reservoir. 

Species / Popular name Eating habits / Specimens (n) 
Total mercury concentration (μg g-1) Biometric data 

Muscle Liver Total length (cm) Body weight (g) 

Serrasalmus brandtii Carnivore 0.4147 ± 0.2744 0.1872 ± 0.2363  19.2 ± 4.7  197.2 ± 152.1  

Pirambeba 178 (0.0206 - 1.6303) (0.0079 - 2.4335) (10.6 - 30.0) (24.0 - 716.0) 

Pygocentrus piraya Carnivore 0.1774 ± 0.2980  0.1528 ± 0.3879 32.8 ± 6.4 1.299.1 ± 801.1  

Piranha 15 (0.0262 - 1.2073) (0.0113 - 1.5444) (17.0 - 45.5) (136.0 - 3.508.0) 

Cichla piquiti Carnivore 0.1100 ± 0.0707  0.1547 ± 0.1254  27.1 ± 8.0  397.0 ± 276.5  

Tucunaré azul 37 (0.0230 - 0.3202) (0.0368 - 0.5033) (11.5 - 41.5) (19.4 - 1.171.6) 

Salminus hilarii Carnivore 0.2335 ± 0.0859  0.1217 ± 0.0451  30.6 ± 2.4  294.1 ± 72.7  

Dourado branco 7 (0.1219 - 0.3680) (0.0783 - 0.1876) (25.5 - 32.5) (170.0 - 376.0) 

Holias intermedius Carnivore 0.0932 ± 0.0388  0.0565 ± 0.0175  36.3 ± 7.7  578.6 ± 286.6 

Trairão 5 (0.0623 - 0.1607) (0.0293 - 0.0718) (23.0 - 41.0) (130.0 - 889.0) 

Pachyurus francisci Carnivore 0.1461 ± 0.0382  0.1916 ± 0.0576  29.9 ± 3.8  247.9 ± 48.5  

Corvina 3 (0.1112 - 0.1869) (0.1338 - 0.2490) (26.0 - 33.5) (197.5 - 294.3) 

Brycon orthotaenia Omnivorous 0.0360 ± 0.0125 0.0284 ± 0.0157 28.5 ± 6.2  330.0 ± 245.3 

Matrinxã 7 (0.0214 - 0.0540) (0.0097 - 0.0546) (22.2 - 38.1) (134.0 - 690.0) 

Pimelodus maculatus Omnivorous 0.0320 ± 0.0143 0.0809 ± 0.0603 23.1 ± 2.3  142.9 ± 45.7  

Mandi amarelo 15 (0.0216 - 0.0741) (0.0387 - 0.2348) (18.9 - 28.3) (68.0 - 241.0) 

Leporinus piau Omnivorous 0.0703 ± 0.0623  0.0740 ± 0.0684  24.5 ± 3.1  314.2 ± 142.6  

Piau gordura 16 (0.0184 - 0.2611) (0.0161 - 0.2521) (18.0 - 31.0) (104.0 - 660.0) 

Leporinus reinhardti Omnivorous 0.0609 ± 0.0396  0.0539 ± 0.0319  22.9 ± 2.0  198.5 ± 58.0  

Piau três pintas 8 (0.0188 - 0.1062) (0.0190 - 0.1177) (20.4 - 26.0) (116.0 - 289.0) 

Prochilodus costatus Detritivore 0.0269 ± 0.0114 0.0595 ± 0.0312 20.2 ± 2.3  112.3 ± 30.8  

Curimatã pioa 3 (0.0189 - 0.0399) (0.0408 - 0.0955) (18.2 - 22.7) (88.0 - 147.0) 

Prochilodus argenteus Detritivore 0.0407 ± 0.0127 0.1735 ± 0.1034 27.5 ± 2.2 330.5 ± 95.7 

Curimatã pacu 4 (0.0288 - 0.0581) (0.1053 - 0.3275) (24.4 - 29.5) (199.0 - 415.0) 

Schizodon knerii Herbivore 0.0520 ± 0.0391 0.0651 ± 0.0512 31.0 ± 8.1 590.2 ± 465.1  

Piau branco 13 (0.0227 - 0.1501) (0.0263 - 0.2099) (20.0 - 42.0) (120.0 - 1.392.0) 
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There was a strong highly significant positive correlation (Table 2) between the 

concentrations of mercury in the muscle and in the liver of the Piranha (r = 0.9770 and P 

<0.0001), of the Mandi amarelo (r = 0.8834 and P <0.0001), Pirambeba (r = 0.7177 and P 

<0.0001) and Tucunaré azul (r = 0.6888 and P <0.0001); between muscle concentrations and 

the total length of the Tucunaré azul (r = 0.7279 and P <0.0001); between muscle concentrations 

and body weight of Piranha (r = 0.7154 and P <0.0027), Piau branco (r = 0.7883 and P <0.0014) 

and Tucunaré azul (r = 0, 6500 and P <0.0001); between liver concentrations and body weight 

of Piranha (r = 0.7487 and P <0.0013); and between the total length and the body weight of all 

species. 

Table 2. Species, popular name, eating habits, collected specimens (n), mean concentrations of total 

mercury in muscle and liver, and biometric data (total length and body weight) of fish caught in the 

Três Marias Reservoir. 

Popular name / 

Eating habits 

r (Person)/(P) 

Hg-M e HgF Hg-M e CT Hg-M e PC Hg-F e CT Hg-F e PC CT e PC 

Pirambeba 0.717 0.3374 0.2893 0.1557 0.1554 0.9432 

Carnivore < 0.0001 < 0.0001 0.0001 0.0385 0.0389 < 0.0001 

Piranha 0.977 0.5095 0.7154 0.5379 0.7487 0.9254 

Carnivore < 0.0001 0.0523 0.0027 0.0386 0.0013 < 0.0001 

Tucunará azul 0.6885 0.7279 0.6500 0.5563 0.5491 0.9444 

Carnivore < 0.0001 < 0.0001 < 0.0001 0.0003 0.0004 < 0.0001 

Mundi amarelo 0.8834 0.5034 0.4491 0.5830 0.5093 0.9292 

Omnivorous < 0.0001 0.0557 0.0930 0.0225 0.0524 < 0.0001 

Piau gordura 0.3703 -0.2745 -0.2971 -0.2241 -0.3836 0.9233 

Omnivorous 0.1579 0.3035 0.2638 0.4040 0.1423 < 0.0001 

Piau branco 0.3448 0.6955 0.7883 0.3566 0.4749 0.9531 

Herbivore 0.2485 0.0083 0.0014 0.2316 0.1009 < 0.0001 

Teodoro (2007) studied mercury concentration levels in fish belonging to different trophic 

levels of the Pantanal Sul Mato Grosso, and found that the piscivores presented mercury 

concentrations in muscle tissue higher than omnivores, detritivores and herbivores, and no 

significant correlation was observed between these concentrations and biometric data. Azevedo 

(2016) observed significant correlations between biometric variables and mercury 

concentrations in pimelodus fur muscle (r = 0.38, P< 0.05) captured in the Paraíba do Sul River. 

Cardoso et al. (2009) determined the mercury (Hg) contents in organs of the carnivorous 

species Trichiurus lepturus (swordfish) commercialized in the Itaipu Beach region, Niterói - 

RJ, and identified a highly significant correlation between hg contents in musculature with total 

length (r=0.85 and P<0.0001) and total weight (r=0.88 and P<0.0001). 

Seven specimens of Pirambeba (4%) and one of Piranha (7%) exceeded the maximum 

limit of 1.0 μg g-1 Hg in predatory fish, established by ANVISA, and, therefore, were considered 

unfit for human consumption. The other species did not present muscle samples with Hg content 

above the one established by law. In 94% of the specimens collected from Pirambeba (167), 

muscle tissue accumulated from 1.02 to 8.09 times more mercury than liver tissue. The same 

occurred with 87% of the specimens collected from the Piranha (Mason et al., 1995), where 

muscle tissue accumulated from 1.30 to 3.44 times more mercury than liver tissue. 

The F (regression) values were significant (Figure 4) for the species: Piranha (P< 0.0001 

and R2 = 0.9546), Yellow mandi (P< 0.0001 and R2 = 0.7804), Pirambeba (P< 0.0001 and R2 

= 0.5065) and Blue peacock bass (P< 0.0001 and R2 = 0.4740), where the total Hg concentration 

in muscle increases as it does in the liver. The comparative analysis of regression coefficients 

showed non-significant F (regression) values for the species Piau gordura (P = 0.1552) and Piau 

branco (P = 0.2476). 
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Figure 4. Probability (P) and coefficient of determination (R2) of simple linear regressions 

for total mercury concentration (μg g-1) in muscle in relation to fish. 

The consumption of fish contaminated with mercury can result in the ingestion of high 

levels of methylmercury, since, due to biomagnification, this corresponds to approximately 

100% of all mercury which is bioaccumulated in the tissues of predators (USEPA, 2001). As 

preventive measures, the World Health Organization suggests that in populations which 

consume large amounts of fish (e.g., 100 g per day), capillary levels of methylmercury in 

women of childbearing age should be monitored. If the results of these monitoring activities 

indicate excessive exposure to MeHg, appropriate measures should be taken to reduce the 

possibility of prolonged exposure during pregnancy and keep it below the internationally 

permitted consumption number, including reduced fish consumption (WHO, 1990). 
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Some studies suggest several intervention measures with the participation of communities 

affected by the presence of mercury, including maintaining fish consumption while giving 

preference to non-carnivores, thus reducing mercury levels in the population (Mergler, 2002; 

Mertens et al., 2005). 

4. CONCLUSION 

Of all the species analyzed, Serrasalmus brandtii (pirambeba) (n = 178) and Pygocentrus 

piraya (piranha) (n = 15) presented the highest concentrations of total mercury in muscle tissue. 

Evaluating the risks of the consumption of fish contaminated with mercury, it was found that 

4% of the Pirambeba and 7% of Piranha specimens exceeded the limit of 1.0 μg g-1 hg in 

predatory fish, established by the National Health Surveillance Agency, thus being unsuitable 

for human consumption. Due to its carnivorous eating habits and its wide distribution in the 

São Francisco River Basin, Serrasalmus brandtii can be considered as a biomonitor, capable of 

bioaccumulating mercury, thus indicating the level of contamination of this metal in the aquatic 

environment in which it lives. The other species did not present muscle samples with Hg content 

above that established by law.  

The increase in mercury levels in the waters of the Paraopeba River may cause 

bioaccumulation of this metal in fish of the entire trophic chain, and thus pose a risk to the 

population in the medium and long term. Thus, it is suggested that new studies of the temporal 

variation of these levels be conducted, comparing them with the levels presented in this study 

prior to the rupture of the Brumadinho Dam. 
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ABSTRACT  
A challenge for the design of drip irrigation systems with non-pressure compensated 

emitters is to increase the maximum length of the lateral lines without significantly reducing 
water application uniformity. This work evaluated the effect of the flow-rate variation and the 
local head loss in the maximum length of drip tape with a non-pressure compensated flat 
emitter. The tests were carried out in a laboratory, using a collapsible drip tape non-pressure 
compensated in three 50-meter segments. The production line was configured to generate drip 
tapes without insertion of emitters and with closed emitters (0.30 m spacing). The experimental 
local head loss was compared with the Darcy-Weisbach equation's estimates using the Blasius 
friction factor. In the sequence, simulations were generated for the flow-rate variations of 10 
and 20% for the emitter spacings of 0.30, 0.40, and 0.50m. The results showed that the local 
head loss had little influence on the lateral line's maximum length, generating variations of 
2.5% on average. However, increasing the allowable flow rate variation from 10 to 20% 
resulted in a 34% increase in the lateral line maximum length. Also, the reduction in uniformity 
coefficients was less than 5%, enabling the indexes to remain above 90%. The adoption of 
higher flow rate variation values allowed gains in the lateral line length with a small decrease 
in uniformity, making it an alternative to reduce design and operational costs. 

Keywords: emitter head loss, lateral line length, uniformity. 

Efeito da variação de vazão permitida e da perda de carga localizada no 
comprimento máxima de fita gotejadora não compensada 

RESUMO 
Um desafio para o dimensionamento de sistemas de irrigação por gotejamento com 

emissores não compensados é aumentar o comprimento máximo das linhas laterais sem reduzir 
significativamente a uniformidade de aplicação de água. Este trabalho teve como objetivo 
avaliar o efeito da variação da vazão permitida e da perda de carga no emissor no comprimento 
máximo da linha lateral utilizando mangueira gotejadora com gotejador plano não compensado. 
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Os ensaios foram realizados em laboratório, utilizando-se três segmentos de 50 metros de fita 
gotejadora não compensada. A linha de produção foi configurada para gerar fitas gotejadoras 
com as seguintes características: sem inserção de emissores; com emissores fechados 
(espaçamento de 0,30 m). A perda de carga local obtida experimentalmente foi comparada com 
as estimativas da equação de Darcy-Weisbach usando o fator de atrito de Blasius. Na seqüência 
foram geradas simulações para as variações da vazão de 10 e 20%, para os espaçamentos entre 
emissores de 0,30; 0,40; e 0,50 m. A perda de carga localizada teve pouca influência no 
comprimento máximo da linha lateral, gerando variações médias de 2,5%. No entanto, o 
aumento da variação da vazão permitida de 10 para 20% resultou em um aumento de 34% no 
comprimento máximo da linha lateral. Além disso, a redução dos coeficientes de uniformidade 
avaliados foi inferior a 5%, permitindo que os índices permanecessem acima de 90%. A adoção 
de maiores valores de variação da vazão permitiu ganhos no comprimento da linha lateral com 
uma pequena diminuição na uniformidade, tornando-se uma alternativa para otimização do 
dimensionamento de fitas gotejadoras não compensadas. 

Palavras-chave: gotejamento, linha lateral, uniformidade. 

1. INTRODUCTION 

Micro irrigation systems apply dripping water slowly to the root systems of plants, either 
directly near the root zone or onto the soil surface (Baiamonte, 2018). The drip tape emitters 
can be pressure-compensated or non-pressure-compensated. The compensated drippers provide 
a constant flow rate under pressure variations along the lateral line, allowing longer lengths, but 
they are more expensive. Using non-pressure compensating emitters, the flow rate decreases as 
the pressure is reduced, resulting in shorter lateral lines to obtain the desired uniformity 
(Ludwig and Saad, 2013).  

Lay-flat drip tapes with non-pressure compensated emitters are widely used to irrigate field 
crops and seasonal horticultural crops due to their high application efficiency and uniformity, 
ease of installation, and low investment cost (Provenzano et al., 2014; Wang et al., 2020). The 
limitation is that, due to head loss, the lateral line length must be short to maintain uniformity, 
even when installed in level ground conditions. 

The determination of the lateral line's maximum length is essential in optimizing the drip 
irrigation system cost (Miranda et al., 2017). Longer drip lines reduce installation costs 
compared to a set of shorter drip lines that total the same length (Gomes et al., 2010). 
Complementing the economic advantage, the smaller number of lines, due to the greater length, 
represents a gain in practicality in handling, as long as they are adequately sized to ensure 
uniformity to the system (Gomes, 2013). 

To optimize the maximum length of the lateral lines in non-pressure compensated drippers, 
some suggested options are to employ emitters with a lower manufacturing variation coefficient 
(Katsurayama, 2015) and to adequately choose the allowed flow variation (Perboni et al., 2015). 

Since the drip tape with non-pressure compensated flat dripper predominates in 
horticultural irrigation in Brazil due to the lower initial cost than compensated hoses, it would 
be useful to evaluate the flow-rate variation effect in the lateral line length and also the 
uniformity as optimization strategies. 

The design of drip hose lateral lines considers a maximum flow variation of 10% (Karmeli 
and Keller, 1975). However, some authors recommend higher values, between 10 and 20%, as 
is the case with Sammis and Wu (1985), or even 20%, in supplementary irrigation (Bernardo et 
al., 2019). Wu (1997) indicates that the flow variation between emitters on one side can be 
increased by up to 30%, unlike the usual 10 to 20%, which still obtains a uniformity coefficient 
of water application above 80%, since the manufacturing variation coefficient is less than 10%. 
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However, a proper hydraulic design of drip tape lateral line requires an accurate evaluation 
of the emitter properties, the friction head loss in pipes, and the local head loss induced by the 
presence of emitters (Demir et al., 2007; Wang and Chen, 2020; Flores et al., 2021). Yildirim 
(2007) showed that neglecting the local head loss's impact may lead to an error of 7% in the 
lateral line length for labyrinth and orifice vortex online emitter models. Gomes et al. (2010) 
found that the maximum lateral length was overestimated by 9.5% when the local head loss of 
the coaxial emitter integrated into polyethylene pipes was not considered. 

Although the flat emitter is the most-used model in non-pressure compensated drip tapes, 
there is little information about the local head loss and its effect on the lateral line maximum 
length. 

This work evaluated the effect of the flow-rate variation and the local head loss in the 
maximum length of drip tape with a non-pressure compensated flat emitter. 

2. MATERIALS AND METHODS 

The tests to measure the local hose head loss were carried out at the Petroisa Hydraulic 
Laboratory, in partnership with FCA - Campus de Botucatu - UNESP. A collapsible drip tape 
(CDT) consisting of polyethylene resins with the manufacturer's technical specifications shown 
in Table 1 was used to carry out the study. 

Table 1. Drip tape characteristics. 

Parameters Values 

Wall thickness   0.250 mm 
Operational pressure head 10 mca 

Nominal diameter 16 mm 

Internal diameter at 10 mca 16.2 mm ± 0.3 mm 

Flow rate at operational pressure  1.474 L h-1 

Burst pressure head 25 mca 

Smallest dripper pass dimensions 0.48 x 0.55 mm 

Emitter spacing variation Nominal ± 5% 

Discharge coefficient, k (Equation 1) 0.46297 

Emitter flow exponent, x (Equation 1) 0.503 
Manufacturing variation coefficient, CVm 0.0353 

The nominal pressure-discharge curve for the emitter is given by Equation 1: 

𝑞𝑞 = 𝑘𝑘 𝐻𝐻𝑥𝑥               (1) 

Where q is the emitter discharge (L h-1), k is the discharge coefficient, H is the emitter's 
pressure head (mca), and x is the emitter flow exponent. 

For the proposed research, the manufacturer configured the production line to generate 
drip tapes with the following characteristics: a) hose without insertion of emitters, and b) hose 
with 0.30m-spaced emitters but without exit hole.  In case b, the dripper hose production line 
has been configured so that the machine does not perform the drilling corresponding to the 
dripper's water outlet, producing a hose with closed drippers.  

The tests used a level platform located 1.5 m above the ground, with a maximum total 



 

 

Rev. Ambient. Água vol. 16 n. 2, e2676 - Taubaté 2021 

 

4 Luiz Antonio de Andrade et al. 

length of 250 m. The hydraulic network consisted of a 1,000 L water tank, a motor pump with 
a flow rate of 87.84 m3 h-1, and pressure up to 60 mca. For filtering the water, 110-micron plastic 
disc filters were used. A frequency inverter, three-needle registers, and two drawer registers 
were used to control pressure and flow. To collect water from the emitters, a galvanized steel 
channel installed 0.3 m below the platform support in its entire length was used, allowing the 
waters return to the box. 

An electromagnetic flow meter and a transmitter were used to measure the flow rate, 
without moving parts, brand INCONTROL, Series VMS-012, with a diameter of 13 mm, and 
a Totalizing Indicator, Model MEV-100. In the calibration of the equipment, water at 22ºC was 
used, generating an accuracy of ± 2% in the flow range between 120 to 4,070 L h-1. 

In the pressure measurement, an electronic manometer with an integrated silicon pressure 
sensor, Model MPX 5500, manufactured by Freescale Semiconductor Inc, was used, with a 
precision of 0.01 mca in the range of 0 to 12 mca, associated with a Microprocessed Electronic 
Indicator, Model HW 7000, manufactured by Coelmatic Ltda. During the tests, the water 
temperature was monitored by a digital contact thermometer. 

The drip tape was subjected to a pressure head of 10 mca in 10 samples to determine the 
external diameter, and a Mitoyo electronic micrometer was used in four positions equidistant 
across. The same places were used to determine the hose wall's thickness without pressurization 
to obtain the drip tape's internal diameter (D). 

The emitter's internal diameter (Dg) was obtained through the difference between D and 
the emitter height plus the hose wall where it was integrated. The hose area's determinations 
with the emitter (Ac) and without the emitter (As) were carried out using the Computer Assisted 
Design (CAD) program. 

The head loss was evaluated in three 50-meter segments for each type of drip tape 
manufacturing, with three repetitions, maintaining the inlet pressure at 10 mca throughout the 
test.   The flow rates were evaluated and corresponded to velocity ranging from   0.16 to 0.94 
m s-1, with a Reynolds’ number between 2,500 and 14,400.   

The method of estimating the emitter's local head loss was based on the Obstruction Index 
- OI (Alves and Porto, 2002; Cardoso and Klar, 2014), according to Equations 2, 3, and 4. 

𝑟𝑟 = 𝐴𝐴𝐴𝐴
𝐴𝐴𝐴𝐴

                (2) 

𝐼𝐼𝐼𝐼 = (1−𝑟𝑟)2

𝑟𝑟2
= 𝜃𝜃              (3) 

ℎ𝑓𝑓𝑓𝑓𝑖𝑖 =  (1−𝑟𝑟)2   𝑉𝑉𝑖𝑖
2

     𝑟𝑟2     2 𝑔𝑔
                         (4) 

          
Where hfei is the local head loss in the emitter i, mca;  r is the ratio between Ac and As; Vi 

is the average water velocity at uniform pipe section near the emitter i, m s-1.  
The experimental results of head loss were compared with those obtained by the Darcy-

Weisbach equation (universal) with friction factor (f) from Blasius’ formula.  
In the level lateral line, the maximum pressure is the pressure at the inlet (H0) of the drip 

tape, which was adopted as the nominal operating pressure recommended by the manufacturer 
(10 mca). The minimum pressure (Hmin) is at the end of the line, where the emitter with the 
lowest flow rate is positioned. The total head loss (HfL) is the difference between the maximum 
pressure and the minimum pressure (HfL = Hmax - Hmin). 

Substituting in Equation 5, proposed by Keller and Karmeli (1974), the allowable flow 
variation (∆q) in the lateral line and the value of x provided by the manufacturer, the permissible 
pressure variation (∆H) is obtained (Wu and Yue, 1993). The minimum pressure is obtained by 
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replacing Hmax and ∆H in Equation 6. The average pressure (Hav) is determined by Equation 7 
(Howell and Hiler, 1974).  
 
𝛥𝛥𝐻𝐻 = 1 − (1 − 𝛥𝛥𝑞𝑞)

1
𝑥𝑥              (5) 

∆𝐻𝐻 =  𝐻𝐻𝑚𝑚𝑚𝑚𝑥𝑥− 𝐻𝐻𝑚𝑚𝑖𝑖𝑚𝑚
𝐻𝐻𝑚𝑚𝑚𝑚𝑥𝑥

              (6) 

𝐻𝐻𝑎𝑎𝑎𝑎 = 𝐻𝐻0 −  0.75 𝐻𝐻𝑓𝑓𝐿𝐿             (7) 

Once the maximum and minimum pressures are defined, there is only one possible length 
for the level drip tape, and it can be obtained using an electronic spreadsheet. The last emitter 
(emitter number 1) has the minimum pressure on the lateral line. The penultimate emitter is 
number 2, and so on until emitter N, located at the tape's inlet where the maximum pressure 
occurs (Figure 1).  

 
Figure 1. Drip tape lateral line with multiple, equally spaced outlets.   

The flow in the segment between emitters 1 and 2 is obtained by applying Equation 1 for 
dripper 1. This flow rate value is used to calculate the head loss in the tape section between 
these two emitters, and the corresponding velocity is applied to define the hfe in emitter 1.  The 
section head loss and hfe are added to the pressure head of the emitter 1 providing the working 
pressure of the emitter 2.  The sum of the flow rates of emitters 1 and 2 provides the flow rate 
in the section between emitters 2 and 3. The pressure at emitter 3 is the sum of the pressure at 
emitter 2 plus the local head loss at emitter 2, plus the pressure loss in the section between 
emitters 2 and 3.  This step-by-step method is repeated until the working pressure equal to 10 
mca is reached in the emitter N. 

The lateral line total length, L, in meters is given by Equation 8:  

𝐿𝐿 = (𝑁𝑁 − 1)𝑆𝑆𝑒𝑒               (8) 

Where: N = total number of drippers in the lateral line; Se = dripper spacing, in m.  

The total head loss, hfL, in mca, is estimated by Equation 9: 

ℎ𝑓𝑓𝐿𝐿 =  ∑ (ℎ𝑓𝑓𝑖𝑖𝑁𝑁
𝑖𝑖=1 +  ℎ𝑓𝑓𝑓𝑓𝑖𝑖)             (9) 

Where: hfi = head loss in section i, in mca; and hfei = local head loss in emitter i, in mca. 

The pressure head at dripper i, Hi, in mca, is given by Equation 10: 

𝐻𝐻𝑖𝑖 =  𝐻𝐻𝑖𝑖−1 +  ℎ𝑓𝑓𝑖𝑖 + ℎ𝑓𝑓𝑓𝑓𝑖𝑖           (10)  

 The sum of the flow rates of all emitters from 1 to N provides the flow rate into the 
lateral line (Q0) Equation 11:  
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𝑄𝑄0 =  ∑ 𝑞𝑞𝑖𝑖𝑁𝑁
𝑖𝑖=1              (11) 

Where: qi = emitter i discharge, in L h-1. 

The average flow rate (qav) was calculated by dividing the sum of the flow rates of all 
lateral line emitters by the number of emitters. Its location was obtained in the spreadsheet 
identifying the number of the emitter with the corresponding rate value.  

From this procedure, simulations were generated for the flow-rate variations of 10 and 
20% in the lateral line, for emitter spacings of 0.30, 0.40, and 0.50 m. 

To evaluate the drip-tape design, the following uniformity indexes (Equations 12, 13 and 
14) were estimated: a) EUCVm, emission uniformity coefficient defined by Keller and Karmeli 
(1974) and recommended by the EP405.1 standard (Asabe, 2003); b) EUD, the design emission 
uniformity coefficient, described by Nakayama et al. (1979); and c) EUB, the revised emission 
uniformity coefficient presented by Barragan et al. (2006). 

 𝐸𝐸𝐸𝐸𝐶𝐶𝑉𝑉𝑚𝑚 = 100. �1 −  1.27  𝐶𝐶𝑉𝑉𝑚𝑚
�𝑁𝑁𝑒𝑒

� . �𝐻𝐻𝑚𝑚𝑖𝑖𝑚𝑚
𝐻𝐻𝑎𝑎𝑎𝑎

�
𝑥𝑥
         (12) 

𝐸𝐸𝐸𝐸𝐷𝐷 = 100. �1 −  0.798  𝐶𝐶𝑉𝑉𝑚𝑚
�𝑁𝑁𝑒𝑒

�           (13) 

𝐸𝐸𝐸𝐸𝐵𝐵 = 100. �1 −  ��1 −  �𝐻𝐻𝑚𝑚𝑖𝑖𝑚𝑚
𝐻𝐻𝑚𝑚𝑎𝑎

�
𝑥𝑥
�
2

+  �1.27  𝐶𝐶𝑉𝑉𝑚𝑚 
�𝑁𝑁𝑒𝑒

�
2
�       (14) 

Where Ne is the number of emitters from which each plant receives water. 

3. RESULTS AND DISCUSSION 

3.1. Experimental data 
The average geometric characteristics of the drip tape, measured in 10 samples for the 

operating pressure of 10 mca, corresponded to a wall thickness (Ep) of 0.248 mm, free internal 
Diameter (D) of 16.232 mm, inner diameter with emitter (Dg) of 13.147mm, cross-sectional 
area of the hose with emitter (Ac) of 188.73 mm², cross-sectional area of the hose without the 
Emitter (As) of 207.54 mm², and coefficient of the variation of 1.61%. The ratio (r) between Ac 
and As was 0.9094. 

When pressurized at 10 mca, the D and the Ep values were within the range indicated by 
the manufacturer. The experimental results for the unit head loss test (J), caused by the drip 
tape without the presence of emitters, and the unit head loss estimate using the Darcy-Weisbach 
equation with the friction factor estimated by Blasius’ formula are shown in Table 2. 

The unit head losses for the tape with closed emitters obtained with the Darcy-Weisbach 
equation using the friction factor calculated by the Blasius formula, for different drip-tape flow 
rates, were very close to those obtained under the experimental conditions. It is in agreement 
with results obtained by Yasmina and Rachid (2015), Flores (2017), Miranda et al. (2018), and 
Melo (2020). The data obtained from Darcy-Weisbach equation with Blasius were adjusted and 
generated Equation 15. It was applied in the electronic spreadsheet to define the maximum 
length of the drip tape lateral line in the simulation process. 
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Table 2. Experimental unit head loss (J) for drip tape without emitters, and for drip tape with closed 
emitters (drippers having no exit hole); local head loss (hfe), and pressure head loss in the tape without 
emitters estimated by the Darcy-Weisbach equation using the Blasius formula according to the drip tape 
flow rate (drippers spacing 0.32 m, internal diameter considered 0.016232 m, and absolute roughness 
of 0.00001 m and water temperature at 20°C). 

Drip tape flow 
rate (L h-1) 

Experimental Theoretical 

Unit head loss, J (m/m) 
Local head loss in the 

dripper, hfe (m) (c) 

J (m/m) 

Drip tape with closed 
emitters (a) 

Tape without 
drippers (b) 

D.W.* with 
Blasius 

699.05 0.08484 0.07652 0.00266** 0.08066 
600.47 0.06630 0.06134 0.00159 0.06182 

500.83 0.05017 0.04604 0.00132 0.04500 

398.01 0.03510 0.03351 0.00051 0.03010 

299.43 0.02320 0.02222 0.00043 0.01829 
199.79 0.01339 0.01203 0.00031 0.00901 

*D.W. Darcy-Weisbach equation with friction factor calculated by Blasius formula; ** c = (a – b)/(1/Se), 
where Se is the emitter spacing, m.   

𝐽𝐽 = 8.512 . 10−7 .𝑄𝑄1.75    𝑅𝑅2  =  0.9999      (15) 

Where J is the unit head loss, m m-1; Q is the drip-tape flow rate, in L h-1. 

Using the methodology (Equation 4) proposed by Alves and Porto (2002) and the drip tape 
characteristics c, As, and r, Equation 16 was presented, representing the local head loss (hfe) 
caused by the emitter’s insertion in the drip tape.  

ℎ𝑓𝑓𝑒𝑒 = 0.009933 . 𝑉𝑉
2

2.𝑔𝑔
                                             (16)      

3.2. Simulations 
To evaluate the effect of the flow rate variation on the drip tape length, minimum pressure 

values were generated according to the Wu and Yue (1993) equation, depending on the 
allowable flow variation (Sammis and Wu, 1985) and also on the allowable total head loss for 
the evaluated tape. This procedure generated the following results: for x equal to 0.503 and inlet 
pressure of 10 mca (working pressure recommended by the manufacturer), with a flow-rate 
variation of 10%, there was a head loss (HfL) of 1.89 mca (minimum pressure of 8.11 and 
maximum of 10 mca), while for the same conditions with 20% flow variation, there was a head 
loss of 3.58 mca (minimum pressure of 6.42 and maximum of 10 mca). 

The maximum lateral line length therefore was determined for the dripper spacings of 0.2, 
0.3, 0.4, and 0.5m using Equations 5 and 15, and disregarding the local head loss due to the 
emitters. The same determination was done considering the local head loss due to the emitter 
obtained by Equation 16. For both cases, the step-by-step method was used. The results are 
shown in Table 3. 

Comparing the results of Table 3, the head loss generated by reducing the water passage 
area by the insertion of the emitter influenced 2.5%, on average, in the maximum lateral line 
length, ranging from 2.1 to 2.9%. This small difference reflects a low value of local head loss 
due to the emitter's insertion in the drip tape (Prado et al., 2014). The small interference of hfe 
is associated with the high value of the ratio (r) between the areas of the hose with (Ac = 188.73 
mm2) and without emitter (As = 207.54 mm2), which was of 0.9094. The emitters caused a small 
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disturbance in the water flow in the hose and, consequently, small values of local head loss.   

Table 3. Drip tape characteristics, in different spacing between emitters, for 10% and 20% flow rate 
variations, not considering and considering local head loss due to the emitter. 

Not considering local head loss due to the emitter (hfe) 

Parameters 

Emitter spacing (cm) 

20 30 40 50 

10% 20% 10% 20% 10% 20% 10% 20% 

Q0, L h-1 597.2 739.6 516.7 638.9 464.7 576.0 429.2 530.5 
L, m 87.2 117.2 113.1 151.8 135.6 182.4 156.5 210.0 

Drippers number 437 587 378 507 340 457 314 421 
qav, L h-1 1.37 1.26 1.37 1.26 1.37 1.26 1.37 1.26 

qav  position, m 33.4 45.0 42.9 58.5 52.0 70.4 60.0 81.0 
qav  position, % 38.30 38.4 37.93 38.54 38.35 38.60 38.34 38.57 

Hav, mca 8.61 7.35 8.61 7.35 8.61 7.37 8.61 7.35 
% de Hf until qav 74.11 74.81 74.01 74.99 74.20 75.07 74.20 75.05 

Considering local head loss due to the emitter (hfe) 

Parameters 

Emitter spacing (cm) 

20 30 40 50 

10% 20% 10% 20% 10% 20% 10% 20% 

Q0, L h-1 580.9 718.3 505.8 621.2 453.8 560.8 418.2 518.0 
L, m 84.8 113.8 110.7 147.6 132.4 177.6 152.5 205.0 

Drippers number 425 570 370 493 332 445 306 411 
qav, L h-1 1.37 1.26 1.37 1.26 1.37 1.26 1.37 1.26 

qav  position, m 32.4 43.8 42.6 68.4 50.8 68.4 58.5 79.00 
qav  position, % 38.2 38.49 38.48 38.51 38.37 38.51 38.36 38.54 

Hav, mca 8.60 7.32 8.60 7.32 8.60 7.32 8.60 7.32 
% de Hf until qav 73.78 74.79 73.98 74.79 73.88 74.79 73.96 74.76 

However, Laperuta Neto et al. (2011) obtained local head for tablet type emitters in a hose 
with an average diameter of 14.45 mm in the order of 23% of the total head loss. The emitter 
labyrinth configuration and its dimensions determine the interference degree in the flow and 
the magnitude of the local head loss (Gomes et al., 2010; Cardoso and Klar, 2014). 

Figure 2 shows the maximum length of the drip tape with and without the emitters' 
insertion for 10 and 20% flow-rate variations. 

The uniformity coefficients obtained for the drip tape for the spacings of 30, 40, and 50 
cm, with flow rate variations of 10 and 20%, are shown in Table 4. The flow-rate variation of 
20% generated uniformity indexes greater than 90%, in all evaluated combinations considered 
adequate by the ASAE EP405.1 standard (Asabe, 2003). Corroborating these results, Santos et 
al. (2013) found uniformity coefficients above 80 and 90%, classified as good and excellent, 
respectively, for a 25% flow-rate variation. 

Associating the information in Figure 2 with Table 4, it is observed that the increase in the 
flow-rate variation from 10 to 20% generates significant increases in the lateral line maximum 
length, with a small reduction in uniformity, which demonstrates an alternative of optimization 
in the project cost. Similar results were obtained by Frizzone et al. (1998), evaluating pressure 
compensated emitters spaced 0.3 m. They observed that the flow variation of 20% generates 
increments in the order of 30% in the length of the lateral line in level comparatively to 10%, 
for inlet pressures from 2 to 10 mca. 

Mantovani et al. (2009) and Prado et al. (2014) found that the inlet pressure in the lateral 
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line has a significant participation in the uniformity of water application and recommended the 
value of 10 mca for the drip irrigation system. 

 
Figure 2.  Drip tape maximum length for 10 and 20% ∆𝑞𝑞,  considering and not considering 
the local head loss caused by the emitters (hfe). 

Table 4. Emission uniformity coefficients (%), for 10% and 20% of discharge 
variation (∆q) and emitter spacings of 10, 20, and 30cm. 

Emission uniformity indexes 

Uniformity values (%) 

 ∆q = 10% ∆q = 20% 

Drippers spacing(m) Drippers spacing (m) 

0.30 0.40 0.50 0.30 0.40 0.50 

EUCVm 94.7 94.3 94.0 91.3 91.0 90.7 
EUD 98.5 98.2 98.0 95.1 94.9 94.8 
EUB 96.2 95.9 95.7 93.2 93.0 92.9 

4. CONCLUSIONS 

According to the results obtained for the experimental conditions, it was concluded that 
the local head loss due to the flat emitters of the non-pressure compensated drip tape was small 
for all spacings and flow-rate variations evaluated, influencing 2.5%, on average, in the lateral 
line maximum length. 

The increase in the flow-rate variation from 10% to 20% allowed an increase of 34% in 
the lateral line maximum length, showing a reduction of the emission uniformity coefficients 
in the order of 5% but maintaining uniformity above 90% in all conditions evaluated. 

The adoption of a higher flow-rate variation value, from 10 to 20%, allowed gains in the 
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lateral line length with a small decrease in uniformity, representing an alternative to reduce 
investment and operational costs. 
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ABSTRACT  
The Mundaú-Manguaba Estuary Lagoon Complex is located on the coast of Alagoas state 

in Northeastern Brazil, and consists of two shallow lagoons, Mundaú and Manguaba, that form 

a system of choked lagoons which are connected to the Atlantic Ocean by a series of narrow 

channels with a single outlet which dynamically alters its position. This study uses the 

Hydrodynamic Environmental System, SisBaHiA® to investigate how variations in river 

discharge and wind influence hydrodynamic circulation, water renewal, salinity and 

temperature in the lagoons. The free surface positions, obtained by model, were compared with 

the free surface positions measured at two points of the complex, showing good agreement. The 

analyses were carried out for dry and wet seasons and extreme events with very high freshwater 

discharge. The channel system of the lagoons is an efficient filter in reducing tidal variability 

inside the lagoons. The tidal ranges in the Manguaba and Mundaú Lagoons are 90% and 80% 

lower, respectively, as compared with the values in the open boundary. The residence time 

calculated varied between 11 and 365 days and between 2 and 180 days for the Manguaba and 

Mundaú Lagoons, respectively, making it possible to identify possible stagnation areas. The 

results from the salt and heat transport model show a prolonged period with low salt 

concentrations and slow salinity recovery after the rainy season; the water temperature in the 

lagoons shows little spatial and temporal variation.  

Keywords: hydrodynamic circulation, Mundaú/Manguaba lagoon estuary complex, residence time. 

Efeito na circulação e na renovação das águas em um complexo 

estuarino lagunar brasileiro, devido às variações do aporte fluvial e do 

vento 

RESUMO 
O Complexo Estuarino Lagunar Mundaú-Manguaba está localizado no litoral do estado de 

Alagoas, no nordeste do Brasil, é formado por duas lagunas rasas, Mundaú e Manguaba, que 
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constituem um sistema de lagunas sufocadas, conectadas com o oceano Atlântico por um 

conjunto de canais estreitos com uma única saída, que altera a sua posição dinamicamente. Este 

trabalho investiga como as variações do aporte fluvial e do vento influenciam a circulação 

hidrodinâmica, a renovação das águas, a salinidade e a temperatura nas lagunas usando o 

Sistema de Hidrodinâmica Ambiental computacional, SisBaHiA®. Os valores da posição da 

superfície livre obtidos pelo modelo foram confrontados com dados medidos em dois pontos 

do complexo, apresentando uma boa concordância. As análises foram realizadas para as 

estações seca e chuvosa e para um evento extremo, com vazões dos rios muito elevadas. O 

sistema de canais das lagunas é um filtro eficiente na redução os efeitos da maré nas lagunas. 

Dentro das Lagunas de Manguaba e Mundaú, as amplitudes da maré são reduzidas em cerca de 

90% e 80%, respectivamente, em comparação com a fronteira aberta. O tempo de residência 

calculado variou entre 11 e 365 dias para a laguna Manguaba e entre 2 e 180 dias para Mundaú, 

permitindo identificar possíveis áreas de estagnação. Os resultados do modelo de transporte de 

sal e calor mostram um prolongado período com baixas concentrações de salinidade e uma lenta 

recuperação dos valores de salinidade após o período chuvoso; a temperatura da água nas 

lagunas apresenta pouca variação espacial e temporal.  

Palavras-chave: circulação hidrodinâmica, complexo estuarino lagunar Mundaú/Manguaba, tempo de 

residência. 

1. INTRODUCTION 

Coastal lagoons, located mainly in tropical and subtropical regions, are driven by river 

flow, wind and, to a lesser degree, tides (Miranda et al., 2002). The Mundaú/Manguaba Lagoon 

Estuary Complex (CELMM), located on the coast of Alagoas state between 9°35’S and 9°46’S 

and 35°43’ W and 35°58’W, is formed by the Mundaú and Manguaba Lagoons, comprising an 

area of 126 km², and consists of a system of choked coastal lagoons connected to the Atlantic 

Ocean by a series of narrow channels that cross a mangrove swamp, forming a single outlet, 

which dynamically changes its position (Figure 1). This series of channels is an efficient filter 

in reducing tidal variability inside the lagoons. 

The CELMM is an important natural breeding ground for mollusks, crustaceans, and fish, 

thus making fishing an important economic activity, along with tourism. An important source 

of income and food for the population that inhabits the margins of Mundaú and Manguaba 

Lagoons is the sururú mussel (Mytella Charruana), a bivalve mollusk that can be found in 

estuarine environments. In 2013, 1500 metric tons were harvested from the lagoons, far below 

the 5000 caught annually in the 1980s, as reported by Pereira-Barros (1987). According to Silva 

(1994), the sururú mussel is present in approximately 15% of the complex (54 km2), reaching 

a maximum density of 1770 ind/m2. According to Teixeira and Sá (1998), salinity is the most 

important regulator of the distribution and abundance of macro crustaceans in the CELMM, in 

addition to controlling the distribution of several fish species. The ideal salinity for sururú 

mussel harvesting is between 29.0 and 33.0, but laboratory experiments showed that the sururú 

withstood salinity of 12.0 during the rainy season (Pereira-Barros, 1987). Oliveira and Kjerfve 

(1993) reported that the sururú mussel cannot survive salinity below 2.0 for more than seven 

days. Consequently, knowledge of spatial and temporal variations in salinity levels is essential 

to managing sururú mussel harvesting. 

The increasing amount of untreated domestic sewage and the declining salinity in the 

lagoons account for the drop in the sururú mussel production. The CELMM receives sewage 

waste from approximately 300,000 inhabitants of the metropolitan region of Maceió and seven 

neighboring cities, mainly on the left margin of the Mundaú Lagoon. Only 26% of this sewage 

is collected and 4.5% treated; the rest is discarded directly into the lagoons without any 

treatment whatsoever (ANA, 2006).  
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Figure 1. Mundaú-Manguaba Lagoon Estuary Complex (CELMM) in 

Alagoas state, Brazil, showing the port region and mouth, modeling 

domain, bottom topography, the discretizing mesh and the position of the 

1488 finite elements and 6914 nodes and locations of stations Sta-1 and 

Sta-2,where water levels were measured in 2014, as well as the other 

stations (Sta A-G) and control sections S1, S2 and S3, where inlet and 

outlet volumes of the lagoons were calculated. 

In the literature, there are several studies relating hydrodynamic circulation in the CELMM 

with water renewal rates and mixing. Oliveira and Kjerfve (1993) conducted an extensive study 

of the CELMM, assessing the hydrological characteristics, water level variations, absorption, 

and currents, as well as the temporal and spatial variations in salinity, based on a dataset 

obtained for the dry and wet seasons. In their analysis, they concluded that in Mundaú Lagoon 
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currents and mixing are dominated by tides and modified by freshwater discharge, while in 

Manguaba Lagoon, tides are very small and wind force becomes dominant. Souza et al. (2004) 

developed a bi-dimensional hydrodynamic circulation model of the exchanges between ocean- 

and lagoon-complex waters due to the bathymetric change in the channel. De Lima (2017) used 

bi-dimensional modeling and Mike 21 software to calculate the residence time of a pollutant, 

exemplified by a tracer inserted in the two lagoons. Brito et al. (2018) investigated the 

importance of tides in water exchanges in the Mundaú Lagoon for critical scenarios during the 

dry season, using the IPH-TRIM-3D- PCLake hydrodynamic module.  

Numerical models have been used to understand the influence of the various forces in the 

hydrodynamic and in the spatial and temporal distributions of temperature, salinity and 

residence time distribution in lagoon systems. Kim and Park (2012) used a three-dimensional 

hydrodynamic model to study water and salt exchange between the Mobile Bay system and the 

Gulf of Mexico, showing that discharge and salt transport rates vary greatly in response to wind 

and river discharge. Li and Yao (2015) used a hydrodynamic model with transport and particle-

tracking submodels to investigate the transport and spatial variation of the residence time in 

Poyang Lake, China. Panda et al. (2015) published a study describing a 2-D coupled model of 

hydrodynamic and water quality, developed to compute the hydrodynamic and the 

concentrations of the water quality parameters at different spatio-temporal scales to the largest 

brackish water coastal lagoon in Asia, namely the Chilika Lagoon in India. In the same lagoon, 

Mahanty et al. (2016) investigated hydrodynamics, spatio-temporal variability of 

temperature/salinity and residence time, combining data measurements and 2D hydrodynamic-

advection/dispersion model. The authors calculated the residence time under different forces, 

such as tide, wind and freshwater discharge during the dry and wet periods. The results showed 

that tidal and river discharge significantly affect the spatial distribution of the residence time.  

Water quality in the CELMM depends heavily on the volume of water exchanged between 

the lagoons and the adjacent coastal region. This process is related to circulation and 

determination of water renewal rates and mixing. In this respect, it is important to characterize 

the CELMM, considering the volume of water exchanged with the adjacent coastal region and 

the effects of mitigating tidal oscillation and currents inside the lagoons and connecting 

channels. The aim of this study is to broaden the understanding of the CELMM using 

computational modeling, which allows integrating spatially dispersed information and 

interpolating information for regions for which there are no available data, thereby making it 

easier to understand the dynamic processes in the CELMM. 

With this purpose, this study employs the hydrodynamic and transport models of the 

SisBAHIA® (in Portuguese, Sistema Base de Hidrodinâmica Ambiental), in coupled form, to 

simulate flow, residence time, salinity and temperature in the CELMM. The advantage of 

coupling the models appears in the determination of the flow velocities and turbulence 

coefficients, which is done previously in the hydrodynamic model and can be used directly in 

the transport models.  

Due to the importance of the wind and freshwater discharge in the circulation inside the 

lagoons, this study investigated how wind and river discharge variations affect the 

hydrodynamics of the CELMM, also showing the influence of these variations in water renewal 

processes, in spatial distributions of the salinity and in water temperature. Additionally, the 

study explored how the complex responds to extreme events, such as the high freshwater 

discharge that occurred in October 2014. 

2. MATERIALS AND METHODS 

As mentioned in the Introduction, the CELMM is formed by two lagoons and a series of 

mangrove channels that connect to the Atlantic Ocean through a single inlet. The bottom of the 

Mundaú Lagoon, with a depth between 1.5 and 3.5 m, covers an area of approximately 24.0 
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km², and contains shells, mollusks, carapaces and clay; the Manguaba Lagoon has an area of 

42.0 km² and presents maximum depth of 4.5 m (De Lima, 2017). 

2.1. Hydrological Characteristics  

The CELMM is located in Northeastern Brazil, which features a semiarid climate, with 

two well-defined seasons: dry and rainy. Average annual temperature and humidity are 25.50C 

and around 80%, respectively. The Mundaú and Paraíba do Meio Rivers are the primary sources 

of freshwater in the complex and contribute directly to the Mundaú and Manguaba Lagoons, 

respectively. The discharge data were provided by Brazilian National Water and Sanitation 

Agency (ANA, 2019) through the Hidroweb platform, for the period between 1974 and 2017 

at stations 39770000 (09°28'02.0" S and 35°51'35.0" W) and 39870000 (09°30'24.0" S and 

36°01'22.0" W) for the Mundaú and Paraíba do Meio Rivers (ANA, 2019), respectively. These 

data indicate that the months from October to March and from April to September constitute 

the dry and rainy seasons, respectively (Figure 2). In the two stations, the river discharges were 

indirectly determined by measuring the water stage (h) and estimating the discharge (Q) from 

a stage–discharge rating curve. The discharges measured at stations 39770000 and 39870000 

in 2014, also shown in Figure 2, are very low between November and March and increase 

between May and September, corroborating historical measures. However, three atypical events 

occurred in May, August and October, with the Mandaú River reaching discharges of 456.56 

m3/s and the Paraíba do Meio River reaching discharges of 489.75 m3/s on October 7, 2014. 

These events likely influenced hydrodynamic circulation in the lagoons and the turnover 

processes of the system. Thus, average discharges in 2014 differed from historical levels, 

exhibiting large fluctuations, primarily in the rainy season, while the differences in the dry 

season were not significant.  

 
Figure 2. Average discharge of the Mundaú and Paraíba do Meio Rivers, in m3/s, 

between 1974 and 2017 and for 2014, at stations 39770000 (Mundaú River) and 

39870000 (Paraíba do Meio River). 

2.2. Wind characteristics 

In the dry season, the wind forces become dominant in hydrodynamic circulation and 

mixing in the CELMM, mainly in Manguaba Lagoon, when the freshwater discharge is lower. 

Velocity and direction of the wind were measured hourly at the station located near the Mundaú 

Lagoon (Maceió-A303), with coordinates 9°33'04.2" S and 35°46'12.7" W (INMET, 2019). 

Figure 3 shows the wind regime between 2003 and 2019 and for 2014. Between 2003 and 2019, 
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the wind was from the East 19% of the time, with an average speed of 2.68 m/s. In 2014, it was 

also mainly from the East, with an average speed of 2.62 m/s. Considering only the dry season 

(January and February), the wind was from the East 41% of the time, with an average speed of 

2.85 m/s (maximum of 5.68 m/s), while in the rainy season (June and July) it was from the 

SouthEast 21% of the time, with an average speed of 2.25 m/s (maximum of 4.63 m/s). Lagoon 

alignment shows that the SouthEast wind influences hydrodynamic circulation more than the 

East wind, which predominates in the dry season. The wind in 2014 was similar to the average 

and differences between the dry and rainy season are only in the direction, with very similar 

velocities. Figure 3 shows average hourly values for velocity and direction, measured at the 

Maceió A-303 station between 2003 and 2019. In the dry season, winds were more intense than 

in its rainy counterpart and a daily cycle was also observed, with an increase in velocity during 

the day and a decline at night. With respect to direction, an East wind (90°) prevailed in the dry 

season, also occurring between the NorthEast (45°) and SouthWest (225°), whereas a SouthEast 

wind prevailed (135°) in the rainy season, with a West wind also occurring (270°). 

 
Figure 3. Wind regime between 2003 and 2019 (a), in 2014 (b), for January and February (c), 

June and July (d) between 2003 and 2019 and average daily wind speed and direction measured at 

the Maceió-A303 station between 2003 and 2019. The red curve corresponds to the 24-hour 

moving average. 

2.3. SisBaHiA® 

The modeling system used here is SisBaHiA® - Base System of Environmental 

Hydrodynamics, developed by COPPE/UFRJ. The computational simulations of this study 

employed the bi-dimensional hydrodynamic model, the water quality model (MQA) and the 

Lagrangian transport model implemented in SisBaHiA®. The MQA is a Eulerian advective-

diffusive transport model vertically integrated for non-conservative scales. The hydrodynamic 

model uses a second-order numerical scheme for temporal discretization and quadratic finite 

elements for spatial discretization. The wind fields and bottom friction varied dynamically in 

time and space and the turbulent stress is parameterized according to filtering techniques 

derived from the approach known as Large Eddy Simulation (LES). The MQA uses the same 

spatial grid applied for the hydrodynamic model and different time step lengths can be 

employed in analyses. The Lagrangian transport model is especially adequate for determination 

of residence time in natural water bodies, making it possible to obtain isoline maps of residence 

times in different sectors of water bodies with complex geometry (Rosman, 2019). This 

computational system has been successfully used in different studies (González-Gorbeña et al., 
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2015; Cunha et al., 2018; Aguilera et al.; 2020). 

Initially, the hydrodynamic model was calibrated with 10 days. Afterwards, simulations 

for different periods were carried out. Then, the Eulerian (MQA) and Lagrangian transport 

models were applied for different hydrodynamic scenarios. For additional information 

concerning model and equations, the reader is referred to Rosman (2019) and 

http://www.SisBaHiA.coppe.ufrj.br/. 

2.4. Hydrodynamic circulation model data 

The bathymetry of CELMM, presented in Figure 1, was obtained from DHN (Directory of 

Hydrography and Navigation) nautical chart no. 910 – Port of Maceió, scale 1:17500, and from 

databases of the National Water Agency, ANA, in 2012 and obtained by Petróleo Brasileiro 

S.A., PETROBRAS in 2011. The mesh used to discretize the domain exhibits complex 

geometry and contains 1488 quadrilateral elements and 6914 nodes (Figure 1), with the 

presence of narrow channels that link the lagoons to the adjacent coastal region. The time 

interval used in hydrodynamic circulation simulations was 10 seconds, which corresponds to 

an average Courant number of 0.65. The model for CELMM had a warming-up period of two 

tide cycles to minimize any influence from the initial conditions on the results obtained. In the 

sea level boundary condition, the free surface position values are prescribed by applying the 

astronomical tide curve, obtained from 19 harmonic constituents established for the Maceió 

Harbor, with an average level (z0) of 1.08 m (FEMAR, 2009). Figure 4 shows the tide curve 

between 01/01/2014 and 12/31/2014. The CELMM exhibits a semidiurnal tidal regime, with a 

maximum range of 2.55 m and maximum tide height of 1.29 m.  

 
Figure 4. Sea level boundary condition, obtained from the harmonic constants provided by the 

DHN for the Maceió Harbor in 2014. 

Except for the nodes corresponding to the rivers (Mundaú and Paraíba do Meio), all the 

boundary nodes were considered impermeable, with zero normal discharge. The wind is 

considered unsteady and spatially homogeneous. The bottom friction coefficient is established 

by the Chezy coefficient, which depends on the equivalent bottom roughness. The amplitudes 

of the equivalent bottom roughness, ξ, were obtained from Alves (2010). The Mundaú and 

Manguaba Lagoon beds are predominantly composed of clay (ξ = 0.005 m) while middle sands 

are preponderant in the channels (ξ= 0.022m); coarse-grained sandbanks (ξ = 0.035 m) are also 

found in the adjacent coastal region. 

The calibration of the hydrodynamic model was performed for the year 2014. Measures 

were taken of the free surface position in the lagoons every 15 minutes between 02/16/2014 

and 02/25/2014 (Brito et al., 2018); the sites are identified as stations Sta-1 and Sta-2                   

(Figure 1). In order to simulate hydrodynamic circulation, tide (Figure 4), wind (Figure 3) and 

freshwater discharge from 2014 (Figure 2) data were provided. Another hydrodynamic 
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simulation in the CELMM was carried out using the tide curve for 2014 (Figure 4), average 

daily fresh water discharge between 1974 and 2017 (Figure 2) and average hourly wind between 

2003 and 2019 (Figure 3). In the analyses conducted here, eight periods were considered to 

establish the different environmental conditions, which makes it possible to identify which of 

the effects of different forcing – tide, river discharge and wind – would have the greatest 

influence on hydrodynamic circulation and the water renewal process. Four periods were 

carried out with daily average of wind and river discharge data (periods 1, 3, 5, and 7) and four 

periods take into account wind and river discharge data from 2014 (periods 2, 4, 6, and 8).           

Table 1 shows, in detail, the characteristics of eight periods. In order to investigate the influence 

of high river discharge on the hydrodynamic circulation, the period between September and 

November 2014 was selected (period 8) and compared to period 7, which does not consider this 

discharge. 

Table 1. Characteristics of eight periods used to define hydrodynamic circulation 

in the CELMM. 

Periods Wind and water flow data Simulation period 

1 Average 01/01/2014 to 31/12/2014 –365 days 

2 2014 01/01/2014 to 31/12/2014 – 365 days 

3 Average 01/01/2014 to 03/02/2014 – 61 days 

4 2014 01/01/2014 to 03/02/2014 – 61 days 

5 Average 06/01/2014 to 07/31/2014 – 61 days 

6 2014 06/01/2014 to 07/31/2014 – 61 days 

7 Average 09/16/2014 to 11/15/2014 – 61 days 

8 2014 09/16/2014 to 11/15/2014 – 61 days 

2.5. Transport model data 

Salt and heat transport modeling in the CELMM was developed for the different 

hydrodynamic circulation periods using the MQA model of SisBaHiA®. Along open 

boundaries, it is usual to neglect the diffusive fluxes; for this reason, the model computes the 

mass balance equation with no diffusive term. In the case of influx, salinity and temperature, 

their values are prescribed according to the HYCOM (HYbrid Coordinate Ocean Model) 

oceanographic model (Wallcraft et al., 2009). Figure 5 shows the values for 2014, which were 

used in the simulations of all the periods. For the land boundary, the average temperatures 

measured at stations 39770000 and 39870000 were used in the nodes corresponding to the rivers 

(Mundaú and Paraíba do Meio) (Figure 5). Salinity was considered null in the rivers. The other 

boundary nodes were considered impermeable, with zero normal flow. A 60-second time 

interval was used in the simulations and the MQA had a warming up period of ten tide cycles.  

 
Figure 5. Salinity (psu) and temperature values (°C) at the open boundary, obtained from the 

HYCOM model (left) and temperatures (°C) for the Mundaú and Paraíba do Meio Rivers in 2014, 

obtained from the measurements at stations 39770000 and 39870000 (right). 



 

 

9 Effects on circulation and water renewal due … 

Rev. Ambient. Água vol. 16 n. 2, e2600 - Taubaté 2021 

 

2.6. Water renewal indicator: Residence time  

Residence time is traditionally defined as the average time a fluid particle remains in a 

compartment, and is usually calculated by the ratio between the volume of the compartment 

and residual flow through the compartments. The scale of residence time can be derived by 

calculating the average inflow and outflow volumes and determining the balance between the 

volumes that enter and leave the lagoons. The volumes were calculated using the results of the 

hydrodynamic model in three control sections: S1 and S2, 120m and 150 m wide, respectively, 

in Manguaba Lagoon, and one for the Mundaú Lagoon, S3, 380 m wide. Figure 1 shows the 

location of the sections. The residence time scale can be calculated as follows Equation 1: 

𝑇𝑟 =
𝑉

𝑄
=

𝑉

(1−𝑏)𝑄𝑇+𝑄𝑅
              (1) 

Where V is the volume of the lagoons, Q the volumetric flow, QT and QR are the tide and 

river flow, respectively, and b is a factor for describing the water fraction that returns through 

the inflow, that is, during periods of flooding. Based on analysis of salinity data, Oliveira and 

Kjerfeve (1993) found b =0.7 for Mundaú Lagoon, that is, only 30% of “new” water originates 

in the ocean. This model considers the system in permanent regime, well mixed and with low 

freshwater discharge compared to the volume of the tidal prism. This concept is useful and 

adequate when the fluid mass in the compartment is well mixed. However, there is large spatial 

heterogeneity, with varied flow conditions in space and time in the compartments of natural 

water bodies. Due to the large spatial and temporal variation in natural water bodies, it seems 

to be more adequate to define a spatially variable residence time (RT) function for the 

characteristic flow conditions of different hydro-meteorological forces. In natural water bodies, 

the calculation of the spatially variable RT is only viable using computational modeling. The 

SisBaHiA® methodology, developed using the Lagrangian transport model, was adopted to 

calculate the spatial distribution of RT (Aguilera et al., 2020). In the present study, 5059 

particles were initially released, then distributed into a 200 x 200-meter grid, in a 365-day 

simulation.  

3. RESULTS AND DISCUSSION 

3.1. Hydrodynamic circulation model  

The results for the free surface position were validated by comparison with data measured 

at Sta-1 (Manguaba Lagoon) and Sta-2 (Mundaú Lagoon) (Brito et al., 2018). The two stations 

used to calibrate the model show good agreement with the phase of the tide, but differences in 

amplitude (Figure 6). The R2 (correlation coefficient) of the calibration was 0.84 and 0.65 for 

the Mundaú and Manguaba Lagoons, respectively. One possible cause for obtaining a lower 

value for R2 in Manguaba Lagoon is that the bathymetry used in the modeling is much older 

than the period for which these simulations were performed. It is evident in Manguaba Lagoon 

that the tidal ranges computed by the model were reduced. This behavior is common in choked 

lagoons due to the presence of a series of narrow channels that absorb the tidal wave. Problems 

in defining the geometry, bathymetry and bottom roughness of the channels may generate 

higher or lower absorption of the tidal wave. The correct characterization of these channels 

plays an essential role to ensure that the model is able to produce accurate results in the lagoons. 

Table 2 shows the maximum tidal range (m) and percentage in relation to the adjacent 

coastal region (Sta A) at the various stations for the different periods. At Sta E, located in the 

channel near the mouth, the maximum tidal range is lower, with values varying between 53 and 

58% in relation to Sta A; Sta B shows a greater decline, between 18 and 35%, indicating a 

severe head loss along the channels that link the Manguaba Lagoon to the ocean. The maximum 

tidal range at the entrance of the CELMM (Sta A), in 2014 (period 1), was equal to 2.68 m, 

whereas in the Manguaba Lagoon (Sta D), it was equal to 0.51 m and, in the Mundaú Lagoon 
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(Sta G), 0.72 m, representing an average decline of 81 and 73% for the Manguaba and Mundaú 

Lagoons, respectively.  

 
Figure 6. Results of the calibration of the hydrodynamic model. Free surface position at Manguaba 

(Sta-1) and Mundaú Lagoons (Sta-2). Measured and simulated free surface position dispersion at 

Sta-1 and Sta-2. 

With respect to the different periods, in the dry season (P3 and P4) absorption was similar 

to that of the rainy periods (P5 and P6). However, a comparison of the two periods with different 

freshwater discharge (P7 and P8) shows that the increased river discharge in period 8 decreased 

the absorption by up to 20%, primarily in the Manguaba Lagoon; in the Mundaú Lagoon the 

decline was approximately 10%. The increase in river discharge had little effect in the channels.  

Harmonic analysis of the temporal series of the water level, with 15-minute intervals, at 

CELMM stations for period 1 in 2014 was conducted by applying SisBAHIA® (further details 

on harmonic analysis can be found in Rosman, 2019). The ranges of harmonic components at 

the stations were compared with the values obtained for the Maceió Harbor, considered as a 

boundary condition. The results demonstrate a predominance of the semidiurnal lunar (M2) and 

solar (S2) constituents, which together explain 65% of the total tidal range. In the Manguaba 

Lagoon (Sta C and D), 98% of the M2 and S2 amplitudes were absorbed, while in the Mundaú 

lagoon (Sta F and G) the M2 and S2 amplitudes were 82% and 86% lower, respectively. Another 

two semidiurnal constituents (N2 and K2), and the diurnal constituents (Q1, O1 and K1) also 

exhibited absorption, with values ranging between 96% and 98% for the Manguaba Lagoon 

(Sta C and D), and 72% and 84% for Mundaú Lagoon (Sta F and G). The other 12 components 

explain a small portion of the tidal range (15%). When the tidal wave spread to internal areas, 

the friction effect absorbed the tidal constituents differently and created new components, 

known as “shallow water constituents”, generated by interactions due to friction and to other 

nonlinear effects, resulting in distortions of essential components, which may be amplified. The 

shallow water constituents (M4 and MS4) were amplified in the channel as follows: M4 was 

amplified 3.33 times at Sta-B and 3.71 at Sta-E and MS4 1.02 times at Sta-B and 1.03 at Sta-E.  
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Table 2. Maximum tidal range (MTR) and percentage (%) in relation to Sta A at the various stations for the different periods. 

  Sta_A Sta_B  Sta_C  Sta_D  Sta_E  Sta_F  Sta_G  

  MTR(m) MTR(m) % MTR(m) % MTR(m) % MTR(m) % MTR(m) % MTR(m) % 

P1 2.68 0.75 27.9 0.51 18.9 0.51 19.1 1.48 55.1 0.71 26.5 0.72 26.7 

P2 2.68 1.02 38.1 0.82 30.9 0.83 31.0 1.56 58.3 0.98 36.5 0.99 36.8 

P3 2.58 0.62 23.9 0.27 10.5 0.28 10.6 1.39 53.9 0.59 22.8 0.60 23.1 

P4 2.58 0.61 23.5 0.21 8.2 0.24 9.1 1.39 53.8 0.59 22.7 0.60 23.1 

P5 2.44 0.46 18.9 0.26 10.6 0.26 10.7 1.32 53.9 0.53 21.6 0.54 21.9 

P6 2.44 0.49 20.0 0.23 9.4 0.24 9.6 1.31 53.6 0.53 21.58 0.54 22.0 

P7 2.47 0.56 22.7 0.23 9.2 0.24 9.6 1.35 54.9 0.62 25.3 0.63 25.6 

P8 2.47 0.87 35.2 0.69 28.1 0.71 28.6 1.45 58.6 0.89 36.1 0.90 36.4 

With respect to absorption in the Manguaba and Mundaú Lagoons, the tidal range was around 90 and 80% lower, respectively, when 

compared to the adjacent coastal region. In the channel that links the Mundaú Lagoon to the adjacent coastal region, the maximum tidal wave 

range was around 45% lower, and in the channels that connect the Manguaba Lagoon the decline was greater, ranging between 65% and 82%. 

The average level increased inside the lagoon as a function of freshwater discharge: values were lower in the dry periods with the greatest increases 

in average lagoon level occurring in the rainy season.  

Considering the dominance of M2, tidal wave asymmetry can be analyzed using the relation between the amplitude and phase of M2 and M4, 

the first harmonic of M2, which is highly significant in tidal wave distortion in estuarine systems. The amplitude ratios between M2 and M4 were 

calculated for all the stations (Table 3), capable of quantifying the degree of distortion, and the phases measured between M4/M2 to determine the 

direction of distortion, with a dominance of flooding or ebb currents. The values found show increased distortion in the system, with values in the 

Mundaú Lagoon (Sta F and G) higher than those found in the channel (Sta E). The connecting channel between the Manguaba Lagoon and the 

adjacent coastal region (Sta B) demonstrated greater distortion. With respect to the phases between M4/M2, the values ranged between 25.19° and 

105.79°, with flood dominant, where floods have short duration and high speeds. This lag caused more prolonged ebb then flooding and the 

asymmetry between flooding and ebb currents was greater in the channel and significant in the lagoons. In general, establishing tidal wave 

asymmetries is important in terms of water renewal rates. 
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Table 3. Amplitude (RM4/M2) and relative phase ratios between M4/M2 

(ΔM4/M2) for period 1. 

 Sta A Sta B Sta C Sta D Sta E Sta F Sta G 

RM4/M2 0.012 0.264 0.119 0.162 0.077 0.126 0.131 

ΔM4/M2(°) 39.91 25.19 105.79 100.51 44.16 78.16 78.46 

3.2. Water renewal rates 

The residence time scale was assessed for the different periods. Table 4 shows mean 

freshwater discharges from the tributaries to the lagoons, average inflow and outflow volumes 

in the sections, volume variations, lagoon volumes and residence time scale, considering the 

tidal period of 12.42 h. The convention normally used for estuaries and lagoons was applied as 

follows: positive volumes indicate a flow towards the outflow of the lagoon, i.e., an ebb current, 

and negative volumes indicate an inflow, or flooding. In the two lagoons and during nearly all 

the periods there was a trend towards ebb currents, with lower inflow than outflow volumes. 

Only in the very dry period (period 4), when the Paraíba do Meio River discharge is extremely 

low, a system inversion occurs, with a tendency for the Manguaba Lagoon to flood. Major 

volume differences are observed in both lagoons in periods 5 and 8, corresponding to the rainy 

season and the extreme events, with high freshwater discharge, respectively. The smallest 

differences occurred in periods 3 and 4, corresponding to the dry periods. Thus, the residence 

time scale followed the same behavior, with the highest values occurring in the dry periods and 

the lowest in the rainy season. 

The water mass exchanges in the Manguaba Lagoon are less efficient, reflecting the lower 

discharge and higher volume of the Lagoon. As such, the residence time scale for the Manguaba 

Lagoon was always much higher than that of the Mundaú Lagoon, varying between 23.81 and 

123.26 days for the Manguaba Lagoon and between 6.02 and 18.19 days for the Mundaú 

Lagoon. Oliveira and Kjerfeve, 1993, found a 16- and 36-day turnover time for the Mundaú 

and Manguaba Lagoons, respectively; Brito et al. (2018), found a turnover time of 12.6 and 5.7 

days for neap and spring cycles, respectively, in the Mundaú Lagoon. The effect of the high 

freshwater discharge that occurred in period 8 decreased the residence time scale in the two 

lagoons, showing that river flow has an important effect on water mass exchanges between the 

lagoons and the adjacent coastal region. 
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Table 4. Mean discharges for Mundaú and Paraíba do Meio Rivers, inflow and outflow volumes, variation between inlet and outlet volumes, lagoon volumes 

and residence time scale of the Mundaú Lagoon and Manguaba Lagoon for the different periods. 

   P1 P2 P3 P4 P5 P6 P7 P8 

Mundaú Lagoon 

Mundaú River mean discharge (m3/s) 31.17 23.55 12.31 4.09 66.24 26.92 20.68 40.02 

Inflow volume (hm3) -5.9454 -6.1316 -6.0105 -6.1795 -5.6602 -6.0398 -6.1425 -6.1842 

Outflow volume (hm3) 6.5438 6.653 6.2399 6.1941 6.8281 6.6287 6.6021 7.1215 

Variation in volume (hm3) 0.5984 0.5214 0.2294 0.0146 1.1679 0.5889 0.4596 0.9373 

Lagoon volume (hm3) 41.650 41.650 39.000 39.000 44.300 44.300 41.650 41.650 

Residence time scale (days) 9.43 10.93 13.90 18.19 6.02 10.87 11.68 7.93 

Manguaba Lagoon 

Paraíba do Meio River mean discharge (m3/s) 21.27 17.28 8.48 3.01 47.6 14.13 12.38 40.07 

Inflow volume (hm3) -1.3098 -1.772 -1.4416 -1.8318 -0.9821 -1.7703 -1.4797 -1.7423 

Outflow volume (hm3) 2.1506 2.1815 1.5894 1.5281 3.1779 2.0892 1.8843 2.9058 

Variation in volume (hm3) 0.8408 0.4095 0.1478 -0.3037 2.1958 0.3189 0.4046 1.1635 

Lagoon volume (hm3) 101.100 101.100 97.500 97.500 104.700 104.700 101.100 101.100 

Residence time scale (days) 45.59 50.38 84.74 123.26 23.81 60.38 67.47 25.48 

Figure 7 shows the residence time (RT) isolines for periods 1 and 2 in the CELMM, indicating different values in the lagoons. In the region 

near the inlets and in the channels, residence time was low and less than 10 days; in this region there was a relative water mass exchange, favoring 

effluent transport and dispersion. In the back area of the lagoon, residence time is high, with a significant spatial variation. This variation can be 

used to define three compartments: the back area of the lagoons, with RT values between 60 and more than 365 days; an intermediate region, with 

RT between 20 and 60 days; and the region near the inlet, with low RT values, between a few hours and 20 days. In some meanders, mainly in the 

channels, RT is higher, and these regions can be identified as possible stagnation areas. 

The spatial isoline RT function patterns are similar in the two periods. However, in period 2, RT values are higher, primarily in the lagoons. 

This behavior is associated with freshwater discharge. In period 1, which exhibits an average of wind and river discharge data, the freshwater 

discharges were always other than zero, with a continuous water supply, not exhibiting large variations, or peaks, which are favorable to the 

advective process. In period 2, with wind and river discharge data from 2014, fresh water discharges were sometimes very low, with a number of 

significant peaks (see Figure 2) causing a jet effect, but only in the regions near the mouth of the rivers.  

For environmental management purposes, it is important to identify stagnant areas in water bodies since they are potentially susceptible to 

pollutant accumulation. The RT results, analyzed in conjunction with the location of the particles at the end of the simulation (see Figure 7) and 

the regions where they are absorbed, may indicate areas prone to pollutant accumulation and higher concentrations of dissolved substances in the 

water mass. Note that the back area of the lagoons also contains particles, and RT is equal to 365 days. This means that the particles that were 

initially in that region remain in the lagoons’ domain. In these areas, RT must be longer than 365 days.
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Figure 7. Isolines of Residence Time and the particle position for the end of the 365-day simulation for 

period 1 (left) and period 2 (right). The blue areas represent the regions where the particles were 

absorbed. 

In the adjacent coastal region, the largest number of absorbed particles is found on the 

South coast. In the two periods, the prevailing wind is from the East, explaining why the right 

margins of the lagoons receive the largest number of absorbed particles. Lagoon alignment 

shows that the SouthEast wind has a greater influence on hydrodynamics than the East wind. 

However, the East wind generates a set-up on the right margin of the lagoons, generating 

pressure gradients that change the circulation and spatial distribution of residence time isolines. 

For a simulation of the current situation of the lagoons, it would be necessary to update the 

bathymetry and inlet channel configuration, which shifts positions dynamically. These changes, 

possibly, should alter the circulation and, consequently, the water renewal processes in the 

channels that connect the lagoons with the adjacent coastal region, but will have little effect on 

the lagoons. Therefore, it seems plausible to affirm that the conclusions regarding circulation 

and water renewal processes in the lagoons would be valid for current scenarios, considering 

that this study used river discharge representative of the seasonal variations in the region. 

3.3. Salinity and temperature 

The results for the salt and heat transport presented in this section demonstrate that salt 

enters the channels readily and how river discharge variations affect the transport of salt and 

heat within the lagoons. Figure 8 illustrates the variations in salinity for periods 1 and 2 and the 
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freshwater discharges used in each simulation. In period 1, with average river discharge data, 

one can notice that the salinity oscillates with the tides in the dry period in the lagoons, with a 

decreasing trend at the beginning of the rainy season. Similar behavior occurred in the coastal 

region, with salinity values of around 30.0 psu. In the rainy period, salinity declined in the 

lagoons, reaching zero, approaching the boundary condition imposed by the rivers. At the end 

of the rainy season, salinity increased when flows declined, with a rapid rise, mainly in the 

Manguaba Lagoon. The coastal region has significantly lower salinity, caused by the entry of 

fresh water from rivers. 

 
Figure 8. Salinity and temperature values obtained numerically by SisBAHIA® for period 1 (left) and 

period 2 (right) and discharges of the Mundaú and Paraíba do Meio Rivers.  

In period 2, for the river discharge data from 2014, the dry season salinity remained stable 

in the lagoons, due to the very low fresh water supply from the rivers. However, in early May, 

a significant flow event caused a considerable decline in the salinity values of the lagoons. In 

the rainy season, the intermittency of flow rates resulted in a variation in salinity values but 

maintaining salinity below 5.0 in the lagoons. The salinity values only recovered in October 

after that extreme flow event. The adjacent coastal region was not affected by flow rate 

variations, maintaining salinity above 35.0.  

Figure 8 shows the temperature variations for periods 1 and 2. Since the water in the rivers 

is warmer in the dry season (around 35°C) and cooler in the rainy period (around 27°C), 

temperatures rise in the dry period and decrease in the rainy season in the lagoons. The flow 

data from 2014 reveal three significant drops in temperature in the Mundaú Lagoon in May, 

August, and October, corresponding to peak flows and the entry of cooler water from the rivers. 

The average flows exhibit similar behavior, but since the peak flows were mitigated, the decline 

in temperature was also smaller. The temperature values in the coastal region were influenced 

by freshwater discharge variations but did not show great variations.  
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4. CONCLUSIONS 

In this paper, the effects of the variations in river discharge and wind on the circulation, 

water renewal, salinity and the temperature of the CELMM were analyzed. In back areas of the 

lagoons, the results provided by the circulation model clearly show the influence of river 

inflows in the water renewal and hydrodynamic circulation. However, in Mundaú Lagoon, the 

region near the inlet is dominated by the tides; in the Manguaba Lagoon, the tides are very small 

and circulation and transport are also determined by the wind. In the channels that connect the 

lagoons with the adjacent coastal region, the tide is the most important forcing of circulation. 

The lagoons exhibited a predominance of ebb currents; the balance between the inflow 

(negative) and the outflow volumes (positive) was nearly always positive, except in the 

Manguaba Lagoon and during the dry season, when the freshwater discharge is lower. The rest 

of the time there is a tendency for water to be exported, favoring the transport of dissolved 

substances beyond the lagoons.  

With respect to absorption in the Manguaba and Mundaú Lagoons, the tidal range was 

around 90% and 80% lower, respectively, when compared to the adjacent coastal region, 

indicating a severe head load along the channels.  

The transport of dissolved substances and the water turnover capacity inside the lagoons 

may be associated with residual circulation, affected by different temporal and spatial scales, 

as the advective and diffusive transport of neutral particles may be related to the dispersion of 

passive and conservative substances dissolved in the water. In the present study, two 

methodologies were used to investigate the water turnover in the lagoons: the first, more 

simplified, assumes that the system is in permanent regime, well mixed and with small fresh 

water discharge compared to the tidal prism, whereas the second methodology employs a 

Lagrangian transport model, which makes it possible to determine the residence time isolines. 

The average RT calculated by the simplified model ranged from 23 to 123 days for the 

Manguaba Lagoon and 6 to 18 days for the Mundaú Lagoon. A comparison of these results 

with those obtained with residence time isolines, which determined RT ranging between 11 and 

more than 365 days for the Manguaba Lagoon and from 2 to 180 days for Mundaú, 

demonstrated that the simplifications used in the first methodology are not adequate. Given the 

spatial heterogeneity in the system, the models are more indicated to determine isolines, since 

they make it possible to identify which inner regions of the lagoons are critical for substance 

accumulation, that is, with longer residence times. After one year of simulation, the back area 

of the lagoons still contained particles, that is, long residence times. The margins of the lagoons 

and channels exhibited absorbed particles, that is, the tendency to retain dissolved particles. 

The results of the model show a prolonged period with low salinity and a slow recovery 

after the rainy period. It also shows that high freshwater discharge in the Mundaú and Paraíba 

do Meio Rivers, the main tributaries of the CELMM, which occurred in May, August, and 

October 2014, caused a sharp drop in salinity. The salinity values increase in the dry periods, 

confirming the high dependence of spatial variations with freshwater discharge, that is, 

variations in salinity are controlled primarily by river discharge and, to a lesser degree, the by 

tides. When a significant discharge occurs in the rivers, salinity decreases rapidly inside the 

lagoons. The channels show that salinity exhibited typical tidal oscillations. Water temperature 

displayed little spatial and temporal variation, with a slight decrease in temperature during the 

rainy season and a rise in the dry period. Events with significant river discharges also lowered 

the temperature, although less than salinity. 

The investigation concerning the CELMM responses to an extreme event, with high 

freshwater discharge in October 2014, showed a reduction in the residence time scale in both 

lagoons, showing that river discharge has an important effect on water mass exchanges between 

the lagoons and the adjacent coastal region, significantly changing the salinity values in the 
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lagoons and in the channels, resulting in null values at some time intervals.  

The conclusions presented here, in conjunction with other studies conducted for the region, 

can be used to establish strategies for the use of lagoon waters as a mollusk, crustacean and fish 

breeding ground, thereby minimizing the impacts of anthropic activities, and maintaining 

fishing- and tourism-related endeavors. 
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ABSTRACT  
Superior productivity of genotypes in forest plantations depends on the supply, capture and 

use-efficiency of resources. In this context, knowledge regarding the nutritional efficiency of 

Eucalyptus influences farmers and researchers in decision-making and in the management of 

forest ecosystems. The aim of this research was to estimate nutrient-use efficiency in 

Eucalyptus genotypes planted in the state of Rio Grande do Sul, Brazil. We evaluated six 

potential genotypes at 43-month-old stands. Nutrient-use efficiency was calculated using the 

ratio of biomass and the amount of nutrients for each component of the biomass. Results here 

presented confirmed that there is synergism and antagonism between nutrients at the shoot level 

in the Eucalyptus genotypes. For stemwood, E. saligna showed the best utilization efficiency 

of N, P, K, S, and Mn; and E. urophylla × E. globulus for Mg, B, and Zn. Metabolic pathways 

control the production of biomass synthesized by each genotype and the differences between 

genotypes groups were on the basis of their nutrient-use efficiency in the biomass components. 

Stemwood was the component that showed the highest nutrient-use efficiency, while leaves 

presented the lowest nutrient-use efficiency. Additionally, our analyses identified how different 

each Eucalyptus genotype is and these traits may be used for clone allocation according to soil 

fertility. 

Keywords: Eucalyptus clones, nutritional efficiency, sustainability. 

Eficiência de utilização de nutrientes de genótipos de Eucalyptus 

implantados em um Luvissolo 

RESUMO 
A produtividade de genótipos superiores em plantações florestais está em função da oferta, 

captura e eficiência de uso dos recursos. Nesse contexto, o conhecimento sobre a eficiência 

nutricional do Eucalyptus influencia agricultores e pesquisadores na tomada de decisões e no 

manejo de ecossistemas florestais. A pesquisa teve como objetivo estimar a eficiência no uso 
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de nutrientes em genótipos de Eucalyptus plantados no Estado do Rio Grande do Sul, Brasil. 

Foram avaliados seis genótipos potenciais e as avaliações foram realizadas em povoamentos de 

43 meses de idade. A eficiência do uso de nutrientes foi calculada usando a razão de biomassa 

e a quantidade de nutrientes para cada componente da biomassa. Os resultados aqui 

apresentados confirmam que existe sinergismo e antagonismo entre os nutrientes no nível da 

parte aérea nos genótipos de Eucalyptus. Para a madeira do fuste, E. saligna apresentou a 

melhor eficiência de utilização de N, P, K, S e Mn; e E. urophylla × E. globulus para Mg, B e 

Zn. As vias metabólicas controlam a produção de biomassa sintetizada por cada genótipo e as 

diferenças entre os grupos de genótipos foram baseadas na eficiência do uso de nutrientes nos 

componentes da biomassa. A madeira do caule foi o componente que apresentou maior 

eficiência de uso de nutrientes, enquanto as folhas apresentaram a menor eficiência de uso de 

nutrientes. Mas, além disso, nossas análises identificaram o quão diferente é cada genótipo de 

Eucalyptus e essas características podem ser usadas para alocação de clones de acordo com a 

fertilidade do solo. 

Palavras-chave: clones de Eucalyptus, eficiência nutricional, sustentabilidade. 

1. INTRODUCTION 

The wide range of Eucalyptus species and hybrids, their suitability to different climatic 

and edaphic conditions, and their ease of propagation by seeds and cloning allowed the 

adaptation of this genus to various tropical and subtropical regions in Brazil (Queiroz et al., 

2020). The possibility of using Eucalyptus wood for a range of purposes has led to large and 

small enterprises to establish Eucalyptus forests for multiple uses (Gonçalves et al., 2013). 

However, the rapid growth of these forests imposes high demand on soil resources, which is 

reflected in their water-carrying capacity, sustainability and nutrient-use efficiency (NUE) 

(Bellote et al., 2008).  

Recently, Eucalyptus selection programs in Brazil started to consider NUE as a criterion 

for choosing superior genotypes, in addition to productivity, wood quality, tree shape, and 

disease resistance (Camargo et al., 2004). In this context, information about the mechanisms 

involved in the adaptive capacity of genotypes of interest, especially in conditions of low soil 

fertility, can guide the agriculture (Abenavoli et al., 2016) and the forestry sectors (Batista et 

al., 2015) to select those genotypes that can efficiently utilize existing nutrients in the soil or to 

improve the soil via fertilization (Batista et al., 2015). 

Optimum NUE and nutrient cycling can be achieved through the use of management 

techniques that conserve crop residues as much as possible on the site by carrying out the least 

possible anthropic interventions and by analyzing which growth cycle is long enough to allow 

such cycling (Santana et al., 2002). Planting forests with superior genotypes in relation to 

nutritional efficiency can guarantee the sustainability of forest production (Batista et al., 2015) 

and the continuous success of future plantations will depend on the ability of forest managers 

to obtain high productivity of quality wood in an environmentally and sustainable manner 

(Gonçalves et al., 2013). The objective of the present study was to estimate the NUE of six 

genotypes of Eucalyptus in Rio Grande do Sul and also to recommend them according to 

nutritional status.    

2. MATERIALS AND METHODS 

The research was carried out in an experimental area belonging to the Celulose 

Riograndense Company (CMPC) in Horto Florestal Batovi, in the municipality of São Gabriel, 

Rio Grande do Sul, Brazil. The area is located under the geographical coordinates of 

30°26′51.68″ S, 54°32′25.89″ W. The climate, according to the Köppen climate classification, 

is characterized as humid subtropical (Cfa). The average annual temperature is approximately 

https://www.sciencedirect.com/science/article/pii/S098194281630136X#!
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18-20°C and the average annual precipitation reaches 1,600 mm (Alvares et al., 2013). 

Planting was initiated in November 2012, with a spacing of 3.50 m × 2.14 m. The following 

Eucalyptus clones were planted: E. benthamii (P1), E. benthamii (P2), E. saligna, E. dunnii, 

hybrid of E. urophylla × E. globulus (E. uroglobulus), and hybrid of E. urophylla × E. grandis 

(E. urograndis). Eucalyptus benthamii (P1) is a provenance originating from Guarapuava, 

Paraná, Brazil and E. benthamii (P2) is from Telêmaco Borba, Paraná, Brazil. At the time of 

data collection, the stands were 43 months old. The soil of the experimental area is of the typical 

Luvisol haptic optic type. Physical and chemical attributes of the soil at depths of 0-60 cm are 

shown in Table 1. 

For implantation of forest population, liming was performed using 2 Mg ha-1 of limestone, 

subsoiling down to 50 cm was performed, and ridges of 40 cm high were set up. During 

planting, 200 kg ha-1 of single superphosphate was applied to the groove at a rate of                                  

100 g plant-1 in the form of N-P2O5-K2O (06:30:06) + Zn on the occasion of planting. 

Subsequently, two post-planting fertilizations were performed at six and twelve months in the 

form of 150 kg ha-1 of N-P2O5-K2O (12:00:20) + 0.5% B and 150 kg ha-1 of N-P2O5-K2O 

(24:00:26), respectively. The following cultural practices were also performed: chemical 

weeding, prior to planting in a total area of 2.5 kg ha-1 Scout (glyphosate), pre-emergent 

Oxyfluorfen (3.5 L ha-1) treatment at 10 days after planting, and hand weeding and chemical 

weeding using 1.7 kg ha-1 of Scout (glyphosate) at 4 and 9 months after planting. 

For each genotype, a plot of 599.2 m2 was demarcated, where the DBH (diameter at breast 

height, measured at 1.30 m above ground level) and the heights were measured. Based on the 

data obtained in the plot inventory, three trees were sampled for each genotype. The selected 
trees were felled and separated into the components of leaves, branches, stembark and stemwood. 

All biomass samples were weighed in the field with a precision scale and packed in paper bags. 

Subsequently, they were sent to the laboratory and dried in an oven at 70°C to determine the 

moisture content.  Based on the dry biomass of each component and the number of trees per 

hectare of each genotype, the total biomass per hectare was estimated (Table 2).  

For the determination of nutrients, the samples were ground and subsequently subjected to 

chemical analysis to determine macronutrient (N, P, K, Ca, Mg, and S) and micronutrients (B, 
Cu, Fe, Mn, and Zn) concentrations according to the methodology of Tedesco et al. (1995) and 

Miyazawa et al. (1999). The estimates of the nutrient stock for each component was obtained by 

multiplying the dried biomass by the concentration of nutrients. The estimate per hectare was 

performed by extrapolating the stock per individual based on the number of individuals present in 

each sampling unit (Table 3). The values of nutrient utilization efficiency (NUE) were obtained 

according to a calculation proposed by Barros et al (1986) (Equation 1) using the relationship 

between the amount of dry biomass of each component and the amount of nutrients stored in the 

respective biomass. 

𝑁𝑈𝐸 =  
(𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝑏𝑖𝑜𝑚𝑎𝑠𝑠)

(𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝑛𝑢𝑡𝑟𝑖𝑒𝑛𝑡)
             (1) 

For analysis of our data, we used the free software R Project (R Core Team, 2014). Data 

corresponding to the amount of nutrients in the biomass components of Eucalyptus genotypes 

(four repetitions) subjected to the same culture conditions were analyzed. These data were 

subjected to Pearson’s correlation analyses using the ‘color’ function of the ‘stats’ package. In 

addition, a heatmap was used to visualize hierarchical clustering that ordered similar groups to 

amount of nutrients in the biomass components (leaves, branches, stembark and stemwood) 

taken from the UPGMA (Unweighted Pair Grouping with Arithmetic Mean) by means of the 

‘heatmaply’ function. 
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Table 1. Clay and chemical attributes of the soil of the area implanted area with different genotypes Eucalyptus at 43-month-

old in São Gabriel, RS, Brazil. 

Depth 
Coarse sand Fine sand Silt Clay D.F V m O.C pH T Al 

2-0.02mm 0.2-0.05mm 0.05-0.002mm <0.002 % H2O cmolc dm-3 

0-40 9.3 14.8 57.0 19.0 82 53 24 1.65 5.0 10.5 1.7 

40-60 9.9 5.8 43.6 40.8 48 65 26 0.94 5.3 21.6 4.3 

60-85 4.3 3.5 73.8 18.5 25 89 5 0.51 5.8 28.9 1.0 

85-110+ 6.0 4.8 84.5 4.7 21 96 0 0.17 6.8 29.9 0.0 

Depth 
N P K Ca Mg S B Zn Mn Cu Fe 

% mg g-¹ cmolc dm-3 mg dm-3 g dm³ 

0-40 0.15 3.7 0.06 3.7 1.5 13.1 0.5 0.6 4.0 1.2 0.2 

40-60 0.11 2.0 0.16 10.3 3.3 9.8 0.5 0.5 2.0 1.2 0.1 

60-85 0.07 1.5 0.23 17.7 6.0 8.9 0.5 0.5 4.0 1.0 0.1 

85-110+ 0.03 1.2 0.18 20.3 6.1 6.4 0.3 0.3 4.0 0.5 0.1 

D.F: Degree flocculation; V: base saturation; m: saturation by aluminum; O.C: organic carbon; pH in H2O (1:1); T: pH7 cation 

exchange capacity. 

Table 2. Production and partition of biomass for the different components of genotypes 

Eucalyptus at 43 months old, established in São Gabriel, Rio Grande do Sul, Brazil. 

Genotypes 
Leaves Branches Stembark Stemwood Total 

Mg ha-¹ 

E. benthamii (P1) 6.09c 10.16c 5.93a 33.16c 55.34c 

E. benthamii (P2) 3.70d 6.12e 4.42b 33.60c 47.84c 

E. saligna 5.85c 12.70b 6.19a 43.58b 68.32b 

E. dunnii 2.85d 8.26d 3.76b 18.81d 33.68d 

E. uroglobulus 10.39a 11.53b 6.72a 55.36a 84.00a 

E. urograndis 9.04b 20.75a 6.67a 44.33b 80.79a 

Averages of each component of biomass in different treatments (genotypes) followed 

by equal letters, do not differ significantly by the Tukey test at the 5% level of error. 
Source: Santos et al. (2019).
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Table 3. Amount of nutrients in the biomass components of different genotypes of Eucalyptus at 43 months old, established in São Gabriel, Rio Grande do 

Sul, Brazil. 

Genotypes Components 
N P K Ca Mg S B Cu Fe Mn Zn 

kg ha-¹ g ha-¹ 

E. benthamii (P1) 

Leaves 110.29 6.36 36.30 69.09 16.89 9.51 232.91 34.96 807.86 7246.14 72.86 

Branches 20.17 1.39 19.27 103.17 17.40 2.89 103.52 37.84 633.15 7724.68 89.40 

Stembark 23.99 2.43 24.72 83.85 18.51 2.55 93.01 15.10 269.57 6619.54 65.78 

Stemwood 52.27 5.08 64.61 38.78 16.14 6.60 185.40 26.61 938.24 5893.36 191.70 

E. benthamii (P2) 

Leaves 78.82 4.28 22.31 22.41 8.85 4.56 97.25 26.29 393.68 3568.63 48.04 

Branches 18.48 1.38 15.27 29.67 5.18 1.46 71.64 26.45 192.24 3902.22 46.94 

Stembark 18.01 2.18 16.62 46.40 14.50 1.68 92.13 15.54 117.35 4793.05 52.87 

Stemwood 50.34 5.34 60.06 17.06 7.48 4.68 128.72 66.64 552.20 3707.66 242.54 

E. saligna 

Leaves 92.87 4.66 37.16 63.83 18.18 5.11 175.35 31.89 567.13 4657.27 62.03 

Branches 20.71 1.13 23.35 133.81 25.39 2.80 148.13 61.46 1032.35 8514.80 132.11 

Stembark 28.28 1.53 15.48 68.17 22.67 1.79 98.11 14.18 225.10 6032.84 35.32 

Stemwood 51.29 3.64 59.05 36.77 21.69 5.31 240.94 69.78 1765.68 3309.26 307.66 

E. dunnii 

Leaves 49.58 2.60 16.05 30.42 9.31 3.00 75.49 23.37 457.13 2802.39 26.87 

Branches 19.40 1.43 28.60 72.05 14.85 2.17 117.45 39.06 543.18 5873.21 66.11 

Stembark 9.82 1.49 24.32 34.85 10.88 0.93 69.71 5.17 194.45 3308.41 26.86 

Stemwood 26.92 2.72 41.61 28.23 17.87 3.61 111.26 38.79 323.09 2884.73 74.93 

E. uroglobulus 

Leaves 133.34 7.59 48.76 83.30 14.54 8.46 250.35 45.93 623.97 9884.07 84.10 

Branches 18.19 1.52 27.98 74.96 6.75 2.75 127.94 40.39 430.87 6556.34 52.94 

Stembark 22.61 2.96 32.25 60.29 18.63 1.95 125.44 16.35 325.35 6195.22 42.41 

Stemwood 71.89 5.32 100.21 30.90 11.24 9.94 168.88 102.30 1013.28 5126.07 171.83 

E. urograndis 

Leaves 142.99 8.03 59.01 117.18 21.60 7.76 387.63 64.75 1026.00 7967.63 109.80 

Branches 32.43 3.38 44.77 222.54 38.96 4.52 234.21 102.64 1777.39 15634.53 173.32 

Stembark 21.70 2.49 24.23 80.53 23.61 1.61 97.86 15.35 244.60 6526.83 51.82 

Stemwood 64.32 6.40 91.76 36.14 22.92 8.04 231.87 105.97 966.68 5086.16 240.82 
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3. RESULTS AND DISCUSSION 

Results presented here confirmed that there is synergism and antagonism between nutrients 

at the shoot level in the Eucalyptus genotypes in a Luvisol. Figure 1 shows the correlation for 

the amount of essential plant nutrients (macronutrients N, P, K, Ca, Mg, and S and 

micronutrients Fe, B, Mn, Zn and Cu) of genotypes of Eucalyptus implanted in Luvisol; blue 

and red lines are positive and negative correlations, respectively, and their correlation intensity 

is expressed by the thickness of the line that connects each nutrient. The efficiency of mineral 

elements in plants is determined by the amount of nutrients in plant tissues so it is an answer to 

metabolism and characteristics of the electrophysics of plants (Shabala, 2006).  

 

Figure 1. Diagram of Pearson’s correlation coefficients 

matrix among nutrients of the analyzed Eucalyptus 

genotypes in a Luvisol (see Table 5 Supplementary material). 

Manganese (Mn) and calcium (Ca) are strongly (> 0.9) associated in Eucalyptus genotypes 

implanted in a Luvisol. This is supported by metal transport from the cytosol to the vacuole 

antiporter CAX2 (calcium exchanger 2) due to expression from isolated root tonoplast vesicles 

(Wu et al., 2003; Pii et al., 2015). Therefore, some heterologous species improve Mn tolerance 

via its accumulation within plant tissues (Hirschi et al., 2000). 

Despite iron (Fe) being essential to plant development, it shows weak correlation with 

other nutrients. It makes part of the enzyme composition in peroxidase, cytochrome oxidase, 

leghemoglobin and ferredoxin and also it participates in photosynthesis processes, respiration, 

nitrogen fixation, hormone synthesis and electron transfer (Layer et al., 2010; Krohling et al., 

2016). For most macronutrients, the mutual interactions on yield levels are synergistic, whereas 

divalent cations show antagonistic effects on yield (Rietra et al., 2017). Therefore, interaction 

between elements can yield antagonistic or synergistic works to nutrient-use efficiency. 

The NUE represents how many units of biomass are formed per unit of nutrient; that is, 

the higher the value of NUE the more efficient is the conversion of nutrients into biomass 

(Schumacher et al., 2019). Results obtained from this study showed that besides P and K in E. 

benthamii (P1) (branches), Fe and Zn in E. saligna (stembark), and Cu in E. dunnii and E. 

urograndis (stembark), stemwood was the component that presented the highest NUE values 

for the analyzed elements (Table 4). This is a very important fact in forestry because stemwood 

is the main product taken from the stands. According to Reis and Barros (1990), NUE in the 

production of wood varies with type of soil (availability of nutrients), population of plants, and 

plant species.
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Table 4. Nutrient-use efficiency in the biomass components of different genotypes of Eucalyptus at 43 months old, established in São 

Gabriel, Rio Grande do Sul, Brazil. 

Genotype Component N P K Ca Mg S B Cu Fe Mn Zn 

E. benthamii (P1) 

Leaves 55 958 168 88 361 641 26,161 174,265 7,542 841 83,624 

Branches 504 7,315 527 98 584 3,514 98,124 268,425 16,043 1,315 113,629 

Stembark 247 2,437 240 71 320 2,325 63,766 392,642 22,001 896 90,159 

Stemwood 634 6,527 513 855 2,054 5,023 178,834 1,245,970 35,339 5,626 172,958 

E. benthamii (P2) 

Leaves 47 865 166 165 418 811 38,045 140,720 9,398 1,037 77,015 

Branches 331 4,432 401 206 1,181 4,198 85,456 231,500 31,847 1,569 130,416 

Stembark 245 2,030 266 95 305 2,625 47,951 284,259 37,646 922 83,556 

Stemwood 668 6,289 559 1,970 4,490 7,174 261,043 504,225 60,852 9,063 138,542 

E. saligna 

Leaves 63 1,254 157 92 322 1,143 33,348 183,344 10,311 1,256 94,274 

Branches 613 11,234 544 95 500 4,538 85,720 206,606 12,299 1,491 96,113 

Stembark 219 4,051 400 91 273 3,461 63,113 436,773 27,508 1,026 175,298 

Stemwood 850 11,988 738 1,185 2,009 8,213 180,876 624,557 24,682 13,169 141,650 

E. dunnii 

Leaves 57 1,098 178 94 306 949 37,733 121,883 6,231 1,016 106,014 

Branches 426 5,768 289 115 556 3,810 70,318 211,441 15,205 1,406 124,926 

Stembark 383 2,525 154 108 345 4,056 53,887 726,610 19,318 1,135 139,869 

Stemwood 699 6,912 452 666 1,053 5,211 169,089 485,008 58,229 6,522 251,069 

E. uroglobulus 

Leaves 78 1,369 213 125 715 1,229 41,518 226,306 16,658 1,052 123,592 

Branches 634 7,609 412 154 1,708 4,199 90,116 285,483 26,759 1,759 217,794 

Stembark 297 2,273 208 111 361 3,445 53,552 410,851 20,647 1,084 158,378 

Stemwood 770 10,401 552 1,791 4,927 5,571 327,797 541,126 54,633 10,799 322,165 

E. urograndis 

Leaves 63 1,125 153 77 418 1,165 23,319 139,607 8,810 1,134 82,325 

Branches 640 6,131 464 93 533 4,594 88,601 202,164 11,675 1,327 119,725 

Stembark 307 2,681 275 83 282 4,131 68,119 434,381 27,254 1,021 128,658 

Stemwood 689 6,927 483 1,227 1,934 5,512 191,179 418,304 45,857 8,716 184,073 
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In Luvisol, for the different species, the lowest NUE elements were observed for Ca, Mg 

and Mn (E. benthamii (P2) and E. saligna); K, Ca and Mg (E. uroglobulus); Ca and Mg (E. 

benthamii (P1); Mg and Mn (E. urograndis); and K (E. dunnii) obtained from stembark. In 

general, the results confirm the hypothesis that the NUE of the leaves would be very similar for 

genotypes. There is a broad consensus that the concentration of nutrients in Eucalyptus genus 

follows the order of leaves > bark > branches > wood (Resquin et al., 2020). Although wood 

nutrients are a smaller fraction, they are important in the nutrient cycling and in the balance of 

nutrients for the Eucalyptus stand (especially for P, S, B, Cu, Fe and Zn). In the same context, 

if wood with bark is harvested, Ca and Mg nutrients may greatly limit the productivity of the 

next cycle; however this limitation may be reduced if only the wood is harvested. According to 

Reis and Barros (1990), the allocation of nutrients in the bark is of great importance in choosing 

the type of exploitation to be adopted, that is, whether the stem should be exploited or only 

wood. 

Results also revealed that micronutrients showed the best NUE, with Cu being the most 

prominent in all components, presenting the highest values for stemwood, with the exception 

of E. dunnii, where the highest value was found for stembark. The micronutrient with the lowest 

NUE value for all the components was Mn. NUE of the micronutrients in stemwood followed 

this order: Cu > B > Zn > Fe > Mn, with the exception of E. dunnii, where the value of Zn was 

higher than that of B. This same trend for most genotypes was reported by Ludvichak (2016) 

for a 9-year-old hybrid of E. urograndis in Pinheiro Machado, RS, Brazil. Viera et al. (2015) 

evaluated a hybrid population of E. urophylla × E. globulus of 10 years in Eldorado do Sul, RS, 

Brazil and also reported the same trend.  

Among the macronutrients, P showed the highest conversion rate for stemwood in all 

genotypes, except in E. benthamii (P2) where the highest NUE value was found in S. In contrast, 

K presented the lowest conversion rate. Besides E. benthamii (P2), which had superior S to P, 

and E. dunnii, which had superior N to Ca, the NUE of stemwood decreased in this order: P > 

S > Mg > Ca > N > K.  

This same trend was reported by Ludvichak (2016) and Viera et al. (2015). Schumacher et 

al. (2019), on the other hand, studied Eucalyptus spp. stands in small farms located in Rio 

Grande do Sul state, Brazil, and reported a trend different from the one found in this study (P > 

S > Mg > K > N > Ca). According to Santana et al. (2002), variation in NUE could occur due 

to several factors, such as the intrinsic characteristics of the genetic material, failure to obtain 

the optimal or critical nutritional balance between soil plant and all nutrients (that is, there may 

have been a limitation of one or more available nutrients), and water relations.  

For stemwood, E. saligna had the highest NUE of N, P, K, S and Mn; E. uroglobulus had 

the highest NUE of Mg, B and Zn; and E. benthamii (P2) had the highest NUE of Ca and Fe. 

The NUE of P in E. saligna was 46 and 48% higher than that in clones E. benthamii (P1) and 

E. benthamii (P2), respectively. The NUE of K in E. Saligna was 35 and 39% higher than that 

in E. urograndis and E. dunnii, respectively. According to Caldeira et al. (2002), the evaluation 

of NUE in different forest species, their origins, and/or clones is important to a forester as it 

helps in choosing the genotype to be used for reforestation. However, it is important to note 

that it is difficult to select a genotype that has a high NUE of all the essential elements (Camargo 

et al., 2004). Therefore, forest managers should use genetic materials with high NUE that is 

compatible with the fertility of the soils because if materials with high NUEs are planted in low 
fertility soils that do not receive fertilization, soil depletion would occur rapidly (Santana et al., 

2002). 

To select genotypes, the breeder needs to use information about NUE and variation in the 

shoot-nutrient content. The analysis of the dependence of the efficiency of accumulation of a 

number of basic micro- and macronutrients made it possible to identify its dependence in the 

biomass components of different genotypes of Eucalyptus. Heatmap is a wrapper accompanied 
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by dendrograms for visualizing observations correlations through color (Figure 2). Trends of 

nutrients (N, P, K, Ca, Mg, S, B, Cu, Fe, Mn and Zn) can be readily assessed from a heatmap 

depiction. In this figure, yellow is a positive correlation and blue is a negative correlation. The 

rows and columns of the matrix are ordered to highlight patterns of Eucalyptus genotypes and 

the amount of nutrients per dry biomass in the tree components so heatmap clustering comprises 

the nutrient-use efficiency. 

 
Figure 2. Heatmap used for visualizing data of Pearson’s correlation coefficients matrix of nutrient-

use efficiency in the biomass components (A - leaves; B - stembark; C - branches and D - stemwood) 

of different Eucalyptus genotypes implanted in a Luvisol. 

The characteristics of soil type and lower excited electron states of chlorophyll, 

carotenoids, chromophores of the phytochromic and cryptochromic system provides to intra- 

and intermolecular charge separation reactions and thereby generates polarization and 

mechanism of transport to the nutrients for each biomass component in the plants (Kholmanskiy 

et al., 2019). Eucalyptus uroglobulus and E. dunni genotypes differ much in their nutrient 

utilization efficiency under field conditions because of the capacity for the absorption, 

translocation and conversion of the nutrients into the biomass. Eucalyptus urogobulus showed 

the highest performance for stemwood biomass (55.36 Mg ha-¹). A negative correlation 

indicates that nutrient-use efficiency in the biomass components (leaves, stembark and 

stemwood) move in opposite directions, and that the relationship also becomes stronger the 

closer to minus 1.  

4. CONCLUSIONS 

Interaction between elements can yield antagonistic or synergistic effects on nutrient-use 

efficiency and Eucalyptus genotypes differed in terms of nutritional efficiency and nutrient 
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function according to biomass components. In general, stemwood is the biomass component 

that showed the highest efficiency in nutrient use. The leaf component showed the lowest 

efficiency. 

Nutrient-use efficiency is dependent on genotype traits. Eucalyptus saligna had the highest 

NUE of N, P, K, S and Mn, and E. uroglobulus had the highest NUE of Mg, B and Zn. The data 

presented here could facilitate tree breeding by enhancing phenotypic analyses based on 

nutritional factors during the allocation process for specific site conditions. 
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ABSTRACT  
In view of the water crises historically experienced by Brazil’s semi-arid region, it is 

necessary to search for methodological tools that allow us to propose efficient alternatives for 

managing water demand. In this regard, the present study developed and applied a hybrid 

approach of flow network modeling and the Analytic Hierarchy Process (AHP) combined with 

Shannon’s entropy for simulating and prioritizing water demand management alternatives in 

the Epitácio Pessoa Reservoir in the Brazilian semiarid region. The approach initially 

performed simulations of the hydro system flow network to explore rational alternatives that 

evaluated the following criteria: meet the demands of human supply, meet the demands for 

irrigation, maintain the reservoir above the target volume, and reduce consumption. 

Subsequently, Shannon's entropy was used to assess the importance of the criteria and the 

multicriteria analysis of ranking of alternatives was built. Finally, a sensitivity analysis of the 

model was performed regarding the dependence on respective weights of the criteria. The 

results made enabled evaluation of the hydro system’s water security, highlighting insufficient 

supply by the single measure of water management transposition of the São Francisco River, 

and based on the hierarchy of alternatives, suggesting actions to improve the sustainability of 

water use, such as reuse of water, reduction of losses in supply systems and increasing irrigation 

efficiency. The proposed hybrid approach permitted the synthesis of the simulation’s results, 

which may simplify and support the decision-making process in water-demand management.  

Keywords: AHP-Entropy, consumption reduction, flow network, water demand management. 

Uma abordagem híbrida associando modelagem de rede de fluxo a 

AHP-Entropia para simulação e hierarquização de alternativas de 

gerenciamento da demanda de água 

RESUMO 
Diante das crises hídricas historicamente vivenciadas pelo semiárido do Brasil, é 

necessário buscar ferramentas metodológicas que possibilitem propor alternativas eficientes de 

gerenciamento da demanda de água. Nesse contexto, o presente estudo desenvolveu e aplicou 

uma abordagem híbrida de modelagem de rede de fluxo e Analytic Hierarchy Process (AHP) 
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combinada à entropia de Shannon, para simular e hierarquizar alternativas de gerenciamento da 

demanda de água do reservatório Epitácio Pessoa, no semiárido brasileiro. A abordagem 

inicialmente realizou simulações da rede de fluxo do hidrossistema admitindo alternativas 

voltadas à sustentabilidade, avaliando os critérios: atendimento às demandas de abastecimento 

humano, atendimento à demanda de irrigação, manutenção do reservatório acima do volume 

meta e redução de consumo. Posteriormente, a entropia de Shannon foi utilizada para aferir a 

importância dos critérios, e foi desenvolvida a análise multicritério de hierarquização das 

alternativas. Por fim, foi realizada uma análise de sensibilidade do modelo quanto a 

dependência dos pesos dos critérios. Os resultados possibilitaram avaliar a segurança hídrica 

do hidrossistema, apontando insuficiência do abastecimento pela medida única de 

gerenciamento da transposição do rio São Francisco, permitindo sugerir, baseado na 

hierarquização de alternativas, medidas voltadas à sustentabilidade do uso da água que adotem 

mecanismos poupadores, reuso, reduzam as perdas e aumentem a eficiência na irrigação. A 

abordagem híbrida proposta permitiu sintetizar os resultados da simulação, o que pode apoiar 

e simplificar o processo de tomada de decisão no gerenciamento da demanda de água. 

Palavras-chave: AHP-Entropia, gerenciamento da demanda de água, rede de fluxo, redução de 

consumo. 

1. INTRODUCTION 

Meeting the extensive water demands is a challenge to Brazil’s semiarid region mainly due 

to population growth, economic development, the increase in the rate of urbanization in recent 

years and the diversity of weather conditions (Araújo et al., 2019). 

Barros et al. (2016) state that semiarid regions, such as the one in which the Epitácio Pessoa 

Reservoir is located, in Paraíba, present precipitation with significant spatial and temporal 

irregularity in addition to a high evaporation rate. These factors lead to uncertainty in meeting 

human, industrial and agricultural water needs. 

Active and efficient management is a prerequisite for the efficient and correct use of this 

resource. In addition to the challenge of meeting the resource demands, irrational and 

unrestrained use of water occurs in large cities (Bailone and Roça, 2017). Demand management 

in a basin aims to increase availability, achieve social justice, and protect ecosystems in the 

environment. It therefore requires identifying the best methods of reservation, allocation and 

use of the resource. One option to study the water allocation aspects of a reservoir is to build 

methods that support decision-making in choosing the best management model, which has to 

have greater water transfer capacity and optimize the relation between supply and demand 

(Bakhshianlamouki et al., 2020). 

Simulation and optimization models are technological tools with mathematical formulation 

and can be used by managers responsible for reservoirs to aid in water-demand management 

(Abokifa et al., 2016). Some of these decision-making assistive models are flow network 

models. The modeling is done through a mass balance by an algorithm and is commonly used 

to solve water allocation problems in complex basins (Boulos, 2017). The various studies that 

use flow network models as support tools present methodologies that vary between the use of 

isolated and hybrid models, which are combined methods or systems. 

Isolated flow network modeling was used by Silva et al. (2019), who assessed 

vulnerabilities in meeting the water demand in Fortaleza and analyzed the emptying regime of 

the Castanhão Reservoir. Based on the methodology, the authors proposed variations in the 

region’s supply system and indicated the use of economical sanitary appliances and financial 

mechanisms. 

In Iran, Shourian et al. (2017), addressing an imbalance in the temporal and spatial 
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distribution of water, used flow network modeling to develop a proposal for transposing water 

between a high-availability basin to a nearby high-consumption basin. 

In a hybrid approach, flow network modeling was associated with, among others, the 

FPEIR matrix (Araújo et al., 2019) for environmental diagnosis, with the construction of water 

management scenarios to evaluate water transfer capacities between basins (Shourian et al., 

2017) and with multicriteria analysis for definitions of environmental preservation areas 

(Santos et al., 2019) and vulnerability status of water resource systems (Shabbir and Ahmad, 

2016; Alamanos et al., 2018). 

Among the multicriteria analysis methods, which can be associated with flow network 

models, according to Saaty (1991) the AHP is the most frequently used in studies of water and 

sewage (Tscheikner-Gratl et al., 2017). The method was chosen for this study because it has 

broad applicability, robustness, and flexibility (Vieira et al., 2017), and it is usually used to 

evaluate and support decisions that have multiple goals.  

The AHP is based on pairwise comparisons, both to estimate weights of the criteria and to 

compare alternatives regarding the decision criteria, which is a subjective analysis based on the 

decision maker’s preferences (Saaty, 1991). However, as per Mulliner et al. (2016), if the 

criteria weight values cannot be obtained directly, then an objective method based on pairwise 

comparisons should be employed, such as Shannon's entropy. 

Shannon's entropy, derived from information theory, is a mathematical method to define 

the uncertainties of numerical data, taking into account all types of information, thus 

quantifying information regarding flows in data (Shannon, 1951).  

Ding et al. (2018) combined AHP-Entropy approach with GIS for construction caste 

landfill selection in China, Feizi et al. (2017) combined AHP–Entropy and GIS to develop a 

mineral potential map in Iran, and Roodposhti et al. (2016) combined a multicriteria method 

with Shannon Entropy to develop a hybrid GIS-based landslide-susceptibility map in Iran.  

In this context, the present study uses a hybrid approach by associating methodologies with 

flow network modeling and entropy-multicriteria methods as a decision-support tool in 

complex water systems. The difference in this approach is the unprecedented combination of 

the AHP-Entropy method with flow-network modeling. In addition to analyzing the 

vulnerability of a water system, it can simulate management alternatives and classify them in 

hierarchical order to simplify the decision-making process. Finally, this study aims to develop 

and apply a hybrid approach of AHP-Entropy with flow network modeling to simulate the 

Epitácio Pessoa hydro system based on water-demand management alternatives, identifying 

and ranking the best ones. 

2. MATERIALS AND METHODS 

The proposed methodological steps of the hybrid approach involve: i) definition and 

characterization of the study area; ii) description and simulation of water allocation in the hydro 

system by water demand management alternatives; iii) hierarchy definition of alternatives 

through the AHP-Entropy method; and iv) sensitivity analysis of the ranking results, 

considering criteria priorities. 

2.1. Study area 

To apply this hybrid approach associating flow network modeling with AHP-Entropy, the 

first step is to define the hydro application system so that this approach can be practical for any 

reservoir water system. The present study applied the hybrid approach at Epitácio Pessoa 

Reservoir, located in the Paraíba River hydrographic basin. The basin comprises 35.7% of the 

territory of Paraíba and drains an area of 20,127 km², which includes the second-largest city in 

the state, Campina Grande, and 84 more municipalities. The reservoir is located in the Upper 

Course of the river, a hydrographic region characterized as one of Brazil’s lowest rainfall 
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averages. The total annual rainfall is 600mm and is concentrated in February, March, April and 

May. 

The reservoir is characterized by the challenge of coping with scarcity in a context of 

supplying about 700 thousand inhabitants, and supplying industrial, educational and economic 

centers. The study area is historically characterized by water crises, as in the most recent 

interval of 2012-2017, in which there were 4 phases of rationing from the suspension of water 

supply for irrigation to the interruption of supply for up to 112 hours to some neighborhoods of 

Campina Grande. 

2.2. Description and simulation of water allocation in the hydro system based on demand 

management alternatives, using the flow network model  

The second step is the hydro system simulations of water demand management 

alternatives, using a flow network model. This stage can be performed through software that 

operates flow network models, such as, among others, IRIS, IRAS, AQUATOOL, 

RIVERWARE MIKE BASIN, MODSIM DDS, and AcquaNet (Vieira and Curi, 2016). 

The input information required for the hydro system flow network modeling is the quota-

area-volume curve, initial volume in the simulation time, granted demands, priorities to meet 

demands, evapotranspiration flows, and affluent flows. The output data, among others, establish 

the frequency that the hydro system operated below the required demand, the average required 

demand and the average flow rate provided, the frequency with which it was poured, and the 

time of operation of the reservoir below pre-defined volumes. 

AcquaNet flow network software, which is a modification of MODSIM, was chosen to 

simulate the allocation of water and analyze the fulfillment of demands due to the ease of 

operation and the possibility of agricultural planning; these aspects differ from other simulation 

and optimization models.  

This study simulated the allocation of Epitácio Pessoa for the 2004-2017 interval. The 

input data were obtained from the DNOCS reports for the reservoir’s physical data, and the 

collection of climatological and concession data in the HidroWeb system of the National Water 

Agency. The optimization was performed monthly and sequentially, not guaranteeing the 

optimum overall time ahead. 

Figure 1 shows the flow network of the Epitácio Pessoa Reservoir responsible for 

supplying 24 municipalities. The model represents the hydro system of volume (reservoir), 

passage (confluences, points of entry, flow, and points of demands), and arcs or links (channels, 

supply channels, and natural rivers). The present municipalities’ demands are distributed in 

human supply (HUM), irrigation (IRRIG) and livestock (LIV), with no industrial demands in 

the national grant report for the reservoir. 

 
Figure 1. Flow network of the Epitácio Pessoa hydro system in the 

Upper Course of the Paraíba River region. 



 

 

5 A hybrid approach associating flow network modeling … 

Rev. Ambient. Água vol. 16 n. 2, e2627 - Taubaté 2021 

 

To complete this step with all the input data required by the software, it is necessary to 

simulate water-demand management alternatives in the flow network model. These alternatives 

must be identified through the measures already implemented in the hydrographic basin, that 

may interfere with the water balance of the system, and from technical literature on demand 

management. Therefore, to computationally simulate and evaluate alternatives, the hydro 

system is reproduced with modified input data referring to possible demand reductions and 

variations in the quantities and inflow regimes to the reservoir.  

According to the methodological approaches of Barros et al. (2016), Almeida and Curi 

(2016), and Sousa (2017), from technical literature and possible structural works, it is pointed 

out that for effective water management in regions of scarcity, as in this case study, it is 

necessary to apply management alternatives based on considerations of rationality, 

modernization, and sustainability of water management.  

Table 1 shows alternatives applied for this case study : technological alternatives (A1 to 

A5), that can be replicated for any hydro system, based on the literature (Sousa, 2017); 

associated structural alternatives (A6 and A7) referring to the case study; and their 

combinations (A8 to A12) were simulated in comparison to a reference scenario (A0).  

After simulating the flow network for a perspective absent of alternatives (A0) and 

management alternatives (A1 to A12), a multicriteria method associated with an objective 

weighting method is used, as a decision support tool, to classify the simulated alternatives.  

Table 1. Waterdemand management alternatives simulated in the flow network. 

    Alternative description 

A0 Reference Scenario 

The reference scenario does not allow management measures. Therefore, 

it considers the water consumption in homes by hydraulic devices without 

sparing devices, without sustainable projects for reuse, and simulated from 

the inflow through precipitation. 

A1 Saving equipment 

Replacement of common equipment by saving equipment, which are: 

showers with flow restrictors, sanitary basins with double activation, sink 

faucets with aerators, and lavatory faucets with aerators. 

A2 Rainwater harvesting 

Implementation of a rainwater catchment system composed of gutter, pipe, 

first water diversion device, lower reservoir, pumping, upper reservoir, and 

home distribution. 

A3 Residential reuse 
Use of a graywater reuse system with treatment for recirculating 

wastewater from showers and washing machines to the sanitary basin. 

A4 
Equipment + Rainwater 

harvesting 
This alternative combines the alternatives (A1) and (A2). 

A5 Equipment + reuse This alternative combines the alternatives (A1) and (A3). 

A6 
Water transposition  

every month 

This alternative considers a water supply of 1.52 m³ s-1 (ANA, 2017) to the 

reservoir every month, coming from the East Axis of the São Francisco 

River Transposition Program. It should be noted that the frequent context 

of scarcity in the São Francisco River Basin would have to be considered 

for the transfer of water to basins in the semiarid (Rêgo et al., 2017). 

A7 
Water transposition in the 

period of lesser influx 

Considering the rainy season from February to May (Andrade et al., 2019); 

the minimum average rainfall of 20mm in January, June, and July; water 

scarcity in the São Francisco River Basin; and the high costs of operating 

the system, the alternative considers the water supply of 1.52 m³ s-1 in the 

months of August to December, as those of lowest inflow to the reservoir. 

Continue... 
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Continued... 

A8 

Equipment + residential 

reuse + water 

transposition in the lesser 

influx 

This alternative combines the alternatives that use saving equipment (A1), 

a residential reuse system (A3), and the alternatives that use the water 

supply of the transposition of the São Francisco River in the months of less 

affluence (A7). 

A9 
Equipment +  

ETA reuse 

This alternative combines the alternatives that use saving equipment (A1) 

with the use of 20% of the treated effluent (filter washing water + sludge) 

from the ETAs of the Epitácio Pessoa Reservoir for irrigation. 

A10 
Equipment +  

Loss reduction 

This alternative combines the alternatives that use saving equipment (A1) 

with a 20% reduction in losses in the distribution system by the water and 

sewage company. 

A11 
Equipment + Irrigation 

efficiency 

According to CEMIG, the incorrect management of water in irrigation 

causes a waste of 20% of water and 25% of electricity. This alternative 

combines the alternatives that use saving equipment (A1) with efficient 

management measures that increase water-use efficiency from 75% to 

90%. 

A12 

Water transposition in the 

lesser influx + irrigation 

efficiency + equipment + 

reuse + loss reduction 

This alternative combines the main water demand management 

alternatives in the study. The alternatives that use saving equipment (A1), 

graywater reuse (A3) to transfer water to the lowest inflow months (A7), 

reducing losses in the supply system (A10) and increasing water supply 

irrigation efficiency (A11). 

2.3. Hierarchy definition of alternatives through the AHP-Entropy method 

The third step is the hierarchy definition of alternatives through the AHP-Entropy method. 

The AHP-Entropy is used as a decision support tool to classify the simulated alternatives in a 

ranking. The flow network’s performance results are used as the basis of AHP-Entropy, forming 

the data structure of the numerical matrix.  

The data and criteria required from the multicriteria analysis must be selected by hydro 

system performance results of simulated alternatives in the flow network model. In this study 

case, years with reasonable water scarcity were chosen: therefore, meeting the human supply-

demand (C1); meeting the irrigation demand (C2); the percentage of the reservoir volume above 

the target volume (C3), which is a percentage of the volume that must be kept in the reservoir 

from one month to another; and reduced consumption (C4). 

In this approach, as in Mulliner et al. (2016), Yang et al. (2019), and Leal (2020), the 

criteria weights are objectively determined by Shannon's entropy and not by peer comparison 

of AHP. Only the final stages of the AHP are required, which is the processing of normalized 

numerical values. 

The calculation of Shannon's entropy weights, according to Lotfi and Fallahnejad (2010), 

is presented below: 

In a multicriteria problem assuming alternatives m (A1, A2, ... , Am) and n criteria (C1, C2, 

... , Cm), the initial decision matrix is: 

[

𝑎11 𝑎11 … 𝑎1𝑛

𝑎21 𝑎22 … 𝑎2𝑛

⋮ ⋮ ⋱ ⋮
𝑎𝑚1 𝑎𝑚2 … 𝑎𝑚𝑛

] = [𝑎𝑖𝑗]
𝑚 𝑥 𝑛

 

Where its components 𝑎𝑖𝑗 denote 𝑖th alternative of 𝑗th criterion. 

Stage 1: Normalize the decision matrix (Equation 1) 
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𝑟𝑖𝑗 =  
𝑎𝑖𝑗

∑ 𝑎𝑖𝑗
𝑚
𝑖=1

, 𝑖 = 1, 2, … , 𝑚             (1) 

Stage 2: Compute entropy (Equation 2) 

𝑒𝑗 = −𝐾 ∑ 𝑟𝑖𝑗
𝑚
𝑖 = 1 ln 𝑟𝑖𝑗 , 𝑗 = 1, 2, … , 𝑛           (2) 

Where: 𝐾 =  
1

𝑙𝑛 𝑚 
  

Stage 3: Calculate the weights of each criterion (Equation 3) 

𝑤𝑖𝑗 =
1−𝑒𝑗

∑ (1−𝑒𝑗)𝑛
𝑖=1

, 𝑗 = 1, 2, … , 𝑛.            (3) 

The final stage of the AHP (Equation 4), according to Mulliner et al. (2016), deals with 

the construction of a matrix 𝑀 𝑥 𝑁 (where 𝑀 is the number of alternatives and 𝑁 is the number 

of criteria), which is computed using the relative importance of the alternatives in terms of each 

criterion. Alternatives are classified using the following additive formula: 

𝐴𝐴𝐻𝑃
∗ = max ∑ 𝑎𝑖𝑗𝑤𝑗 𝑓𝑜𝑟 𝑖 = 1 ,2, 3 … , 𝑀𝑁

𝑗=1           (4) 

Where: A*
AHP is the score of the optimal alternative; aij, in the M x N, represents the actual 

value of the ith alternative in terms of the jth criterion; wj is the weight of importance of the jth 

criterion and N is the number of decision criteria. 

2.4. Sensitivity analysis  

As the fourth step of this hybrid approach, developing a sensitivity analysis is a crucial 

phase to analyze the impact of criteria weights on ranking the alternatives. Therefore, in this 

subsection, similarly to the applications of MCDM’s sensitivity analyses by Štreimikienė et al. 

(2016), Al Garni et al. (2016), and Boran (2018), a classification sensitivity of water demand 

management alternatives (if any) was obtained in five scenario criteria preferences: Scenario 1: 

Equal weight (Sc1); Scenario 2 Human supply (Sc2), Scenario 3: Irrigation (SC3), Scenario 4: 

Maintenance of Reservoir (SC4) and Scenario 5: Reduction of consumption (SC5).  

The scenarios are based on altering the weight, and consequently prioritizing the water 

demand management by the main criteria (Table 2). In Scenario 1, every dimension is treated 

as equally important. In the following four scenarios, for example, in Sc2, the greater weight is 

for C1, equally dividing the remaining weight for the other criteria. And similarly, SC2, SC3, SC4, 

and SC5. This type of sensitivity analysis makes it possible to look into each criterion's effect 

on the alternative choice. The related ranks of water demand management alternatives were 

obtained by using the AHP method.  

Table 2. Criteria weights under different scenarios. 

Criteria 
Scenario 1: 

Equal weight 

Scenario 2: 

Human supply 

Scenario 3: 

Irrigation 

Scenario 4: 

Maintenance 

of Reservoir 

Scenario 5: 

Reduction of 

consumption 

C1 
Meeting the human 

supply demand 
0.25 0.5 0.167 0.167 0.167 

C2 
Meeting the 

irrigation demand 
0.25 0.167 0.5 0.167 0.167 

C3 
Reservoir volume 

above the target volume 
0.25 0.167 0.167 0.5 0.167 

C4 Reduced consumption 0.25 0.167 0.167 0.167 0.5 
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3. RESULTS AND DISCUSSION 

The results are presented and discussed in two sections: i) flow network simulation for 

demand management alternatives; ii) ranking of criteria and alternatives according to AHP-

Entropy, and sensitivity analysis of alternatives ranking due to variation of criteria weights. 

3.1. Flow network simulation for water demand management alternatives 

The Epitácio Pessoa hydro system simulations, shown in Figure 2, represent the capacity 

of the system to meet the main demands based on the proposed management alternatives.          

Table 3 shows the demand percentages, absolute values of consumption reduction, external 

water supply, frequency of the reservoir volume operating below the target volume, and the 

supply failures according to the alternatives evaluated. 

 
Figure 2. A) human supply. B) Irrigation: flows demanded by alternative management, average flows 

allocated and the percentage of meeting the required demand. 

Table 3. Characteristics and results of meeting demands for alternative demand management. 

Management 

alternatives of 

demand 

Demand 

reduction 

percentages (%) 

Total 

consumption 

reduction (m³ s-1) 

External 

water supply 

(m³ s-1) 

Frequency below 

target volume 

(%) 

Failure to meet demand 

Human 

(%) 

Irrigation 

(%) 

A0 - - - 88.1 36.3 88.1 

A1 20.7 0.45 - 74.3 30.9 86.9 

A2 11.2 0.24 - 76.5 33.9 88.1 

A3 19.7 0.43 - 74.8 30.9 86.9 

A4 31.9 0.71 - 69.8 28.6 85.1 

A5 32.6 0.72 - 69.7 28.0 85.1 

A6 - - 1.52 47.8 5.4 72.0 

A7 - - 1.52¹ 64.6 30.9 80.3 

A8 32.6 0.71 1.52¹ 50.7 7.7 76.8 

A9 32.8 0.71 0.0033² 69.8 28,0 85.1 

A10 29.2 0.64 - 73.8 29.2 85.7 

A11 35.6 0.67 - 72.7 29.2 85.7 

A12 42.7 0.88 1.52¹ 46.8 3.6 73.2 

Note¹: water supply of 1.52 m³ s-1 coming from the transposition only in the months of lesser influx. 

Note²: water supply of 20% of the treated effluent (filter washing water + sludge) from the ETAs of 

the Epitácio Pessoa Reservoir. 

Regarding the simulation of the reference scenario (A0), it was observed that the absent 

system of management measures presents a frequency of meeting human demands (combined 
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urban and rural) of only 65% of the simulated period. The severity of this failure is even more 

accentuated in the system’s capacity to meet irrigation demands, which results in damage to the 

development of the economic region. 

The individualized alternatives (A1; A2; A3) that admit concepts of sustainability in 

residential hydraulic networks present reductions of consumption that increase human supply 

capacity to the percentage of 71% in the simulated period. Among the alternatives, it should be 

noted that the gray water reuse project (A3) is more expensive and more operationally complex 

to implement than the saving mechanism (A1) and rainwater catchment (A2) systems. 

The flow network simulations from the combined alternatives (A4; A5) showed similar 

percentages of capacity to attend the human supply, respectively, 74% and 75%, and reduced 

the time of the reservoir below the target volume, generating less risk of operation of the 

reservoir at critical levels and lower water consumption. The return-on-investment time is 

evident as a difference between the combined alternatives, which, according to Sousa (2017), 

is six years and three months for the system adopted by (A4) and nine years and seven months 

for the system (A5). 

The alternative (A6) that uses the water supply of the São Francisco River’s transposition 

is the current management alternative in the basin. The alternative has the best percentage of 

meeting the demands with human supply met at 99% during the simulated period. It is important 

to note that, according to Rêgo et al. (2017), a transposition is a radical management alternative 

adopted in the semiarid region. The alternative was adopted after the critical state in the supply 

of the municipalities supplied by the Epitácio Pessoa Reservoir, which also impacts water 

insecurity in the São Francisco River’s hydrographic region. However, the alternative should 

have been adopted only after all the rational, modern and sustainable solutions for water 

management demand, including those of an economic and financial nature, had been adopted. 

The alternative (A7), which proposes the use of water resources of 1.52 m³ s-1 during the 

less affluent months, would mitigate the intensification of conflicts in the São Francisco River 

Basin, in the simulated period reduced the frequency of the reservoir below the target volume 

to 64.6%. However, it proved to be insufficient in generating water security for the region, as 

it presents 30.9% of failures in human supply. 

The combinations of alternatives (A8; A9; A10; A11) represent shared responsibility 

among users. This sharing was demonstrated in the alternative (A10), between rationality in the 

end user’s consumption and the reduction of losses by the company granted by the supply 

system. In this configuration, the 20% reduction in losses, combined with the use of energy-

saving equipment, obtained a lower percentage of failures in meeting demand (29.2%) than the 

alternative (A7) that uses the water supply of the transposition in the months less affluent 

(30.9%). 

The alternative (A12) showed the most significant consumption reduction, the shortest 

time below the target volume, and the average allocated flow of 97% of the flow demanded 

human supply. The alternatives (A12; A6), which differ in the period of use of the water supply 

of the Transposition of the São Francisco River - East Axis and the adoption of sustainable 

measures, presented different percentages of failures in the simulated period. The reduction in 

consumption proposed in (A12) decreased the susceptibility to failures in meeting human 

demand, indicated in its 3.6%, compared to 5.4% of the alternative (A6). Such results 

demonstrate that obtaining a more significant water volume through transposition does not 

guarantee water reliability to the system, requiring efficient management measures and 

reducing consumption. 

3.2. Hierarchization of criteria and alternatives according to AHP-Entropy and sensitivity 

analysis  

Based on the data of flow network modeling results in Table 3, Shannon’s entropy was 

used to calculate the relative importance, as an objective approach, of considered criteria in 
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ranking the water demand management alternatives. Table 4 shows that the most important 

consideration is for criterion C1, followed, in hierarchical order, by C3, C2, and C4.  

Table 4. Shannon's entropy weight. 

 Criteria Objective Weight Ranking 

C1 Meeting the human supply demand 0.273 1 

C2 Meeting the irrigation demand 0.260 3 

C3 Reservoir volume above the target volume 0.270 2 

C4 Reduced consumption 0.201 4 

Since criteria and their relative weights, multicriteria simplified AHP was applied to the 

flow network data, the method provides a decision vector for the alternatives considered so that 

the higher, the better the alternative is classified. Figure 3 presents the decision vector results 

in AHP-Entropy, by alternative demand management considered, according to the objective 

weights. 

 
Figure 3. Decision vector of the AHP-Entropy by alternative demand management. 

According to the results of AHP-Entropy, it is identified that the choice of the demand 

management alternative presented a hierarchy of A12 > A8 > A6 > A9 > A5 > A4 > A11 > A10 

> A1 > A3 > A2 > A7 > A0 for the analyzed criteria.  

Since the weight of the criteria significantly affects the classification, the weight value 

change must be evaluated. The ranking is analyzed in different scenarios (Table 5), considering 

the criterion as preferential in each one.  

Table 5. The ranks in terms of considered scenarios. 

Scenario 
Ranking 

1 2 3 4 5 6 7 8 9 10 11 12 13 

Sc1 Equal weight A12 A8 A6 A9 A5 A4 A11 A10 A1 A3 A2 A7 A0 

Sc2 Human supply A12 A8 A6 A9 A5 A4 A11 A10 A1 A3 A2 A7 A0 

Sc3 Irrigation A12 A8 A6 A9 A5 A4 A11 A10 A1 A3 A2 A7 A0 

Sc4 Maintenance of Reservoir A12 A8 A6 A9 A5 A4 A11 A10 A1 A3 A2 A7 A0 

Sc5 Reduction of consumption A12 A8 A9 A5 A4 A11 A10 A1 A3 A6 A2 A7 A0 
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According to the results, for scenarios Sc1, Sc2, Sc3, Sc4 the choice of the demand 

management alternatives for the analyzed criteria is the same hierarchical order as in AHP-

Entropy method. In contrast, scenario Sc5 presented a different hierarchy. 

Among the alternatives, the one that considers the water supply only in the months with 

the lowest inflow (A7) is the penultimate placed among all the simulations, and the last, if only 

the measures that consider some management measure are taken. This is because there is no 

reduction in consumption for the hydro system, although technically, it presents similar 

percentages of service than the alternatives that adopt sustainable projects for homes (A1, A2, 

A3). 

It is verified in the scenario Sc5 that the alternatives that consider combined measures of 

sustainable residential projects (A1, A3, A4, A5), use of saving equipment combined with loss 

reduction (A10), and the use of the same equipment combined with an increase in irrigation 

efficiency (A11), are even more preferred than the current alternatives that use the water supply 

of the São Francisco River transposition every month (A6). Once they have the capacity to 

reduce consumption, consequently less pressure on the demands on the reservoir. 

Considering the water needs of the semi-arid region in which the Epitácio Pessoa Reservoir 

is located, the water insecurity conditions of the transposition water supply basin, and the 

diverse costs of the system, the alternatives that use water supply in the period of most minor 

influx due to precipitation are best evaluated together with management alternatives that adopt 

energy-saving equipment and consumption efficiency (A12 and A8). 

4. CONCLUSIONS 

The present study used a flow network model applied to a complex water system. Given 

the simulation of water demand management alternatives, it was necessary to use a decision 

tool that contemplated criteria and ranked the best alternative (s). Therefore, the flow network 

was associated with a multicriteria analysis method, the AHP-Entropy, as a hybrid approach. 

Methodologically, such a hybrid approach made it possible to synthesize the results of the 

hydro system simulation, in view of the four pre-established criteria: meeting human demand; 

meeting the demand for irrigation; frequency of the reservoir volume below the target volume; 

and consumption reduction, summarizing the demand management alternatives in a ranking. 

The flow network simulations represented both the historic water insecurity of the 

municipalities served by the Epitácio Pessoa Reservoir due to extreme droughts, such as the 

2012-2017 drought, and the inefficiency in water-crisis management. Thus, from the ranking 

of the simulated alternatives, it was possible to indicate those that propose saving mechanisms 

and increase efficiency in water use. Therefore, these alternatives point out the need of 

approaches based on rationality, modernization and water management sustainability. 

From the perspective of water demand management, it can be concluded that with the 

availability of data referring to the use of water, and physical and climatological characteristics 

of complex hydro systems, it is possible to apply a hybrid approach of flow network and AHP-

Entropy to simulate and classify the better alternatives for water demand management, which 

may support and simplify the decision-making process. 
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ABSTRACT  
Irrigated rice (Oriza sativa L.) pre-germinated production systems occupy approximately 

100 thousand ha, annually cultivated in Rio Grande do Sul State, mainly in poorly drained areas, 

and with infestation of competing plants, especially red rice (Oriza sativa L.). This system 

constitutes the main technologic resource for rice crops produced on an ecological basis, by 

means of soil tillage and water management. Despite this, water outlets, specifically after 

seeding, have outstanding agronomic and environmental implications. Loss of nutrients and the 

physical and chemical quality of drained water have been questioned by public research and 

environmental institutions. This work evaluated the effects of different soil tillage systems and 

retention time of water in irrigated rice frames. The experiment was conducted in Viamão town, 

Rio Grande do Sul State. Two different soil tillage systems and four different times of frame 

drainage after seeding were investigated. Results showed that the main limiting attributes of 

water quality were turbidity, biochemical oxygen demand (BOD) and phosphorus (P) content, 

reaching 1800 TNU, 115 mg L-1, and 1.6 mg L-1, respectively. These attributes showed values 

higher than established environmental thresholds. Water quality was inappropriate to discharge 

directly into water courses, regardless of treatments.An alternative is the immediate placement 

in rice production areas, in more advanced development stages of plants. Pre-germinated rice 

crops require a system framework to avoid nutrient loss and consequent reduction of soil 

fertility. 

Keywords: irrigated rice, soil tillage, water quality. 

Qualidade das águas drenadas dos quadros de arroz irrigado durante 

o estabelecimento do cultivo no sistema pré-germinado 

RESUMO 
Os sistemas de produções de arroz (Oryza sativa L.) irrigado, pré-germinado ocupam uma 
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superfície de aproximadamente 100 mil hectares, cultivados anualmente no Estado do Rio 

Grande do Sul, principalmente em áreas com deficiência de drenagem e com infestação de 

plantas competidoras, fundamentalmente o arroz vermelho (Oryza sativa L.). Esse sistema 

constitui a principal tecnologia para o cultivo de arroz de base ecológica, através do preparo do 

solo e do manejo da água nos quadros cultivados. Não obstante, a retirada da água dos quadros, 

especificamente após semeadura, tem implicações agronômicas e ambientais de destaque. A 

perda de nutrientes e a qualidade física e química da água drenada têm sido questionadas por 

instituições públicas, ambientais e de pesquisa. O objetivo desse trabalho foi avaliar os efeitos 

de diferentes formas de preparo do solo, assim como o tempo de permanência da água nos 

quadros de arroz irrigado pré-germinado. O experimento foi conduzido no município de 

Viamão – RS. Foram utilizados dois tipos de implementos para preparo do solo, associados a 

quatro tempos de drenagem dos quadros após a semeadura. Os resultados indicaram que os 

atributos mais limitantes em relação à qualidade da água, foram a turbidez, a demanda 

bioquímica de oxigênio (DBO) e os teores de fósforo, que chegaram a 1800 UNT, 115 mg L-1 

e 1,6 mg L-1, respectivamente. A turbidez, assim como as concentrações de P e DBO, 

apresentaram-se superiores ao limite legal em todos os tratamentos avaliados. Devido o 

envolvimento da água no preparo do solo, sua qualidade foi imprópria para o descarte 

diretamente nos cursos hídricos, independentemente do implemento utilizado e dos diferentes 

períodos de decantação avaliados. Dessa forma, uma alternativa é a utilização dessas águas 

imediatamente em áreas de produção com arroz em estágios mais avançados de 

desenvolvimento. As lavouras de arroz pré-germinado, sobretudo nas produções de base 

ecológica, demandam uma adequação do sistema ao estabelecido pela legislação, contribuindo 

também para evitar perdas de nutrientes e a consequente redução da fertilidade dos solos. 

Palavras-chave: arroz irrigado, preparo do solo, qualidade da água. 

1. INTRODUCTION 

Rio Grande do Sul State is responsible for 70% of rice production in Brazil, with 

predominance of the long-thin class (SOSBAI, 2018). The pre-germinated rice production 

system occupies a significant area of 115.7 thousand ha in the State (IRGA, 2019). This system 

comprises a set of operations and techniques for soil tillage, water management, sowing and 

establishment of rice plants under irrigated cultivation, using pre-germinated seeds, broadcast 

in level plots, usually separated by fixed and completely flooded partitions. The system 

originated in Santa Catarina State, introduced by immigrants during the XX century, and today 

occupies 98% of irrigated rice areas. In Rio Grande do Sul State, it occupies 11% of cultivated 

area. The adoption and expansion of this system is fundamentally limited by costs of trained 

labor and planting.  

In a long-term experiment, Carlos et al. (2015) verified that pre-germinated systems 

showed higher productivity in comparison with conventional and no-till systems, probably due 

to better competing plant control as a consequence of seeding in previously waterlogged soil. 

This method can be performed with lower costs and higher efficiency in comparison with 

controls based on chemical principles (Avila et al., 1997). Besides this, soil tillage and levelling 

quality, associated with adequate soil fertility management, irrigation and drainage, are 

fundamental to obtain optimum yields (Anghinoni et al., 2020). On the other hand, it may cause 

some problems, like the occurrence of birds and mollusks (Pomacea 2ulphur2rize L.) during 

the emergence period, and lack of cultivars adapted to this system (Petrini et al., 2004). Pre-

germinated rice production is used in several countries in the world with good results with 

respect to quality and resistance against problems like climate stress. Besides Brazil, with 20% 

of cultivated area, other countries adopted the system, using it in 90% and 30% of cultivated 

areas in Europe and USA, respectively, and other countries in Latin America, Asia and Africa. 
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Guerra et al. (1998), focusing on rice cultivation in Asia, detected pre-germinated production 

systems as an option to save water, due to thinner surface water layer and less water percolation 

compared to transplantation systems. Tadesse et al. (2013) found higher and faster plant 

development, avoiding droughts in terminal periods of the cycle, beyond other environmental 

stresses. Tonthong et al. (2018), working in Ethiopia, showed greater germinability of pre-

germinated seeds, even when they are stored for periods of eight weeks, compared with dry 

seeds. These authors emphasized the increase of the pre-germinated practice in Southeast Asia. 

Some changes may also be noted in the chemical composition of seeds and plant growth 

in pre-germinated system, like more availability of some elements (calcium, iron, manganese) 

induced by metabolic processes, as well as quantitative and qualitative alterations in protein 

content (Shallan et al, 2010; Kupkanchanakul et al., 2018). Rio Grande do Sul State is a pioneer 

in ecological rice production, always associated with pre-germinated systems (Zang, 2020). 

This type of production, free of pesticides, began in an agrarian reform settlement in 1999, in 

small areas between 3 and 4 ha in the Porto Alegre Metropolitan Region (Vignolo, 2010). In 

the “Filhos de Sepé” settlement (FSS), located in Viamão district, in the Gravataí River 

Watershed, organic production began in 2001, in an area of 1.7 ha (Zang, 2020). FSS is 

responsible for 30% of ecological basis rice produced in the agrarian reform settlements of Rio 

Grande do Sul State, whose total extension, in 2020, was 3,470 ha (Anghinoni et al., 2020; 

Miranda et al., 2016).  

Despite the importance of this production system, there are still some technical and 

environmental problems, like the quality of the water released from these areas, especially after 

sowing. Significant solid particles and nutrients derived from fertilisers are released after first 

drainage (Garcia et al., 2005; Marchezan et al., 2007a). Consequently, studies have shown that 

some attributes, such as turbidity, greatly exceed the limits established by CONAMA (2005) 

for wastewater (Resolution no. 357/05) (Table 1) (Marchezan et al., 2007b; Mattos et al., 2012; 

Scivittaro et al., 2010). This resolution states that water from rice frames, if returned to the main 

rivers in the watershed, needs to have quality compatible with uses like fishing, and irrigation 

for fruits and vegetables. 

In this study we hypothesized that some variables of the production system, such as the 

method of soil tillage and the time the water remains in the plots after the sowing of rice, 

influence the physical and chemical quality of the wastewater and the loss of soil and nutrients. 

The aims of this study therefore were: a) to evaluate the physical and chemical characteristics 

of drainage water from the cultivation of pre-germinated rice under different types of soil 

preparation and the amount of time the water remains in the plots after sowing; and, b) to 

compare the quality of this water with the standards established and defined by environmental 

resolutions. 

2. MATERIAL AND METHODS 

The work was carried out in the district of Viamão, RS, in an area of the FSS located 35 

km from Porto Alegre, in the Pampa biome, between the Coastal Plain and the Central 

Depression of the state (Figure 1).  

The geology of the area is composed of little-consolidated sedimentary material of wind 

and colluvium-lagoon origin, with variable selection and stratifications of silty-clay material 

(CPRM, 2008). According to the Köppen system, the climate in the study region is classified 

as type Cfa, subtropical, 3ulphur3rized by rainfall every month (CGHG, 2012). The mean total 

annual rainfall is 1,309 mm, with no major difference in distribution between seasons. 

The FSS is located in the Environmental Protection Area of “Banhado Grande”, the largest 

sustainable environmental conservation unit in the state. 

FSS is also located in Gravatai River Basin, considered to be the most sensitive in the 

region, and one of the most degraded in the state. According to FEPAM (2020), and mainly 
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based on the indicators of total phosphorus, E. coli and dissolved oxygen, Gravataí River has 

extremely poor water quality. 

 
Figure 1. Location of the district of Viamão in Rio Grande do Sul, showing the Filhos 

de Sepé settlement. 

Ecologically based rice in the FSS is produced in an area varying from 1200 to 1600 ha 

over the last six agricultural years (Zang, 2020). The experimental area comprises 

approximately 6 ha of flat relief (0 to 2% slope). The land has imperfect drainage, with the soil 

classified as a Haplic Planosol according to EMBRAPA classification (2018), and Gleyic Eutric 

Planosol according to FAO-WRB classification (IUSS, 2015). The experiment was conducted 

in October 2018. 

The main characteristics of the soil are: 225 g kg-1 clay; 120 g kg-1 silt; 655 g kg-1 sand; 

pH 5.3; 3.0 mg kg-1 P; 12.0 mg kg-1 S; 15.8 mg kg-1 K; 20.4 mg kg-1 Na; 8.5 g kg-1 total organic 

carbon (TOC); 3.3 cmolc kg-1 Ca; 1.4 cmolc kg-1 of Mg; 0.18 cmolc kg-1 of Al3+ and 4.6 cmolc 

dm-3 of Al3+ + H+.  The experimental area has been cultivated with ecological-based rice, 

certified as organic, for around ten years, with one or two years of fallow.  Sowing density was 

150 kg ha-1. Liming at a dose of 600 kg ha-1 was carried out in the area. Basic fertilizer was 

applied in late September, consisting of 1500 kg ha-1 poultry litter with a dry basis composition 

(65°C) of 660 g kg-1 dry matter, 320 g kg-1 C; 20 g kg-1 N; 31.5 g kg-1 P2O5; 29.0 g kg-1 K2O; 

82.0 g kg-1 Ca2+; 10.0 g kg-1 Mg2+; 5.9 g kg-1 S; 7.2 g kg-1 Na+; 44 mg kg-1 B; 41 mg kg-1 Cu; 

480 mg kg-1 Zn; 1314 mg kg-1 Mn and 4384 mg kg-1 total Fe.  

Immediately after fertilizer application, the area was flooded with a water depth of around 

0.10 m. Two soil tillage systems practiced, a) hydraulic levelling harrow (LH) and b) rotary hoe 

(RH) as specified by Anghinoni et al. (2020). Final tillage and levelling of the soil were carried 

out about 20 days before sowing. Inundation was topped up after tillage, maintaining soil 

submerged in a water layer of 0.15 m depth. 

The second factor (variable) was the time the plots were drained following sowing. 

Drainage was carried out at 0, 2, 3 and 5 days after sowing (DAS). Using this combination, 

eight treatments were employed with three replications, giving a total of 24 experimental units. 

The delineation model was completely randomized; however, the drainage time after sowing 

was controlled. In this way, the plots where the water was drained sooner after sowing (in the 

order of 0, 2, 3 and 5 DAS) were located from the closest to the farthest position in relation to 

the main drain. We applied this method since the water from one plot could have entered to 

others during the flow until the main drain channel. Consequently, this control avoided any 

influence of their flow on the characteristics of the other plots, drained later.  

Samples were collected close to the water outlet of the plots, at opening of the drains and 

6 hours after opening. To know previously some issues related to quality of water used in the 

experiment, two water samples were collected at the entry of the channel to the experimental 
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area, called the ‘irrigation channel’, and also from randomly chosen plots one day before 

planting. These data were not statistically analyzed and were only used as a reference. 

No rainfall was recorded during the collection period. Winds with average gusts (m s-1) of 

3.14 were recorded on the day of sowing, 6.39 one day later, 5.95 at 2 DAS, 6.33 at 3 DAS, 

4.34 at 4 DAS and 7.11 at 5 DAS, according to data from the Porto Alegre automatic weather 

station of Inmet. The wind gusts, particularly those concentrated between 06:00 and 17:00 each 

day, were also greater at 5 DAS, with an average of 6.70 m s-1, followed by 1 DAS, with gusts 

of 6.30 m s-1. 

 In the field, pH was determined using a Digimed® portable pH meter. Aliquots were 

placed in plastic bottles and stored in refrigerated compartments. The following analyses were 

carried out in the laboratory: total organic carbon, by ignition after drying; biochemical oxygen 

demand by O2 consumption in incubated samples; nitric nitrogen by the chromotropic method; 

ammonia nitrogen by the Kjeldahl method; and suspended and total solids by weighing after 

drying at 103 to 105ºC, with prior filtration through 0.45 µm filters to obtain the former. 

Turbidity was determined using the nephelometric method. The element contents (aluminium, 

boron, calcium, copper, 5ulphur, iron, phosphorus, manganese, magnesium, molybdenum, 

potassium, silicon and zinc) were obtained via triacid digestion, and determined in the extracts 

using induced plasma atomic absorption spectrophotometry. All determinations were made 

following APHA et al. (2017) except for nitrogen which ABNT (1992) was used. 

The results were analyzed statistically via analysis of variance – ANOVA and Tukey’s test 

at 5%; in cases of non-parametric data, the Kruskal Wallis test and the post-hoc Dunn test were 

used. Principal component analysis (multivariate) was also carried out, with the aim of verifying 

the greatest proximity between treatments (Ferreira, 2008). To do this, the mean data for the 

attributes under evaluation in each treatment were converted to standard scores.  

3. RESULTS AND DISCUSSION 

The pH values remained in the range of 7.5 to 8.0 (not shown). The variation between 

treatments was small (p>0.05) and, moreover, fell within the values stipulated for Class II by 

CONAMA 357/05 (between 6 and 9), and were therefore not considered a restrictive factor. 

The water in the irrigation channel showed values for turbidity of 55 NTU. After preparing 

the soil, these values reached levels higher than the limits established in CONAMA 357/05 (100 

NTU) in all treatments (Figure 2). 

In experiments conducted in areas of pre-germinated cultivation in Rio Grande do Sul and 

Santa Catarina, the results of the water analysis from the first drainage showed values for 

turbidity greater than 100 NTU, regardless of the time of collection (Machado et al., 2006; 

Molozzi et al., 2006; Mattos et al., 2012). 

The water collected before sowing showed better quality than most treatments, indicating 

that the sowing operation remobilizes some of the particles precipitated during the previous 

period. This trend is reinforced by the similar behavior found for total solids (Table 1). The 

RH-0DAS and RH-5DAS treatments showed the highest levels of total solids, at both 0 and 6 

hours after opening the drains, albeit with no significant differences for RH-2DAS, LH-0DAS, 

LH-2DAS or LH-5DAS (the last two only in the ‘6 Hour’ collection). Treatments where the 

water remained for three days after sowing (RH-3DAS and LH-3DAS) showed the best results, 

regardless of the type of equipment used for soil tillage. On the other hand, the levels of total 

solids in the water collected from the irrigation channel (240 mg L-1) were much lower than 

most of the treatments, indicating a lot of turbulence and sediment suspension caused by soil 

tillage and the remobilisation caused by sowing afterwards. 

As an example, the total volume of solids can be calculated using a reference depth of 0.10 

m of water. In this case, for an area of one hectare, a loss of 1 mg L-1 is equivalent to 1 kg ha-1. 

Then the lowest and the highest rates of soil loss were 410 and 2300 kg ha-1, respectively.  
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Figure 2. Turbidity values in water drained from crops of pre-germinated irrigated 

rice under different methods of soil preparation and periods for the water remaining 

in the plots after sowing, for two collection times. 

DAS = Days after sowing (period for the water remaining in the plots after sowing, 

in days); LH = hydraulic levelling harrow; RH = rotary hoe. Hour 0 and 6 refer to 

the collections made when opening the partitions and 6 hours later. The blue bars 

represent the standard deviation. Different letters indicate significant differences 

between treatments at p<0.05 by post-hoc Tukey test. 

The biochemical oxygen demand (BOD) indicates the amount of oxygen needed to oxidize 

the organic matter in the water (Telles and Góis, 2013), and it is related to the release of organic 

loads in water bodies, mainly from domestic sewage.  

This attribute showed a similar behavior to that of turbidity, but with values in the irrigation 

channel above the limits established by CONAMA 357/05, maintaining this level regardless of 

the management system (Table 1). BOD and solids, especially in suspended form, are among 

the main factors to influence turbidity (Miljojkovic et al., 2019). The highest values were seen 

in RH-0DAS for both collection times after opening the drains. However, comparing the two 

drain opening times, there was a difference between RH-0DAS and LH-3DAS. The greatest 

values exceeded 80 mg L-1, far higher than the limit of 5 mg L-1 for Class II of water quality 

classification. Based on the observed BOD values of irrigation channel, it seems that despite 

the abrupt increase in wastewater from the plots, this characteristic is intrinsic to the soils and 

drainage waters of this lowland area, with a tendency for organic matter accumulation, 

including the formation of more-mobile organic compounds (Felisolla et al., 2019; Nascimento 

et al., 2010). We state that differences in environment should be considered by government 

agencies when they are establishing threshold values for attributes. Among the attributes under 

evaluation, turbidity presented a correlation coefficient (rs) of 0.78 and 0.72 with total solids 

and BOD, respectively. As such, turbidity is an indicator of physical and biochemical condition 

of the water, as well as soil loss. 

The ammonia N content was reduced due to some of the applied treatments, reaching levels 

below the limits established by CONAMA 357/05, and close to those found in the irrigation 

channel. Treatments in which water remained in the plots for three days after sowing showed 

the lowest ammonia N content. Under tillage with the rotary hoe treatments, the greatest values 

were detected with 0 and 5 DAS, the latter may be related to the climate conditions, especially 

the effect of the wind that, when moving the water, caused remobilization and dilution of clay-

minerals and organic particles.  

Considering the values established for intermediate environments (Figure 3), the levels of 
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phosphorus found in the irrigation channel are 12 times higher than the limit established by 

CONAMA 357/05. 

 
Figure 3. Phosphorus levels in water drained from crops of pre-germinated irrigated rice 

under different methods of soil preparation and periods for the water remaining in the plots 

after sowing, for two collection times.  

DAS = Days after sowing (period for the water remaining in the plots after sowing, in days); 

LH = hydraulic levelling harrow; RH = rotary hoe Hour 0 and 6 refer to the collections made 

when opening the partitions and 6 hours later, respectively. The blue bars represent the 

standard deviation. Values submitted to the Kruskal Wallis test. Different letters indicate 

significant differences between treatments at p<0.05 by post-hoc Tukey test. 

This attribute was influenced by the type of management, and some of treatments 

decreased to below the values found in the channel; however, all of the values were greater than 

the limit established for Class II framing.  

The treatments with higher levels of phosphorus did not show significant difference for the 

collections at Hour 0, except for LH-5DAS. At Hour 6, the greater values for 2 and 5 DAS are 

noteworthy, despite only RH-5 DAS showing significant differences at 0 and 3 DAS. The levels 

were between 0.23 and 1.58 mg L-1, with a relatively high range between treatments. These 

values correspond approximately to those obtained by Marchezan et al. (2007b), indicating 

probable influence of fertilizer prior to sowing. 

The poor quality of the waters of the Gravataí Basin is mainly due to the levels of 

phosphorus and the BOD. This finding is corroborated by FEPAM (2020), where in 

approximately 60% of the samples, values for total phosphorus exceeded the limit of Class III. 

Again, we consider this point is an aspect to be considered in legislation, to evaluate the 

possibility of establishing different threshold values according to environment characteristics. 

On the other hand, it may be noted that the use of water in these rice irrigated frames increased 

the phosphorus levels in at least one of the collection times for all the treatments, showing the 

influences of this use. 

There is no normative value for potassium in wastewater (Table 1). However, the data 

show significant values for the losses of this nutrient. The post-seeding drainage of the water 

used/involved in soil preparation showed loss of K ranging from 0.7 to 5.2 mg L-1. Again, water 

management (drainage time) had an influence, with smaller losses where the water remained 

for three days in the plot. Other evaluations made in areas of pre-germinated irrigated rice in 

RS (Marchezan et al., 2001; 2007a; 2007b; Weber et al., 2003; Machado et al., 2006) found a 

loss of K from 2.46 to 5.24 kg ha-1. The loss of nutrients is more significant when drainage is 

carried out less than two days after preparing the soil. According to Macedo et al. (2001), under 
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such conditions, losses of up to 48 kg ha-1 potassium can occur. 

Ammonium – N, Ca, Mg, K, S and P showed lower contents with the use of LH, although 

they had significant differences with RH mainly in 0 and 2DAS. Major effects of soil 

disaggregation and nutrients mobilization may be observed when RH is used. Upadhyay and 

Raheman (2019) showed less soil compaction with the use of levelling harrow compared to 

rotavator implements. This may increase water percolation, diminishing water, soil and 

nutrients losses. Besides this, LH may be considered less intensive due to the absence of soil 

turnover, resulting in less soil pulverization. This lower intensity may promote major aggregate 

stability, decreasing losses with water flow (Weidhuner et al., 2021). In our study, it seems that 

RH promoted this pulverization with aggregate disruption, increasing particles suspended in 

the water. Consequently, this effect neutralized, and even reverted, the possible positive effect 

of basic fertilizer incorporation in relation to LH. This also increases losses of nutrients. 

Comparing collection times, iron (Fe), aluminium (Al) and silicon (Si) also showed the 

highest levels in the RH-5DAS, RH-0DAS, RH-2DAS and LH-0DAS treatments, albeit with 

some difference in order. The greater presence of suspended particles on the day of sowing (0 

DAS) should be noted, with a tendency for particle sedimentation and a reversal at 5 DAS, 

especially for the rotary hoe. Potassium showed a high correlation with aluminium (rs = 0.89), 

iron (rs = 0.96) and silicon (rs = 0.87), and with total solids (rs = 0.87), turbidity (rs = 0.79) and 

BOD (rs = 0.83). Potassium can indicate the presence of such minerals as mica in solid particles. 

The elements K, Fe, Al and Si are generally present in sediments originating from arable land 

(Kandler et al., 2017, Kämpf and Curi, 2012). The relationships between some elements or even 

between attributes in general, are confirmed by the high correlation coefficients between them. 

In the case of Si, Al and Fe, these are always greater than 0.90 (p<0.01) and also show the same 

origin, i.e. particles in suspension, even when they are colloidal in size. The elements Ca and 

Mg also show a high correlation (rs = 0.95).  

Ammonia N also showed a high correlation with the mineral components of iron (rs = 

0.90), silicon (rs = 0.78) and aluminium (rs = 0.77). According to the correlation coefficients 

for total solids and turbidity (rs = 0.81) for both attributes, these values indicate a loss of mineral 

nitrogen as soil particles are entrained; there was also a high correlation with Ca, S, Mg (rs = 

0.80), and with K and BOD (rs = 0.90 and 0.81 respectively). The levels of micronutrients Cu, 

Zn and Mo were mostly below the detection limit (not shown), whereas the levels of Mn were 

largely detectable; consequently, a comparative statistical analysis between treatments was not 

carried out as some of the data were missing. Such factors as composition of the organic 

fertilizer used and the high organic matter content of the soil are probably related to the higher 
levels of Mn, some of which were above the limit of 0.10 mg L-1 established by CONAMA (2005) 

for Class II water. 

The high correlation between ammonia N and cations, as well as with the BOD, 

demonstrate the bonds between organic material and these elements. Permanently saturated soil 

can preserve organic matter, highlighting the cation adsorption capacity (Silva Netto et al., 

2015; Felizolla et al., 2019). Tete et al. (2015) showed that N may be linked to labile organic 
compounds formed under waterlogging soil conditions, and this may explain the high correlation 

between BOD and this element. 

As a general tendency, drained waters may show unconformity compared to quality 

thresholds of government agencies (Table 1). For this reason, its immediate reuse in 

downstream crops, as well as upstream crops through pumping systems, may be an alternative 

to be adopted. It consists of a change in the drained water management, with its use for irrigation 

of crops when the plants are in more advanced development stages. Luminosity reduction may 

be induced by the water turbidity, promoting an effective control of red rice or other species, 
preserving rice plants that will be in more advanced stages in their cycle (Lauretti et al., 2001; 

Noldin et al., 2015; Anghinoni et al., 2020). 
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Table 1. Turbidity, Biochemical Oxygen Demand, total solids and total elements of the water used in the treatments. 

TREATMENT Total solids BOD (05) Ammonia N Potassium Calcium Magnesium Sulphur Iron Aluminium Silicon 

Implement Drainage1 mg L-1 

  Collection at the start of drainage (Hour 0) 

RH 

0 DAS 1474.0 ab 101.10 a 2.3 ab 3.4 a 37.8 a 15.7 a 1.1 ns 35.2 a 61.1 ab 91.2 a 

2 DAS 1429.3 ab 83.67 abc 1.5 bc 2.7 ab 35.4 ab 14.3 a 1.0  31.6 ab 57.5 ab 95.6 a 

3 DAS 786.7 d 78.67 abc 0.7 d 1.9 bc 25.6 c 10.7 b 0.8  18.7 bcd 24.1 c 39.1 c 

5 DAS 1772.7 a 89.33 ab 3.3 a 3.8 a 31.1 abc 10.1 bc 1.2  38.7 a 60.9 ab 99.4 a 

LH 

0 DAS 1276.0 abc 71.33 abc 0.9 cd 2.3 abc 26.1 bc 8.4 c 1.0 
 

27.2 abc 62.7 a 97.7 a 

2 DAS 954.7 bcd 50.00 abc 0.5 d 1.4 c 8.7 d 5.5 d 0.7  17.2 cd 41.1 abc 74.3 ab 

3 DAS 834.0 cd 43.33 bc 0.6 d 1.6 bc 8.5 d 5.7 d 0.7  16.8 cd 35.9 abc 57.3 bc 

5 DAS 848.7 cd 32.46 c 0.6 d 1.3 c 8.8 d 5.5 d 0.7 
 

13.9 d 28.1 bc 43.9 bc 

  Collection after 6 hours drainage (Hour 6) 

RH 

0 DAS 2264.0 a 114.70 a 2.3 ab 4.6 a 50.6 a 18.9 a 1.4 a 48.8 a 83.5 a 127.2 a 

2 DAS 1583.3 ab 95.33 ab 1.5 bc 2.9 b 39.8 a 15.6 a 1.2 a 36.8 ab 66.8 ab 103.0 a 

3 DAS 411.3 c 49.67 bc 0.4 e 0.7 e 10.3 c 5.21 c 0.4 c 6.88 d 14.8 c 19.8 c 

5 DAS 2215.3 a 113.70 a 3.7 a 5.2 a 33.6 a 11.8 ab 1.3 a 43.7 a 78.3 a 115.3 a 

LH 

0 DAS 1310.7 ab 57.33 bc 1.0 cd 2.1 bc 25.9 ab 8.2 bc 0.9 b 26.2 bc 55.6 ab 98.2 a 

2 DAS 1600.0 ab 72.00 abc 0.8 d 3.8 cd 25.3 abc 8.5 bc 0.9 ab 26.5 bc 66.3 ab 89.8 ab 

3 DAS 738.7 bc 39.67 c 0.6 de 1.2 d 10.3 bc 5.9 c 0.4 c 12.8 cd 24.6 bc 40.9 bc 

5 DAS 1596.7 ab 68.67 abc 0.9 d 2.2 b 9.7 c 6.8 bc 0.8 b 21.8 bcd 56.1 ab 85.9 ab 

Before planting – RH 1340 68.5 1.5 2.6 35.1 14.5 0.9 26.6 38 70.4 

Before planting – LH 1157 26.5 0.4 0.9 6.9 4 0.6 8.7 17.8 32.4 

Irrigation Channel 240 13.6 0.2 0.6 1.4 1 0.5 2.5 3.1 8.7 

CONAMA 357/05 Class II 500 5 2.00 2 - - - - 0.3  - 

1Days after sowing. 2Mean pH between 7.5 and 8.0.3 Intermediate environments. RH: rotary hoe; LH: levelling harrow. Values followed by different letters 

are statistically different (p<0.05) by post-hoc Tukey test. ns = not significant. Phosphorus: submitted to the Kruskal Wallis H-test (nonparametric analysis) 

and post-hoc Dunn test at p<0.05. Other attributes at p<0.05 by the Shapiro and Wilk normality test (1965), with comparative analysis of variance and 

Tukey’s test at 5% significance.
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Figure 4 shows the values for the principal component analysis of the selected attributes, 

represented by the vectors, with the respective treatments under evaluation. 

These principal components synthetized 91.2% of results variability. The relative 

proximity between treatments shown by the time variable (DAS) can be seen, from which it 

can be inferred that the implement used in preparing the soil had less influence compared to the 

time the water remained after sowing. The centroids representing treatments using the hydraulic 

levelling harrow (LH) are closer, while the treatments with the rotary hoe (RH) appear more 

dispersed. The results for 5 DAS varied widely, showing a tendency for an increase in the levels 

of elements and compounds in the drainage water, following a reduction at 3 DAS, mainly in 

RH. It is estimated that wind gusts reaching higher speeds at 5 DAS, associated with greater 

pulverization of soil, increased susceptibility to particle suspension, which took place five days 

after sowing (Gonzáles et al., 2013; Marrenjo et al., 2016).  

The grouping between attributes can be seen: Mg and Ca; K, S, Fe, Si, Al and BOD; 

ammonia N, total solids and turbidity, demonstrating their close correlation, different from 

phosphorus which did not present sinificant correlation values with the other attributes.  

 
Figure 4. Principal component analysis for 12 attributes evaluated in water drained from crops of 

pre-germinated irrigated rice under different methods of soil preparation and periods for water 

remaining in the plots after sowing, for two collection times. 

The lowest loss of nutrients – the best results – can be seen in the 3 DAS treatments, when 

the water remained for a longer period in the areas after sowing. By this logic, the worst results 

occur in the treatment drained immediately after sowing, mainly for calcium and magnesium. 

4. CONCLUSIONS 

The water drained after sowing rice in a pre-germinated system is unsuitable for release 

into water courses regardless of the type of management applied, due to the high values for 

turbidity, total solids, BOD and phosphorus.  

Sowing remobilizes some of the elements precipitated during the preceding decanting 

period, in addition to climate factors, which may favor the suspension of nutrients in the water. 

The irrigation water showed values above the limits established by CONAMA 357/05 for 

BOD and P, demonstrating the natural characteristics of the water courses in that area. 

It can be concluded that there is a need for adapting agricultural practices in the pre-

germinated system to avoid the loss of soil and nutrients, as well as environmental damage - 

especially to the water resources.  

These results showed that management of water in pre-germinated rice cultivation is still 
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a challenge, mainly for ecological basis cultivation. Its technological matrix has to be continued, 

by distinct institutions compromised with this productive system improvement and 

consolidation. 
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ABSTRACT  
The quality of water for human consumption has been a concern for large organizations and 

researchers, since the disinfection process, a step of great importance in water treatment plants, 

has not achieved its proper purpose. There have been frequent reports of the ineffectiveness of 

bacteria inactivation by the use of chlorine, which is the most used in Brazil, and also due to 

the formation of by-products such as trihalomethanes and haloacetic acids that are considered 

toxic to human health. The method of disinfection by ultraviolet radiation (UV) has been widely 

explored, due to its effectiveness in inactivating a wide variety of pathogens, in addition to the 

absence of by-product formation. The combined chlorine+UV process as chemical and physical 

disinfectants, respectively, is complementary and essential when looking for the safety of water 

for human consumption. The objective of this research was to statistically analyze the 

performance of disinfectants, chlorine and UV radiation, both separately and together, by 

inactivating the bacteria Escherichia coli and Pseudomonas aeruginosa and then incubating for 

48 hours after having received the treatments. The statistical method showed that chlorine and 

UV obtained the same significance of 100% bacteria inactivation, and that within the 

determined time of 48 hours after the treatments the bacteria did not show reactivation. Thus, 

the study affirmed the usefulness of applying UV radiation as a complement to systems that use 

chlorine, with a special focus on residential water systems and supply. 

Keywords: bacteria inactivation, chlorine, UV light, water treatment. 

Análise comparativa entre os métodos de cloração e radiação 

ultravioleta na desinfecção de água contaminada com bactérias 

RESUMO 
A preocupação com a qualidade da água para consumo humano tem sido alvo de grandes 

organizações e pesquisadores, visto que o processo de desinfecção, etapa de grande importância 

nas estações de tratamento de água, não tem alcançado o seu devido propósito. Isso se deve aos 

frequentes relatos na ineficiência da dose de inativação de bactérias pelo uso do cloro, que é o 

mais utilizado no Brasil, além da formação de subprodutos como trihalometanos e ácidos 
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haloacéticos que são considerados tóxicos a saúde humana. O método de desinfecção por 

radiação ultravioleta (UV) tem sido amplamente explorado, devido à sua eficiência em inativar 

uma grande variedade de patógenos, além da ausência da formação de subprodutos. O processo 

combinado cloro+UV como agentes desinfetantes químicos e físicos, respectivamente, torna-

os complementares e essenciais quando se busca a segurança da água para consumo humano. 

O objetivo desta pesquisa foi analisar estatisticamente o desempenho dos agentes desinfetantes, 

cloro e radiação UV, separadamente e em conjunto, por meio da inativação das bactérias, 

Escherichia coli e Pseudomonas aeruginosa, após 48 horas incubadas, após terem recebido os 

tratamentos. Concluiu-se que o cloro e a UV obtiveram a mesma significância de 100% de 

inativação das bactérias e que, dentro do tempo determinado de 48 horas após os tratamentos, 

as bactérias não mostraram reativação. Desta forma, o estudo realizado permitiu a consolidação 

da boa perspectiva de aplicação da radiação UV como complemento aos sistemas baseados no 

uso do cloro, com especial enfoque para sistemas e abastecimento de água residenciais. 

Palavras-chave: cloro, inativação de bactérias, luz ultravioleta, tratamento de água.  

1. INTRODUCTION 

Water disinfection is a process of extreme importance to humanity. To obtain efficient 

disinfection it is necessary to reduce the microorganisms to an acceptable level, within the 

regulatory parameters, so that the consumption of treated water is safe for health, avoiding any 

type of disease or damage. Some of the main difficulties in water disinfection are the selection 

of a process that reduces microbiological load to established standards, has a minimum 

formation of by-products, and that is the most economically advantageous, while considering 

biosecurity (Sakai, 2012). 

According to Souza (2006), chlorine is the main disinfectant used in Brazil to disinfect the 

water supply. This is due to its ample germicidal power, active residual formation that allows 

for biosecurity from the Treatment Station to the final consumer and a low operating 

cost. However, in many cases studied, research links outbreaks of emerging diseases with 

chlorination insufficiency. This may be related to the existence of chlorine-resistant 

microorganisms, which under normal conditions were not inactivated in the disinfection 

systems, as is the case of the bacterium Pseudomonas aeruginosa (Aguiar, 2000). 

In addition, chlorine produces toxic carcinogenic by-products such as haloacetic acids 

(HAA), and trihalomethanes (THMs) when in contact with organic compounds present in raw 

water (Pianowski and Janissek, 2003). With this, the potential for the formation of halogenated 

by-products, when natural waters are disinfected with chlorine, contributed to important 

changes in the water supply and public health sectors around the world (Souza and Daniel, 

2005). In Brazil, however, there is some resistance to the application of new disinfection 

technologies on large scales. 

Ultraviolet light - C (UVC) is an intervention technology approved by the FDA (Food and 

Drug Administration) that can be used to inactivate pathogenic bacteria in liquid foods, water, 

food contact surfaces and food surfaces (Sommers et al., 2010). The biological effects of UV 

radiation derive from the excitation and not the ionization of molecules (Karel and Lund, 

2003). Energy and a germicidal medium do not create residual radioactivity like ionizing 

radiation (gamma radiation). At the germicidal wavelength, UV radiation is sufficient to cause 

physical displacement of electrons and break bonds in the deoxyribonucleic acid (DNA) of the 

microorganisms. This process alters their metabolism and reproduction; that is, there is injury 

to the cell's reproduction systems that leads to death (Guerrero-Beltrán and Barbosa-Cánovas, 

2004). 
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According to Daniel (2001), combined disinfection, commonly called interactive 

disinfection, involves taking advantage of the synergistic effect of two or more disinfectants. 

When using only one disinfectant there may be flaws in its performance against protozoans and 

resistant organisms. Regarding this, a lot of research has studied combinations of disinfectants 

that can complement each other. Thus, the objective of this research was to statistically analyze 

the results obtained from inactivation disinfection processes by means of chlorination using 

sodium hypochlorite (NaClO), an ultraviolet radiation reactor (UV), and the combination of the 

two methods in raw water contaminated by Escherichia coli and Pseudomonas 

aeruginosa. Both are indicators of water quality in accordance with Brazilian Legislation 

Ordinance No. 2.914/2011 (Brasil, 2011), which provides procedures for the control and 

surveillance of water quality for human consumption and its standard of potability. 

2. MATERIALS AND METHODS 

The experiments were conducted at the Cellular and Molecular Biology Laboratory at the 

University of Uberaba (UNIUBE). The experiments were undertaken to determine the ideal 

range of bacteria (CFU ml-1) for raw water contamination, the process of chlorine disinfection, 

ultraviolet radiation and the combined process of both. 

To evaluate these different processes, experiments were divided into Stage 1 and Stage 2 

in view of the research objective. The experiments related to Stage 1 consisted of repetitions to 

find the best dilution that would allow for the contamination of 20 litres of raw water in order 

to test the chlorine disinfectant effectiveness and the UV reactor. The experiments referring to 

Stage 2 were conducted in two distinct phases due to the need to avoid cross-contamination of 

the worked bacteria so that the results of the analyses were not compromised. Phase 1 regarded 

the tests based on E. coli inactivation, and Phase 2 regarded the tests based 

on P.aeruginosa inactivation. 

For all experiments, both in Stage 1 and in Stage 2, raw water was used. We opted to work 

with the raw water captured in one of the artesian wells at the University of Uberaba (UNIUBE) 

due to its quality in terms of physical-chemical parameters and the intention to keep the 

disinfection process close to the real one, both for chlorine and the UV reactor that is installed 

in homes. The use of distilled water and synthetic water for the experiments was therefore 

discarded. 

In Stage 1, initially, the two strains, Pseudomonas aeruginosa NEW 0027 (1242) 

NEWPROV - Similar to ATCC 9027 and Escherichia coli ATCC 25922, kept lyophilized, were 

incubated in BHI broth (Brain Heart Infusion) for 24-h at 37degrees C. They were later stored 

in cryogenics at –70 degrees C in cryotubes containing BHI broth medium and 50% 

glycerin. For use in the research, the cryo-preserved strains were reactivated in 10 ml of BHI 

broth at 37 degrees C for 24-h. 

After reactivation, aliquots of the reactivated ATCC strains were subjected to optical 

density measurements, 600 nm (spectrophotometer PG Instruments model T60U) and diluted 

in sterile 0.9% saline until absorbances equal to 0.2. 

To determine ideal bacterial dilution, 100 µl of each culture at 0.2 absorbance,was 

subjected to serial decimal dilution up to 108 using a  sterile BHI medium. After each 100 µl 

was spread over solidBHI medium in duplicate, using the Drigalsky loop and with incubation 

at 37degrees C for 24-h, the number of colony-forming units were determined. 

With the results obtained in the standardization, it was decided to work with the 

105 dilution, which had an average of 150 colonies 100 µl-1, since the recommendation is to 

work in the range of 30 to 300 colonies, according to the Microbiological Water Analysis 

Methods Manual (Silva et al., 2005), corresponding to an ideal range for contamination. To 

determine how many ml would be required to contaminate 20 litres or 20.000 ml of water, it 

was necessary to find the CFU per 1 ml of the 10 5. The bacterial concentration was adjusted to 
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1.5 · 108 CFU ml-1. Dilution was determined using Equation 1 below: 

𝐶𝐹𝑈

𝑚𝑙
=

𝑁º 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 ·10

𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛
              (1) 

To quantify the dosage of chlorine to be used for the disinfection of contaminated water, 

the recommendations of the information released by the Ministry of Health through the 

Department of Health Surveillance of 2006 (Brasil, 2006) were followed. For 20 L of water 

treated for human consumption, it is necessary to include 5 ml of sodium hypochlorite (NaClO) 

at a concentration of 2.0 to 2.5% for 15 minutes.  

For the chlorination treatment 5 ml of hypochlorite was used in 20 L of water, according 

to Brasil (Funasa, 2014), in order to obtain the concentration of 6.25 ppm (parts per million) 

All the experiments were repeated 3 times and the data presented came from the average 

of at least 3 independent experiments. 

With data on the microbiological load required to contaminate 20 litres of water, in 

addition to the chlorine dosage, the bacterial concentration was determined after 5 different 

tests (Step 2). 

1) Raw water; 

2) Water contaminated with the bacteria; 

3) Contaminated water treated with UV radiation; 

4) Contaminated water treated with chlorine; 

5) Contaminated water treated with chlorine and UV radiation; 

The trials lasted six weeks, so that the first three were conducted on the E.coli bacteria and 

the following were with P. aeruginosa, to avoid cross-contamination. 

Initially, 20 L of water were contaminated with the number of bacteria needed (as 

described above) to obtain about 150 CFU 100µl-1. Then, the contaminated water passed 

through the UV reactor (Test 3) or was treated with hypochlorite (Test 4) or both treatments 

(Test 5) and a sample of approximately 50 ml was collected in a previously sterilized flask to 

determine the number of CFU ml-1. As a control, raw water (Test 1) and water contaminated 

with bacteria (Test 2) were used. 
The samples were subjected to serial dilution (100 µl + 900 µl of sterile BHI culture 

medium) and plated in solid BHI medium as described above. 

The ultraviolet radiation reactor used was the VIQUA ABSOLUTE H2O® (UV-1/2) 

provided by the company ARAUNAH TECH in a partnership between the company and the 

University of Uberaba in order to contribute to the development of the research. VIQUA UV-

1/2 ® is a residential system consisting of four main components. These are the reactor chamber, 

the UV lamp (9 W, maximum rated flow at dose, 30 mJ cm²-1), the quartz glove, and the control 

unit. 

To test the effectiveness of chlorine, 20 L of water were contaminated with bacterial 

suspension of E.coli and P.aeruginosa, (as described above) to obtain the concentration of 150 

CFU ml-1. The contaminated water was then guided by gravity (Figure 1) to the reactor, at a 

flow rate of 90 mL s-1. Under these conditions, the dose of radiation emitted is 30 mJ cm²-1. 

To test the effectiveness of the UV + chlorine association, the water was contaminated 

with the bacteria, treated with chlorine and then passed through the reactor, as described above. 

After each treatment, a sample of the treated water was collected in a sterile flask for 

plating in BHI medium and to determine the number of CFU ml-1 (as described above). After 

the 24-h incubation at 37degrees C, the number of colonies was determined by manual colony 
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counting. The number of CFU ml-1 was determined taking into account the sample dilution 

before plating and the inoculated volume.  

The structure assembled for the experiment consisted of a 2-meter-high shelf divided into 

three levels upon which the 20-gallon containers of contaminated water (A), the UV apparatus 

(B), the non-toxic hoses (C), and the container for disposal (D) were placed. As seen in                  

Figure 1, water enters the reactor at the bottom of UV apparatus (E) and the treated water exits 

at the top of the reactor (F).  

 
Figure 1. Structure of the disinfection system. 
Source: Personal archive (2019). 

For data purposes, the GraphPad Prism 7 program was used, to initially verify which 

statistical method would be the most suitable. From the D'Agostino & Pearson and Shapiro-
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Wilk normality tests, non-normality was found, thus discarding the use of Standard Deviation 

as a statistical method. With that, it is recommended to use non-parametric ANOVA of the 

Kruskal-Wallis followed by Dunn’s multiple comparison test. The data were expressed as the 

median, minimum and maximum values Skewness and Kurtosis and later Dunn's multiple 

comparison test. For all statistical analysis, the significance level was 5% (p <0.05). 

After the chlorine, UV or chlorine + UV treatments, a sample of the treated water was 

stored in the growth chamber at 37degrees C. This bacterial suspension was gently agitated and 

plated in sterile BHI medium. From each test, 4 plates were sown for bacterial count after 

treatment. These plates were then stored in the growth chamber for 48 hours to check for any 

recovery of bacterial viability.  

3. RESULTS AND DISCUSSION 

The chlorine, UV and chlorine + UV treatments significantly reduced the bacterial load of 

water contaminated with E.coli (Table 1) and P.aeruginosa (Table 2). Thus, it was inferred that 

there was no resumption of cell viability after treatment. Such an observation reinforces the 

effectiveness of the treatments, suggesting that the inactivation observed after the treatment is 

definitive, with no possibility of the resumption of metabolism or cell viability. For example, 

the loss of function in the intracellular and DNA repair systems in the period of time the study 

was conducted. The Kruskal-Wallis test determined the median, minimum and maximum 

values, according to Tables 1 and 2 below. 

Table 1. Effect of different treatments on the bacterial count of water 

contaminated with E.coli. 

Parameters Raw* Contaminated* UV* Chlorine* Chlorine+UV* 

Median 1·103 1.53·105 0 0 0 

Minimum 0 1.01·105 0 0 0 

Maximum 1.7·104 1.92·105 0 1·103 0 

Skewness 2.4 -0,15 - 0.39 - 

Kurtosis 5.1 -1.4 - -2.3 - 

* Values were expressed in CFU ml-1.  

Table 2. Effect of different treatments on the bacterial count of water 

contaminated with P. aeruginosa. 

Parameters Raw* Contaminated* UV* Chlorine* Chlorine+UV* 

Median 0 1.39·105 0 0 0 

Minimum 0 1.06·105 0 0 0 

Maximum 1·103 1.65·105 0 0 0 

Skewness 1.3 -0.059 - - - 

Kurtosis -0.33 -1.1 - - - 

* Values were expressed in CFU ml-1. 

Tables 1 and 2 show that for the UV, chlorine and combined processes, the median values 

were equal to 0. This shows that 100% effectiveness was obtained in the inactivation of bacteria.  

Except the chlorine treatment in Table 1, which, when the maximum was analyzed (1·103 

CFU ml-1), showed that the Skewness and Kurtosis values were non-existent, as they did not 

have values to be analyzed. 

Still using the Kruskal-Wallis statistical method, but now following Dunn’s multiple 

comparison test, all the tests versus all of the E.coli and P.aeruginosa bacteria tests were 
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analyzed to better assess all existing data. The results for the two bacteria were the same and 

are represented in Table 3 below. 

Table 3. Result values from Dunn’s multiple comparison 

test for E.coli and P.aeruginosa. 

All x all Significant Summary 

Raw vs. Contaminated Yes ** 

Raw vs. UV No ns 

Raw vs. Chlorine No ns 

Raw vs. UV+ Chlorine No ns 

Contaminated vs. UV Yes ** 

Contaminated vs. Chlorine Yes ** 

Contaminated vs. UV+Chlorine Yes ** 

UV vs. Chlorine No ns 

UV vs. UV+Chlorine No ns 

Chlorine vs. UV+Chlorine No ns 

ns: non- significant. 

** (p <0.05). 

Through Table 3, it was possible to verify that it was significant only when the tests were 

compared with the contaminated water, in which there was a bacterial concentration value that 

was reduced to 0 by the disinfection treatments. 

In his research, Lobo (2008) used a UV radiation reactor to evaluate the inactivation of 

Escherichia coli and Saccharomyces cerevisiae. The greatest inactivation, 99.96%, was 

obtained with a sample containing 3.65·103 CFU ml-1 of viable E. coli cells irradiated for 60s 

by UV at an estimated radiation dose of 9.2 mWs cm2-1 or 9.2 mJ cm2-1. At approximately 20 

hours after treatment the irradiated E. coli cells showed reactivation. In the present experiment, 

using a reactor with a radiation dose of 30 mJ cm²-1, containing on average in the sample 

1.53·105 CFU ml-1 of E. coli, 100% inactivation was obtained and after 48 hours of storage 

there was no reactivation, contrary to what Lobo (2008) had as a result in his study. This 

observation is of great relevance and validates the effectiveness of the reactor used due the 

possibility of enzymatic photoreactivation. 

Wisbeck et al. (2011), evaluated the treatment of rainwater by ultraviolet radiation, 

analyzing total coliforms, tolerant coliforms and heterotrophic bacteria before, after and then 

after being translated and stored for 24, 48 and 72 hours. With a 30 W lamp and a flow rate of 

0.04 s-1, it achieved 100% effectiveness in the inactivation of total and fecal coliforms for up to 

72 hours, unlike the heterotrophic bacteria that identified in the 3 storage times after treatment. 

With a flow rate of 0.09 l s-1 and 9 W lamp, we achieved 100% inactivation after UV treatment 

and after 48 hours of E.coli and P.aeruginosa storage.  

Complementing the importance of studying the combined chlorine + UV process, 

according to Daniel (2001), certain disinfectants, despite being effective, do not leave a long-

lasting residual necessary to stabilize the microbial population in the water distribution system. 

Thus, the interactive disinfection that consists of the synergistic effect of two or more chemical 

and physical disinfections is necessary, because if one fails, the other guarantees safe drinking 

water.  

In spite of several studies that demonstrate the efficiency of UV radiation as a water 

disinfectant, as well as its feasibility and benefits, Ordinance No. 2.914/2011, which provides 

the control and surveillance procedures of water quality for human consumption and it’s 

potability standard, in Chapter IV, Article 24, states that all water for human consumption, 

supplied collectively, must undergo a disinfection or chlorination process. And in Article 35 it 
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is stated that in the case of the use of ozone or ultraviolet radiation as a disinfectant, chlorine or 

chlorine dioxide must be added in order to maintain a minimum residual in the distribution 

system (reservoir and network). 

4. CONCLUSIONS 

The disinfection processes were highly effective, achieving 100% inactivation of both 

tested bacteria. The bacterial inactivation was definitive, as there was no bacterial growth even 

after 48 hours of incubation of the bacteria in such a condition after the treatments. Due to the 

limited literature that addresses UV + chlorine as a water treatment for human consumption, 

there is a need for further studies to expand on the benefits of using the residential UV reactor 

for disinfecting water by testing with other pathogens and parameters. 
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