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Note: 1) Some of these reviewers evaluated more than one manuscript;  

2) This list includes reviewers that evaluated submissions that were not accepted for publication, in 

addition to the ones published in 2018. 

As seen in Table 2, 174 reviewers are from international institution. This is an indication 

that the journal is gaining international acceptance and inclusion. 
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ABSTRACT 
Aquatic environmental pollution due to negative human activities remains a major 

problem. Bioindicators that primarily describe the total concentration of the respective pollutant 

are very useful tools to aid in the chemical analysis of water in order to obtain knowledge about 

the levels of pollutants in the environment. This study therefore used Electron Spin Resonance 

Spectroscopy (ESR) to detect the presence of transition metals (copper, iron and manganese) 

and possible radicals present in samples of Neoechinorhynchus curemai and its host tissues 

Prochilodus lineatus, as well in water and sediment of the Batalha River, at the same sample 

site where fish were collected. Spectral analysis of samples showed the presence of three metals 

(Cu2+, Fe3+ and Mn2+), in addition to nitric oxide (NO) and humic acid (HA). Quantification of 

the elements in the samples was possible only for Cu detected in the spectrum of parasites, 

which was equivalent to 2 ppm. ESR proved to be efficient in the detection of transition-metal 

ions (Cu2+, Fe3+ and Mn2+), in addition to NO and HA. However, the low concentration values 

of these compounds in P. lineatus tissues (liver, muscle and intestine) and in the water and 

sediment samples collected did not allow their quantification, as they were below the limit of 

detection. It can be concluded that N. curemai had the capacity to accumulate these ions, 

especially copper. 

Keywords: environmental monitoring, free radicals, Neoechinorhynchus curemai, Prochilodus 

lineatus, transition metals. 

Ressonância do Spin Eletrônico (ESR) na detecção de poluição 

aquática através da relação parasito-hospedeiro 

RESUMO 
A poluição de ambientes aquáticos em decorrência de atividades antrópicas negativas 

permanece sendo um grande problema. Para se obter conhecimento acerca dos níveis biológicos 

de poluentes disponíveis no meio, os bioindicadores tornam-se uma ferramenta muito útil no 
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auxílio das análises químicas da água que primariamente descrevem a total concentração do 

respectivo poluente. Nesse contexto, o objetivo desse trabalho foi o de empregar a técnica de 

Espectroscopia de Ressonância do Spin Eletrônico (ESR) para detectar a presença de poluentes, 

diretamente em espécimes de Neoechinorhynchus curemai e nos tecidos do seu hospedeiro 

Prochilodus lineatus, assim também como na água e sedimento do rio Batalha, no mesmo ponto 

onde os peixes foram coletados. A análise do espectro das amostras identificou a presença de 

três metais (Cu2+, Fe3+ e Mn2+), além do óxido nítrico (NO) e do ácido húmico (AH). A 

quantificação dos elementos nas amostras só foi possível para o Cu, detectado no espectro dos 

parasitos, que foi de 2ppm. A ESR se mostrou eficiente na detecção de íons metálicos de 

transição (Cu2+, Fe3+ e Mn2+), além do NO e do AH. Entretanto, a baixa concentração desses 

compostos nos tecidos (fígado, músculo e intestino) de P. lineatus. não possibilitaram sua 

quantificação, já que as concentrações dos mesmos estão abaixo do limite de detecção do 

aparelho. É possível concluir que N. curemai teve a capacidade de acumular esses íons, 

especialmente cobre.  

Palavras-chave: metais de transição, monitoramento ambiental, Neoechinorhynchus curemai, 

Prochilodus lineatus, radicais livres. 

1. INTRODUCTION 

Pollution of aquatic ecosystems as a result of anthropogenic activities remains a major 

problem in these environments, causing disastrous effects on the health of living organisms and 

becoming subject of many discussions (Khan and Thulin, 1991; Sures, 2008). In freshwater 

ecosystems, both organic and inorganic pollution (especially metals) are global issues and 

deserve attention since they directly and indirectly affect organisms, causing them irreparable 

damage (Wen et al., 2017; Schmeller et al., 2018; Väänänen et al., 2018). 

Bioindicators that primarily describe the total concentration of a respective pollutant are 

very useful tools in the chemical analyses of water in order to obtain knowledge about levels of 

pollutants in the environment. Recent studies have shown that, in addition to already established 

indicators, certain parasites and their hosts can be used as biomonitoring tools, since the 

pollution also effects their health and, consequently, their occurrence and distribution. Another 

important point to consider is that, just like pollutants, parasites affect the health of organisms, 

and some of these organisms’ responses to pollutants and parasites are very similar (Lafferty, 

2008; Lafferty and Kuris, 2005; Sures, 2008; Thielen et al., 2004).  

Studies evaluating the role of parasites as accumulators and pollution indicators have been 

carried out for decades, using a vast host-parasite combination (Sures et al., 1999; 2017) where 

fish are the most frequently used hosts (Vidal-Martínez and Wunderlich, 2017). In addition, the 

high potential of parasites for metal accumulation (especially heavy metals) and their high 

effectiveness in assessing aquatic pollution compared to free-living organisms (such as mussels, 

for example) has been clearly demonstrated (Sures et al., 1997; 1999;).  

Different fish endoparasites have been suggested for use in the detection of pollution in 

aquatic environments. Among them, acanthocephalans are highlighted as presenting a high 

capacity for heavy metal accumulation (Vidal-Martínez et al., 2009; Nachev et al., 2013). 

Laboratory studies have shown that fish parasitized by acanthocephalans have lower levels of 

heavy metal contamination in their tissues when compared to non-parasitized specimens. 

However, the results of the analyses are difficult to predict, and there is a need for further studies 

in this field to contextualize information already obtained in different types of environments 

with different levels of degradation (Thielen et al., 2004; Sures, 2008). 

Usually bioaccumulation studies in the host-parasite relationship are made using 

inductively coupled plasma mass spectrometry (ICP-MS) (Brázová et al., 2012;  2015; Leite et 
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al., 2017; Nachev et al., 2010; 2013; Thielen et al., 2004) or Atomic absorption spectrometry 

(AAS) (Baruš et al., 2001; Bayoumy et al., 2015; Baruš et al., 2007; Dural et al., 2011; Morsy 

et al., 2012). Eletron Spin Resonance (ESR) is a spectroscopy designed to detect non-zero 

electronic spin systems, such as free radicals and some transition metals. In biological systems, 

it can be used to detect the presence of some ions, including copper, manganese and iron, 

directly in tissues without biochemical manipulations, thus reducing the risk of structural 

disturbances. This makes the technique a powerful tool in research involving biological and 

environmental systems (Wertz and Bolton, 2012). 

ESR has already been used to detect pollutants (both organic and inorganic) in several 

systems. In aquatic ecosystems, ESR has been used to detect Reactive Oxygen Species (ROS) 

in amphibians (D’Errico et al., 2018) and to detect and quantify Mn2+in fish otoliths (Di 

Beneditto and Franco, 2018). In both cases the technique proved to be efficient, and could be 

used to aid other spectrometric techniques. In the host-parasite system, however, there are still 

no published studies where ESR was used. In this context, the objective of this study was to use 

the ESR technique to detect transition metals (copper, iron and manganese) and possible 

radicals present in parasites and host tissues (muscle, liver and intestine).  

2. MATERIAL AND METHODS 

2.1. STUDY AREA 

This study was conducted in a stretch of the Batalha River, the Tietê-Batalha River Basin, 

located in the municipality of Reginópolis, State of São Paulo (21º53’17” S and 49º13’31” W). 

It is an area with severe anthropic influences and predominantly lotic characteristics. 

Limnologic and structure variables of the stretch are plotted in Table 1. 

The river area in this stretch, even though surrounded by native riparian forest for most of 

its extension, is used predominantly for agricultural and livestock purposes, with emphasis on 

cattle raising, sugar cane, corn and eucalyptus plantations, increasing the amount of organic 

matter and leachate pollutants. In addition, the municipality does not treat sewage, and so 

sewage is thrown in natura into a tributary of the river (São Paulo, 2010; Santos and Heubel, 

2008; Sistema Nacional De Informações Sobre Saneamento, 2016). 

Table 1. Mean values of physicochemical 

parameters: pH, temperature, dissolved oxygen 

(DO) and conductivity (CD); and structural 

parameters: width of the stretch, and width of the 

permanent preservation area (APP) surrounding 

the sampling point, located in the municipality of 

Reginópolis. 

Parameter Value ± SD 

pH 7.7 ± 0.3 

Temperature (ºC) 26.5 ± 1.5 

DO (mg/L) 4.9 ± 1.6 

CD (µS/cm) 68 ± 14.7 

Width (m) 13.2 ± 1.7 

APP width (m) 83.1 ± 7.9 

2.2. SAMPLING AND PROCESSING OF PARASITES AND HOSTS 

Thirty-nine specimens of Prochilodus lineatus (Valenciennes, 1837) (Characiformes: 

Prochilodontidae) were collected between May 2015 and May 2016 on the Batalha River. Fish 

were necropsied in the laboratory, and the internal organs were analyzed separately using a 
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stereomicroscope to collect parasites. In this study, only fish specimens that showed positive 

results for Neoechinorhynchus curemai Noronha, 1973 (Acanthocephala: 

Neoechinorhynchidae) parasitism were used, totaling 19 P. lineatus specimens analyzed.  

After collection, the parasites were placed in a recepticle containing distilled water and 

then washed with a vortex mixer. Subsequently, they were placed in glass flasks and frozen at 

-20ºC until the ESR analysis. Samples of muscle, liver and intestine were also taken from hosts. 

The washing and storage of the tissue samples followed the same methodology used for 

parasites.  

2.3. WATER AND SEDIMENT SAMPLING 

Water and sediment samples were collected from the Batalha River at the same point of 

the fish collection. The sampling followed the procedures recommended by Gomes and Filizola 

(2006) for sediment and Pires et al. (2006) for water. The samples were stored in 20 mL plastic 

tubes and frozen at -20ºC until ESR analysis.  

2.4. ESR ANALYSIS 

Samples of parasites and host tissues were externally cleaned with ultrapure water (Milli 

Q) and then dehydrated in absolute alcohol by immersion for 10 minutes. These materials and 

sediment were then oven-dried at 40ºC (Table 2). After drying, the samples were carefully 

crushed with agate mortar and pestle for homogenization under low impact, in order to avoid 

induction of other radicals by mechanical action. Subsequently, an aliquot of each sample was 

transferred to an ESR quartz tube, with a 3mm internal diameter. The mass used to record the 

spectrum was determined (Table 2). The water sample was placed in a capillary tube and sealed 

prior to insertion in the quartz tube. The tube containing the sample was inserted into a quartz 

dewar for freezing with liquid nitrogen for spectrum recording (77K). 

A JEOL Band-X spectrometer was used to record the spectra, some of them with a scan 

width of 500mT and others with 80mT, centered on the g~2 spectral region. Some spectra were 

recorded simultaneously with a Mn2+ standard, present in the spectrometer, that consists of 

MgO crystal doped with Mn2+. A 0.5 mM solution of CuSO4 complexed with C3H7NO2 was 

used for the quantification of copper (Cu2+) present in the sample. The spectra of the parasite 

and the copper solution were acquired under the same spectrometer conditions of microwave 

power, modulation and gain. Copper can be complexed with several compounds producing 

different spectral symmetries. Alanine was used as a ligand due to the same symmetry of the 

complex found in the parasites samples. The volume of the standard solution used was 20µL. 

Table 2. Mass values (mg) of parasites, host tissues and sediment 

samples before and after drying, and the amount used in ESR 

analysis.  

Mass Parasite Intestine Liver Muscle Sediment 

Wet 102 mg 189.5 mg 690 mg 674.4 mg -- 

Dry 17.1 mg 20.21 mg 77.44 mg 114 mg -- 

ESR 5.68 mg 6.08 mg 24.45 mg 5.8 mg 77.6 mg 

3. RESULTS AND DISCUSSION 

The specimens of P. lineatus showed mean standard length and weight of 27.44 ± 6.37 cm 

and 568.38 ± 318.14 g, respectively. The specimens of N. curemai were all adults and had mean 

abundance of 2.83 ± 0.12 parasites per fish and mean intensity of 5.52 ± 0.13 parasites.  

The analysis of the parasite samples’ spectrum in the 500mT scan was performed under 

two conditions: only parasite, and parasite with Mn2+ as a secondary standard. The analysis of 
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the obtained signals showed that there is no Mn2+ in the parasite samples (Figure 1A). In the 

spectrum of the central region g~2 it was possible to notice characteristic lines of copper (Figure 

1B). To confirm the presence of Cu2+ in the sample, spectral simulation of the Cu2+ present in 

the parasites was carried out using Simfonia-Bruker software. Through the simulation, it was 

possible to observe the agreement between the simulated Cu2+ signal and the radical present in 

the parasites. Double integration of the Cu2+ simulated signal was compared to element pattern 

spectrum. The Cu2+ mass of the total mass of the parasite was obtained from the atomic mass 

of the ion (63.6g), resulting in a concentration of 2 ppm of Cu2+ in the parasites (Figure 1C). 

 
Figure 1. ESR spectrum of Neoechinorhynchus curemai specimens with and without the 

simultaneous register of manganese (A), centered on the g~2 region, where the signals 

indicated by asterisks represent the lines belonging to the copper (B)(g⊥: 2.0032 ± 0.0001; 

g//: 2.1160 ± 0.0001; A⊥: 1.1 ± 0.1 mT; A//: 4.8 ± 0.1 mT) and spectral simulation of the 

radical (g-factor: 2.0084 ± 0.0001) (C). Acquisition parameters are: Center Field 336 mT, 

Modulation Frequency 100 kHz, Modulation amplitude 0.1 mT, gain 2000, microwave 

frequency 9131.4 MHz, Microwave Power 5 mW. In (A) sweep width 500mT and (B) 80 

mT. 

The liver sample spectrum was recorded with 500mT scanning width. The spectrum was 

dominated by iron, as shown in the simulation (Figure 2A).  In the g~2 region of the spectrum 

it was possible to identify other radicals. By performing a more detailed recording of the 

spectrum in the g~2 region it was possible to observe a structure of lines. The spectrum was 

recorded with the manganese pattern for investigation, where very weak signals of this ion in 

this region can be noted (Figure 2B), indicating a small concentration of Mn2+ in the tissue. A 

more detailed scan at the g~2 region showed that the lines’ structure in the central region 

corresponds to nitric oxide (NO), bound to Fe3+, leading to the three-line structure observed. 

Figure 2C shows the spectrum of the liver sample and the simulation of the NO radical 

spectrum.  
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Figure 2. ESR spectrum in the 500mT scan of the fish liver samples and iron spectral simulation in red 

(A) (g-factor = 2.0453± 0.0001). The spectrum centered on the g~2 region with and without the 

manganese (*) pattern (B). Spectrum of the sample also centered on the g~2 region and the simulation 

of the NO (g-factor = 2.0040 ± 0.0001, A=1.82 ± 0.01mT) present in the sample (C). Acquisition 

parameters are: Center Field 330 mT, Modulation Frequency 100 kHz, Modulation amplitude 0.1 mT, 

gain 300, microwave frequency 9133.4 MHz, Microwave Power 5 mW. In (A) sweep width 500mT and 

(B) 100 mT. 

In the spectrum of fish intestine samples, it was possible to notice the presence of Fe3+ and 

Mn2+ (Figure 3A). The spectrum was recorded with Mn2+standard to confirm the presence of 

this element in the sample (Figure 3B). Incorporation of manganese ions in different matrices 

have been studied with multifrequency ESR, and this can give more information about the 

complex formed; but these techniques are not easily found, and these studies have corroborated 

the experiments done at X band (Murzakhanov et al., 2017).  

In the fish muscle spectrum, it was also possible to notice the presence of the Fe3+ element 

and Mn2+ traces (Figure 4), suggesting that this element, although present in the sample, was in 

low concentration.  
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Figure 3. ESR spectrum of the fish intestine samples centered in the g~2 region where the 

presence of iron is noted, with a peak at g~4.3 and manganese, as indicated (A). Spectrum 

in the Mn2+ region, recorded with manganese standard, for confirmation (B). Acquisition 

parameters are: Center Field 330 mT, Modulation Frequency 100 kHz, Modulation 

amplitude 0.1 mT, gain 300, microwave frequency 9133.4 MHz, Microwave Power 5 mW, 

sweep width 500mT. 

 
Figure 4. ESR spectrum of the fish muscle samples, where 

the presence of iron is observed and traces suggesting the 

presence of manganese (*).  Acquisition parameters are: 

Center Field 330 mT, Modulation Frequency 100 kHz, 

Modulation amplitude 0.1 mT, gain 300, microwave 

frequency 9133.4 MHz, Microwave Power 5 mW, sweep 

width 500mT. 

In the spectrum of the sediment samples analyzed, the presence of Fe3+ and Mn2+ can be 

observed. In addition to these elements, another central radical was recorded in the g~2 region, 

attributed to humic acid (AH) (Figure 5B). In the water sample, the spectrum showed only the 

presence of Fe3+ (Figure 5A).   

Low concentrations of elements considered essential, that is, those necessary for the 

development of organisms and that occur naturally in the environment (Merian et al., 2004), 

are expected in acanthocephalans fish parasites, which are more susceptible to accumulate high 

concentrations of toxic elements (Nachev et al., 2013). Although copper is considered essential 

and is involved in several metabolic processes of living organisms (Momčilović, 2004), it is a 

heavy metal and at higher concentrations can bring potential risks to the health of animals, 

including humans (Papagiannis et al., 2004). The impacts of copper on the aquatic environment 
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depend on water physico-chemical characteristics, such as alkalinity, hardness and pH 

(Carvalho and Fernandes, 2006). Generally, concentrations of this element in water are lower 

than those found in fish and parasites (Porto and Ethur, 2009; Brázová et al., 2012), and the 

maximum concentration of copper allowed for Class 2 waters, such as the Batalha River, is 

0.009 mg/L (Conama, 2005). In this case, as the element was not detected in fish-tissue 

spectrums nor in the water or sediment collected from the river, it was assumed that the 

concentrations are below the ESR detection limit. 

 
Figure 5. ESR spectrum of the water sample, where the presence of iron (A) is noted. The 

ESR spectrum of sediment sample shows the presence of iron, traces of manganese, as 

indicated, and the presence of humic acid in the g~2 region (g-factor = 1.9976 ± 0.0001) 

(B). Acquisition parameters are: Center Field 330 mT, Modulation Frequency 100 kHz, 

Modulation amplitude 0.1 mT, gain 300, microwave frequency 9133.4 MHz, Microwave 

Power 5 mW, sweep width 500mT. 

The presence of iron and manganese ions in the spectrum of the tissues (liver, muscle and 

intestine) of P. lineatus and also in the samples of water and sediment of the Batalha River was 

already expected due to the high natural occurrence of these elements, which are the two most 

abundant metals in the environment (Förstner and Wittmann, 1983). Both elements in water 

and sediment are considered essential for both flora and fauna (Howe et al., 2004; Schümann 

and Elsenhans, 2004). Iron in fish acts mainly in oxidation-reduction and oxygen-transport 

processes, occurring as a component of the respiratory pigment (heme), as hemoglobin and 

myoglobin, as well as the heme enzymes (peroxidase, catalase and cytochromes) being 

absorbed from the water through the gills (Lim et al., 2001). Manganese plays a key role in the 

metabolism of amino acids, lipids, proteins and carbohydrates, besides being involved in 

functions of the immune system, blood glucose regulation, reproduction and also in defense 

mechanisms against free radicals (Keen et al., 1999).  

In aquatic vertebrates, iron excess can cause several effects such as breathing problems, 

reduced growth, feeding difficulties, high mortality and histopathological changes in liver cells 

(Bury et al., 2003; Lim et al., 2001), in addition to the production of oxygen free radicals, which 

may be toxic to cells (Bury et al., 2003). Negative effects of excess Mn on fish include anemia, 

leukocytosis, disruption of sodium balance, impaired calcium absorption and impacts on 

metabolism (Agrawal and Srivastava, 1980; Barnhoorn et al., 1999; Gonzalez et al., 1990; Nath 

and Kumar, 1987; Reader et al., 1988).  

The presence of NO detected in the spectrum of fish liver samples may also be associated 

with Fe3+ domain in the spectrum of the same tissue, since the molecule exerts its physiological 

functions through the binding with Fe3+ present in heme (Denninger and Marletta, 1999). In 

fish, NO has important roles in cardiovascular homeostasis, neurotransmission, immune 

defenses, vasodilation, muscle performance and embryonic development (Eddy, 2005; Jensen, 

2009; Moncada and Higgs, 2006; Rudnick et al., 2004), and may be potentially toxic depending 
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on tissue concentration or clearance (Hansen and Jensen, 2010). In addition, NO production 

may be directly associated with hypoxias situations, where the increase in NO causes fish and 

other aquatic organisms to become more resistant to situations of low oxygen availability in 

water (Jensen, 2009; McNeill and Perry, 2006). Hansen and Jensen (2010), evaluating the 

production of NO in goldenfish (Carassius auratus Linnaeus, 1758), observed that in situations 

of severe hypoxia, NO production by fish was increased as well as its resistance capacity, since 

the vasodilatation caused by NO increased the oxygen delivery rate in the organs. Thus, it is 

possible to verify that presence of NO in the tissues of P. lineatus can be an indicative of the 

lack of oxygen in the water, which in the study site of the Batalha River is around 4.9 mg/L, 

below the established limit by CONAMA for Class 2 waters (Conama, 2005). However, it 

would be necessary to quantify NO in the samples in order to obtain safer and more accurate 

results. Another factor that should be considered is the fact that NO production is also directly 

associated with production of nitrosamines, which are potentially carcinogenic organic 

compounds (Al Bulushi et al., 2009). In humans, the highest rate of exposure to this compound 

occurs through food, which includes water and fish (Dutra et al., 2007).  

Humic acids (HA), derived from humic substances (HS), which are part of organic matter, 

belong to the class of natural products most abundant in the biosphere, being precursors of fossil 

fuels. They are the most-studied fraction of HS, since they can contain voids of different sizes 

in their molecular structures, and can accommodate a wide range of pollutants (Mangrich and 

Vugman, 1988). HA act as binders for the complexation of ions, mainly Mn2+, Fe3+ and Cu2+, 

where the formation and transport of these complexes, and their deposition, can be important 

mechanisms in the accumulation of metals in the sedimentary deposits (Saab, 1999). It is known 

that in HA the content of certain ions, such as Fe3+, in concentrate domain sites increases with 

decreases in the degree of environmental pollution (Silva, 2001). However, the mere presence 

of HA in the sediment spectrum cannot be considered an indicator of pollution, and a more 

robust analysis of its structure is necessary to establish relationships with environmental 

impacts such as forest-pasture conversion (Araújo et al., 2011) or pollution by heavy metals, 

pesticides and other substances of anthropogenic origin (Toscano, 1999). 

4. CONCLUSION 

In this study, the Electron Spin Resonance technique proved to be efficient in detecting 

transition metals (manganese, iron and copper) and nitric oxide and humic acid. However, low 

concentration values of these compounds in P. lineatus tissues (liver, muscle and intestine) and 

in water and sediment samples collected did not allow their quantification, as the concentration 

of metals in the tissues is at a level below the limit of detection. It can be concluded that N. 

curemai had the capacity to accumulate these ions, especially copper. 
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ABSTRACT 
Hydrological simulation models have proven to be an important tool for managing and 

planning water resources, enabling the assessment of the impacts of rainfall on surface runoff 

and soil moisture. This work therefore aimed to apply the SWAT model for the analysis of 

hydrological processes in the Experimental Basin of the Jatobá Stream, in the semiarid region 

of the State of Pernambuco, Brazil, considering the calibration and validation of the model from 

streamflow and soil moisture data. Moreover, the study investigated hydrological effectiveness 

in a recovery scenario in areas of higher topographic elevation of the arborescent Caatinga and 

the behavior of the hydrological components under an agricultural expansion scenario. Events 

which occured between 2009 and 2010 were used to calibrate and validate streamflow and soil 

moisture data. The calibration and validation of streamflow exhibited efficiency coefficients 

(NSE) of 0.58 and 0.42, respectively, and 0.53 and 0.46 for soil moisture. The adjustment of 

the parameters was considered adequate for representing streamflow recession periods. It was 

also verified that the alternative process of calibration and validation with soil moisture reduced 

uncertainty. Regeneration of the vegetative cover over 21% of the hilltop areas of arborescent 

Caatinga led to a significant increase in percolation (42%) and a decrease of 34% in soil 

moisture (due to water consumption by plants), thus contributing to the recovery of headwaters, 

increasing resilience to water scarcity. On the other hand, the 38% expansion of agriculture 

caused an increase of 11% in surface runoff and, consequently, an increase of 10% in soil 

moisture. 

Keywords: Caatinga, hydrological models, multiple datasets, SWAT model. 
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Modelagem hidrológica em bacia experimental do semiárido 

Pernambucano 

RESUMO 
A simulação de processos hidrológicos apresenta-se como importante ferramenta de gestão 

e planejamento dos recursos hídricos, possibilitando avaliação dos impactos da precipitação 

sobre a geração de escoamento superficial e umedecimento do solo. O objetivo do presente 

trabalho foi aplicar o modelo hidrológico SWAT para análise de processos hidrológicos na 

Bacia Experimental do Riacho Jatobá, no semiárido de Pernambuco, considerando a calibração 

e a validação do modelo a partir de dados de vazão e de umidade do solo. Além disso, o estudo 

buscou investigar a efetividade hidrológica em um cenário de recomposição de Caatinga 

arbórea em áreas de maior elevação topográfica na bacia experimental, e o comportamento dos 

componentes hidrológicos em um cenário de expansão agrícola. Para a calibração e validação 

da vazão e umidade do solo utilizaram-se eventos ocorridos entre 2009 e 2010. A calibração e 

a validação com a vazão apresentaram coeficientes de eficiência NSE de 0,58 e 0,42, 

respectivamente, e para a umidade do solo de 0,53 e 0,46, respectivamente. Os ajustes dos 

parâmetros foram adequados para representar os períodos de recessão do escoamento. 

Verificou-se que o processo alternativo de calibração e validação por meio da umidade do solo 

possibilitou a redução nas incertezas. Cenários de recomposição da cobertura vegetal de 21% 

na área de Caatinga arbórea nos topos de morro produziram significativo aumento de 42% na 

percolação e diminuição de 34% na umidade do solo (devido ao consumo de água pelas 

plantas), contribuindo assim para a recuperação das nascentes e aumentando a resiliência frente 

a cenários de escassez hídrica. Por outro lado, o cenário de expansão agrícola de 38%, provocou 

aumento de 11% no escoamento superficial e, consequentemente, um aumento de 10% na 

umidade do solo. 

Palavras-chave: Caatinga, modelos hidrológicos, múltiplos conjuntos de dados, modelo SWAT. 

1. INTRODUCTION 

The Caatinga, a typical vegetation of the Brazilian semiarid region, is comprised of woody, 

herbaceous, cactaceous and bromeliaceous species that exhibit under the adverse climatic and 

hydrological conditions of the region. In the semiarid region, the Caatinga vegetation is 

subjected to an intense process of degradation, due to deforestation and the burning of natural 

vegetation to allow for the planting of cash crops and pastures. According to Blainski et al. 

(2017), changes in plant cover without planning and without proper management of natural 

resources can have negative effects on the ecosystem and water availability. The substitution 

or removal of natural vegetation affects hydrological processes and budgets, causing lower 

water retention during droughts and increasing overland flow during rainy seasons. The 

increase in surface runoff may present problems such as soil nutrient losses and the production 

of sediment, leading to the sedimentation of reservoirs and rivers. Bales (2015), Ilstedt et al. 

(2016) and Şen (2015) verified that the positive water vegetation nexus is indirect, as increases 

in vegetative cover, although producing higher evapotranspiration, may at the same time 

increase infiltration, and therefore possibly enlarge subsurface water storage, particularly at the 

vadose zone. Such a hypothesis, however, requires proper analysis, as it depends on multiple 

variables, changing across scales. 

Several studies have used hydrological models, such as the Soil and Water Assessment 

Tool (SWAT), to evaluate the hydrological impact of changes in vegetation cover in 

watersheds. The SWAT model combines climatic, topographic, edaphic, and land use factors 
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to evaluate the variation of the hydrological conditions of the watersheds, identifying the 

vulnerabilities related to water quantity and quality in the basin. According to Britto et al. 

(2014), the results from the combination of these factors can be applied effectively in the 

development of watersheds management plans. 

The SWAT model has been listed as a keyword in 12% of published international articles 

from 2009 to 2013 (Li et al., 2014). In Brazil, between 1999 and 2015, the model was used in 

more than 100 studies published in Brazilian and international journals (Bressiani et al., 2015). 

The applications of the SWAT model include studies of the streamflow calculation (Brighenti 

et al., 2016; Melo Neto et al., 2014; Aragão et al., 2013; Andrade et al., 2013), transport of 

sediments and pollutants (Silva and Medeiros, 2014; Veiga, 2014; Galharte et al., 2014), and in 

the quantification of impacts resulting from changes in land use on hydrological and 

sedimentological dynamics (Aragão et al., 2013; Blainski et al., 2011; Rodrigues et al., 2015; 

Silva et al., 2015;  2018). Santos (2015) analyzed sediment production and its spatial 

distribution with the SWAT model in the Tapacurá River Basin (472 km²), State of 

Pernambuco. Brighenti et al. (2016) verified that the SWAT model was representative in the 

simulations of streamflow data in wet and dry periods in the Negrinho River Basin (200 km²) 

in Santa Catarina. Silva and Medeiros (2014) analyzed the spatial and temporal variability of 

surface runoff and sediment production using the SWAT model in the São João do Cariri 

Experimental Basin (BESJC), with an area of 13.5 km². The results presented adequate 

efficiency in the analysis of sediment yield and streamflow, with Pearson's Linear Correlation 

Coefficients of 0.84 and 0.88, and Nash-Sutcliffe Coefficients of 0.03 and 0.77, respectively. 

Finger et al. (2015) pointed out that calibration and validation with multiple data sets 

increases the overall performance of hydrological models. Applying SWAT to a semiarid 

catchment in Australia, Kundu et al. (2017) endorsed the value of remotely sensed surface soil 

moisture in conjunction with flow data for improving model calibration using SWAT, despite 

the low correlation between satellite outputs and in situ observations. Previously, adopting the 

Dicasm model for the Alto Ipanema catchment (which encompasses the Jatobá Basin adopted 

in this study), Montenegro and Ragab (2010) analyzed the impact of land-use changes on water 

availability, using jointly flow and in situ soil moisture data, and verified the relevance of 

multiple data sets to achieve a more rigorous model simulation.   

The Jatobá River Experimental Basin (BERJ) is located in the semiarid region of 

Pernambuco, where rainfall is extremely irregular and water courses are intermittent. Due to its 

characteristics, the Network of Hydrology of the Semiarid Region (REHISA) has been 

monitoring and conducting different studies around the basin area. The years 2009 and 2010 

presented high precipitation in the region, with flow generation in the Alto Ipanema Basin 

(Silva Junior et al., 2011), in which the BERJ is inserted. In the last six years, the Alto Ipanema 

Basin (a tributary of the São Francisco River) had very little rainfall, which significantly 

reduced surface runoff generation. 

Several studies have been carried out with reference to soil moisture in the BERJ (Santos 

et al., 2011; Silva et al., 2015; Silva Junior et al., 2016), addressing the performance of soil 

conservation techniques. At plot scale, Silva et al. (2015) simulated soil water dynamics in the 

BERJ. In the Alto Ipanema Basin, Montenegro and Ragab (2010) studied temporal variations 

of runoff and soil moisture in the basin, considering different scenarios of land use in climate. 

However, it should be noted that there is still a lack of studies addressing soil moisture dynamics 

under different land-use scenarios in the Brazilian semiarid basins, particularly at an 

experimental catchment scale. 

Thus, the use of the SWAT model under land-use changes, together with the climatic 

diversity of biomes and water availability of the semiarid region of the Brazilian Northeast, 

provide relevant information for future studies that address the impact of vegetal cover changes 

on the water resources in similar watersheds.  
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This work therefore aims to apply the SWAT model for the analysis of hydrological 

processes in the Experimental Basin of the Jatobá Stream, in the semiarid region of State of 

Pernambuco, Brazil, considering the joint calibration and validation for both in situ streamflow 

and soil moisture data. Moreover, the study investigates the hydrological effectiveness in a 

reforestation scenario of the arborescent Caatinga in areas of higher topographic elevation, and 

the behavior of the hydrological components under an agricultural expansion scenario. 

2. MATERIAL AND METHODS 

2.1. Study Domain 

The Experimental Basin of the Jatobá Stream (BERJ) is 13.50 km2, with a perimeter of 16 

km, located between the coordinates of 8°34’17” and 8°18’11” South Latitude and 37°1’35” 

and 36°47’20” West Longitude (Melo and Montenegro, 2015). The basin is located in the 

municipality of Pesqueira and is inserted in the Representative Basin of the Alto Ipanema River, 

in the semiarid region of Pernambuco, and represents one of the sub-basins investigated by the 

Network of Hydrology of the Semiarid Region (REHISA). 

The Alto Ipanema River Basin is a sub-basin in the upstream part of the Ipanema River, 

an affluent of the Low São Francisco River Basin (Figure 1). The prevailing climate in the 

region is characterized as extremely hot semiarid steppe Type, according to the Köppen 

classification, with a mean annual rainfall of 600 mm and an average temperature of 23 oC, and 

potential evapotranspiration of approximately 2,000 mm a year (Melo and Montenegro, 2015). 

Furthermore, the vegetation is predominantly hyperxerophytic Caatinga (Montenegro and 

Montenegro, 2006). 

 
Figure 1. Location of the Jatobá Stream Experimental Basin, Alto 

Ipanema River Basin, inserted in the Ipanema Basin in Pesqueira – 

PE, digital elevation model, location of rain gauges, weather station, 

and fluviometric station, and soil moisture measurement sites.  
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2.2. SWAT Model 

SWAT is a hydro-sedimentological model which simulates different hydrological 

processes, estimating streamflow, sediment movement and nutrient cycling. The model requires 

specific data of climate, temperature, soil properties, topography and vegetation. The model is 

based on the water balance equation (Equation 1) in order to simulate the hydrologic cycle as 

well as to estimate surface runoff using the Curve Number method (CN) (Equation 2) (Neitsch 

et al., 2005).  

SWt=SW0+ ∑ (Rday-Q
surf

-Ea-wseep-Q
gw

)
t

i=1

          (1)  

Where: Swt is the final water content (mm); SW0 is the initial water content (mm); t is the 

time (days); Rday is the amount of precipitation on day i (mm); Qsurf is the amount of surface 

runoff on day i (mm); Ea is the amount of evapotranspiration on day i (mm); wseep is the amount 

of percolation on day i (mm), and Qgw is the amount of bypass exiting the soil profile bottom 

on day i (mm). 

𝑄𝑠𝑢𝑟𝑓 =
(Rday−Ia)2

(Rday  −Ia+ 𝑆)
           (2)  

Where: Ia is the initial abstractions which includes surface storage, interception and 

infiltration prior to runoff (mm), and S is the retention parameter (mm). 

For hydrological modelling using SWAT, the river basin was divided into sub-basins, each 

being divided into hydrologic response units (HRUs), characterized by the combinations of land 

use and management, soil types and slope (Aragão et al., 2013). 

2.3. Inputs and Instrumentation 

The delimitation of the sub-basins of the Experimental Basin of the Jatobá Stream was 

carried out using the ArcSWAT extension based on the image from the Shuttle Radar 

Topography Mission (SRTM), with a spatial resolution of 30 m, obtained from the website of 

the Brazilian Institute of Space Research (INPE) (Figure 1). Meteorological information such 

as maximum and minimum temperature (ºC), solar radiation (MJ m-2), relative humidity (%) 

and wind speed (m s-1) were registered at an automatic agrometeorological station (Model 

GRWS100 – Campbell Scientific®), inserted in the Alto Ipanema River Basin. The 

precipitation data used in the study were obtained from three automatic rain gauges located in 

the Experimental Basin. For measuring soil moisture, experimental sites of 198 m2 were used 

with four different soil covers, one with natural Caatinga Vegetation, two plots with general 

agriculture and one with bare soil, with effective dimensions of 4.5 m x 11 m, in a total area of 

49.5 m2 each (Figure 1). Five Time Domain Reflectometry (TDR) sensors were installed at soil 

depths of 20 cm at each layer, with hourly measurements. These measurements of soil moisture 

were extrapolated for the sub-basin in which the layer is inserted. 

The period defined for the study of the hydrological behavior of the sub-basins ranged 

from 2009 to 2010, with simulations from rain gauge measurements and moisture measurement 

sites. 

The land-use map was drawn based on images from the RapidEye satellite from April 

2013, from the REHIDRO project (Lima et al., 2014). Land use was divided into six different 

classifications (Figure 2A): Agriculture, Gallery Forest, arborescent closed Caatinga, 

arborescent-shrubby closed Caatinga, arborescent-open Caatinga and Bams (Silva Junior et al., 

2011). The soil-types map was based on soil mapping carried out by EMBRAPA-Soils, from 

information provided by the Agroecological Zoning of Pernambuco (ZAPE) (EMBRAPA, 

2000), identifying three predominant soil types: red-yellow Clay soil, Litolic Neosoil and 

Regolitic Neosoil (Figure 2D). 
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Figure 2. Current land use map (A), Scenario 1: Reforestation Soil map (B), Scenario 2: 

Agricultural expansion map (C), soil map (D) and delineating of sub-basin in SWAT model for 

the Jatobá Stream Basin, Pesqueira-PE (E). 

In order to improve the performance of the SWAT model, before initiating the calibration 

and validation processes, some parameters were modified in relation to the default values of the 

model; such modifications are presented in Table 1. The modified values were based on 

previously published works that involved the Caatinga vegetation, for example the work 

developed by Silva (2014). 

Table 1. Adjustment of key parameters for the BERJ in the SWAT model before beginning the 

calibration and validation procedures. 

Nº Parameter Description Default value Adjusted value 

1 LAI_INIT Initial leaf area index (range from 0 to 8) 0 2 

2 BIO_INIT 
Initial dry weight biomass (kg ha-1) 

(range from 0 to 1000) 
0 1000 

3 PHU_PLT 

Total number of heat units or growing 

degree days needed to bring plant to 

maturity (range from 0 to 3500) 

0 2500 

4 ESCO.hru and. bsn 
Soil evaporation compensation factor 

(range from 0 to 1) 
0.95 0.6 

The SWAT model offers three options for estimating the potential evapotranspiration 

(ET0) component: the Penman-Monteith-FAO, Hargreaves & Samani and Priestley-Taylor 

methods. The standard method of the model is the Penman-Monteith-FAO, which requires 

meteorological variables such as solar radiation, temperature, relative humidity and wind speed 

to estimate ET0 (Neitsch et al., 2005). In the present work, the Hargreaves & Samani method 

was used, as it requires a smaller amount of data (only radiation and temperature), and because 

it fits very well in semiarid regions, as already verified for the Jatobá Basin. 
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2.4. Calibration and Validation 

Evaluation of the most sensitive parameters is considered a crucial step, which precedes 

the calibration and validation process of the given model (Arnold et al., 2012). The sensitivity 

analysis of the parameters was performed previously by Fontes Júnior (2016) using SWATCUP 

software, an independent software developed for uncertainty and sensitivity analysis, 

calibration and validation processes, using SWAT simulations (Abbaspour et al., 2007). The 

method used in SWATCUP was SUFI-2 (Sequential Uncertainty Fitting). This method is based 

on a Bayesian structure and determines uncertainties by sequential adjustment. Some studies 

report that the SUFI-2 method is an adequate technique for analyzing the uncertainty of 

modeling results (Khoi and Thom, 2015; Uniyal et al., 2015). 

The sensitivity study was based on the analysis of parameters and input variables of the 

model, to observe those that, when altered, exert a significant influence on the results. We 

selected 19 parameters related to the processes of flow, evapotranspiration, percolation, 

recharge, infiltration, among others, for a first analysis. The parameters sensitivity was 

determined through the application of a multiple regression system, in which the parameters 

generated by the Latin Hypercubic Sampling are related to the objective function values. The 

t-test was used to identify the relative significance of each parameter, and the higher the value 

(in absolute terms) the parameter has, the more sensitive it will be. The p-value determines the 

significance of the sensitivity, and values close to zero indicate the most significant parameters 

(Abbaspour et al., 2015). 

The model calibration was carried out manually using the ArcSWAT, using the manual 

calibration helper function. For the analysis of streamflow data, daily events were used, 

measured at the flow control cross-section, with a Soilinst® pressure transducer. For the 

calibration, events that had occurred in the period from 6/11/2009 to 8/27/2009 were used, with 

the period from 4/1/2010 to 5/31/2010 being adopted for the model validation. For the analysis 

of soil moisture, the observation period ranging from 4/4/2009 to 5/7/2009 was used for the 

calibration, while the period from 2/4/2010 to 3/27/2010 was adopted for the validation. The 

parameters used in calibration for streamflow and soil moisture with the SWAT model in the 

BERJ are presented in Table 2. 

Table 2. Parameters used in calibration for streamflow and soil moisture with SWAT model in the 

Jatobá Basin, Pesqueira-PE. 

Nº 
Ranking 

(Fontes Júnior, 2016) 
Parameter Description Calibrated value 

1 3º CN2 
Curve number, moisture 

condition II 
73.7 

2 2º ALPHA_BF 
Base flow recession constant, 

days 
0.05 

3 14º GWQMN 

Depth of water in shallow 

aquifer required for return 

flow, mm 

700 

For evaluating the model precision, observed and simulated hydrographs were used, as 

well as the coefficient of determination (R2) and the Nash-Sutcliffe efficiency coefficient (NSE) 

(Brighenti et al., 2016; Melo Neto et al., 2014; Aragão et al., 2013). The R2 coefficient indicates 

the proportion of variance in the data observed captured by the model, while the NSE coefficient 

depends on the variance of the data simulated and the data observed. The results of the model 

are considered more representative as the values of R2 and NSE are closer to 1. The Nash-

Sutcliffe coefficients (NSE) (Nash and Sutcliffe, 1970) in this work were classified according 

to Santhi et al. (2001); adapted by Bracmort et al. (2006), which considered the performance of 
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the SWAT model, both in the calibration and in the validation, as being satisfactory when the 

NSE was above 0.5. 

2.5. Land use change scenarios 

The basin in study (BERJ) exhibits degradation of the native vegetation, with the presence 

of secondary vegetation, and is susceptible to soil erosion (Santos et al., 2010), and efforts have 

been made to support reforestation programs, funded by the São Francisco Basin Committee 

(CBHSF, 2016). Thus, for this study, two scenarios were proposed: a scenario considered 

optimistic (reforestation) and another scenario considered pessimistic (agricultural expansion). 

For the first scenario, a reforestation with native vegetation (arborescent closed Caatinga) at 

high elevations of the BERJ was adopted (Figure 2B). Such scenario is a recommendation of 

the Management Plan of the São Francisco River Basin, for the semiarid region (CBHSF, 2016). 

The reforested area replaced 100% of the Gallery Forest present in the basin, as well as 8.33% 

of the arborescent open Caatinga and 46% of the total agricultural area. In total, arborescent 

open Caatinga vegetation was added to 21% of the entire area of reforestation. In the second 

scenario, the entire area considered reforested in the first scenario (37.7%) was replaced by 

agriculture, simulating a possible agricultural expansion along the basin. 

3. RESULTS AND DISCUSSION 

3.1. Sub-basins and Hydrologic Response Units (HRUs)  

Based on the results of the digital elevation model, 29 sub-basins were formed in the 

Experimental Basin. These hydrological areas were established considering drainage flow, 

boundaries of the river basin, the drainage basin and the sub-basins with their mouths. 

The information generated in the maps of soil types, slope and land use provided the 

necessary data to delimit the Hydrologic Response Units (HRUs), with 104 HRUs being 

generated in this study. Veiga (2014) working in the Córrego Samambaia River Basin, in the 

Brazilian State of Goiânia, with an area of 31 km2 subdivided the basin into 15 sub-basins, 

creating 315 Hydrological Response Units.  Castro (2013) when simulating the Experimental 

Basin of the High-Jardim River in the Federal District, with approximately 105 km2, established 

6 sub-basins with 628 HRUs for the application of the SWAT model. 

3.2. Sensitivity analysis  

Figure 3 presents the results of the sensitivity analysis of the variable streamflow in the 

study area. The five parameters considered most sensitive for the BERJ were: CN2.mgt, 

ALPHA_BF.gw, CH_K2.rte, CH_N2.rte and SOL_K.sol. These parameters refer to surface 

runoff, base flow, hydraulic conductivity and water storage capacity in the soil surface. Lelis et 

al. (2012) observed that the parameter CN2.mgt was the most sensitive for two sub-basins in 

the São Bartolomeu Stream watershed in Southeastern Brazil. Topography, land use, basin 

delineation and rainfall period are considered the main factors related to the sensitivity of the 

parameters studied (Schmalz and Fohrer, 2009). The work carried out by Maneta et al. (2008) 

highlighted some of the parameters considered most-sensitive, such as hydraulic conductivity 

and the soil infiltration rate, which influence water movement from the surface to the subsurface 

layers. According to the authors, information regarding soil moisture and water levels in 

monitoring wells improved the calibration and reduced uncertainties related to the simulations. 

3.3. Calibration and validation analysis for streamflow and soil moisture  

The analysis of the simulated hydrograph, compared against the observed time series, 

allows the assessment of model performance and the temporal dynamics of the selected 

variable. Figure 4A presents the streamflow calibration hydrograph in 2009. The SWAT 
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adjustments were adequate in the recession period, both in terms of calibration and validation, 

demonstrating that the model is well adjusted for low flow periods. The value of NSE for the 

streamflow calibration was 0.58, with R2 being equal to 0.69. The results were classified as 

“satisfactory” according to the NSE classification presented by Bracmort et al. (2006). The 

model adequately presented the peak runoff rate taken place on June 27, 2009, with 

precipitation of 10.9 mm and the previous five-day rainfall of 0.99 mm, which generated an 

average observed surface runoff of 2.78 m3/s and an average simulated surface runoff of                   

2.02 m³/s. 

 
Figure 3. Sensitivity analysis performed by SWAT-CUP for streamflow daily 

observations. 
Source: Fontes Júnior, 2016. 

 
Figure 4. Calibration (A) and validation (B) of the streamflow and calibration (C) and 

validation (D) of the soil moisture in sub-basin located in soil moisture monitoring sites 

in Jatobá Stream Experimental Basin, Pesqueira-PE. 

The results of the model validation for the year of 2010 are presented in Figure 4B. The 

model overestimated the mean value observed, with an average surface runoff of 0.79 m3/s, 

with 3.21 m3/s for the simulated value, for a precipitation of 56.3 mm. Nevertheless, the 
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validation NSE coefficient was 0.42.  In average terms, the value observed for the streamflow 

in the validation period was 0.08 m3/s, while the value simulated by the SWAT was very close 

to that observed, being equal to 0.12 m3/s. Consequently, the R² value was very good, being 

equal to 0.97. The R² for the validation period was higher than for the calibration, indicating no 

severe discrepancy between the simulated and observed hydrographs. 

The NSE coefficients found comported with the ones obtained by Andrade et al. (2013), 

who applied the SWAT hydrological model in the Jaguara Stream watershed in the southern 

part of the Brazilian state of Minas Gerais, exhibiting NSE coefficients of 0.66 and 0.87 for 

calibration and validation, respectively. Studies carried out in the headwater watershed of the 

Mantiqueira Mountains, applying the SWAT model, produced a NSE coefficient for calibration 

of 0.81 and of 0.79 for validation (Pinto, 2011). 

Viola et al. (2009) applied the hydrological model in the Aiuruoca River Basin, obtaining 

NSE coefficients of 0.87 and 0.92 for the calibration and validation phases, respectively. 

Satisfactory results were also found by Viola et al. (2012) when applying hydrological modeling 

in a sub-basin of the Araguaia River, in the Brazilian State of Tocantins, with NSE coefficients 

of 0.74 and 0.75 for the calibration and validation stages, respectively. 

Dantas et al. (2015) simulated streamflow and estimated sediment movement in the 

Taperoá River Basin, using the SWAT model. The results showed that the model presented a 

satisfactory result for the calibration stage, though not in the validation phase. In the study, a 

reduction of surface runoff in the basin could be verified, as a consequence of an increase in 

temperature, alterations of vegetative cover and the insertion of small- and medium-scale 

reservoirs.   

In most recent studies involving the SWAT model, different alternative variables have 

been adopted for the calibration and validation of the model. These data include 

evapotranspiration (Miranda, 2017; Bressiani et al., 2015; Maneta et al., 2008), soil moisture 

(Maneta et al., 2008), potentiometric levels (Fontes Júnior, 2016) and leaf-area index (Miranda, 

2017). Soil moisture is considered a parameter of great importance, associated with the 

movement processes in the soil. The understanding of this variable contributes to adopting 

adequate agricultural and irrigation management processes, and vegetation parametrization. 

Maneta et al. (2008) studied the application of a hydrological model in an experimental 

basin in a semiarid region of Spain. The study pointed out the importance of evapotranspiration 

and soil moisture in the simulation of small-scale perennial semiarid watersheds. According to 

the authors, the application of models in river basins inserted in a semiarid region is considered 

challenging given the characteristics of such a region, in which irregular rainfall or heavy rain 

during short periods of time may lead to a discontinuous and perennial streamflow, with 

consequent local saturated layers and non-saturated areas. 

The summary of the statistical results of calibration and validation of the SWAT model 

with streamflow and soil moisture data are presented in Table 3. Figure 4C presents the soil 

moisture calibration hydrograph in 2009, and Figure 4D illustrates the validation hydrograph 

in 2010. The NSE coefficients in the soil moisture calibration stage were 0.53, with R2 being 

equal to 0.63. The validation NSE and R² coefficients were lower (NSE = 0.46 and R² = 0.55) 

than the calibration coefficients, similar to the NSE coefficients estimated for streamflow. The 

results found are thus classified as “satisfactory” for the calibration stage, according to the NSE 

classification presented by Bracmort et al. (2006). Montenegro and Ragab (2010) carried out a 

comparison between the soil moisture data simulated by the model with the soil moisture 

measurements observed. The authors estimated a determination coefficient of 0.70 between the 

simulated values and the observed data. The values and general trends of soil moisture were 

properly simulated by the DiCaSM model. 
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Table 3. Summary statistics of calibration and validation for 

streamflow and soil moisture in daily time step with SWAT model 

in the Jatobá Basin, Pesqueira-PE. 

Statistics Streamflow Soil moisture 

 Calibration 

R² 0.69 0.63 

NS 0.58 0.53 

 Validation 

R² 0.97 0.55 

NS 0.42 0.46 

3.4. Hydrological processes under land-use change scenarios 

Table 4 shows the results of the water balance for current-use, reforestation and 

agricultural-expansion scenarios. The results reveal the magnitude of the impact of land use 

changes on water resources. When we observe the results of the reforestation scenario in 

relation to the current-use scenario, it is verified that the increased native forest provided a 

decrease in surface runoff of about 51% in the BERJ, corresponding to 13.2 mm year-1. This 

decrease in surface runoff can be explained by the ability of forests to intercept precipitation, 

reducing the water loss through runoff. This higher plant density also allows, through 

interception, more water infiltrated into the soil, with increased percolation and aquifer-

recharge processes. In the present study, the increase of water percolation to the shallow aquifer 

was approximately 11 times greater in the reforestation scenario. In Brazil and in the world, 

several studies have been developed with the objective of verifying the effects of the land-use 

changes on the surface runoff dynamics in watersheds (Aragão et al., 2013; Blainski et al., 

2011; Rodrigues et al., 2015; Silva et al., 2015; 2018). Blainski et al. (2011) applied the SWAT 

model to the Araranguá River Basin to evaluate the influence of agricultural activities on the 

basin's water availability. They considered different scenarios: i) current use, with 

predominance of rhiziculture in agricultural areas; ii) replacement of agriculture by 

reforestation; and iii) removal of vegetative cover from agricultural areas. The authors verified 

that the average flow rate was higher in the bare soil scenario, and this increase was attributed 

to the reduction of water infiltration into the soil and the increase in surface runoff. 

Table 4. Water balance components for current use, reforestation and agricultural expansion 

scenarios in the Jatobá Basin. 

Variables of water balance Current land use 
Scenario 1 

Reforestation 

Scenario 2 

Agricultural expansion 

Precipitation 654.3 654.3 654.3 

Surface runoff 25.99 12.8 28.81 

Percolation  42 59 42 

Soil water 200.72 131.01 221.64 

Base flow 56.34 63.09 56.19 

Potential evapotranspiration 1763.90 1763.90 1763.90 

Actual Evapotranspiration 588.2 592.10 587.50 

Total sediment loading 21.02 t/ha 6.74 t/ha 28.10 t/ha 

Rodrigues et al. (2015) used the SWAT to analyze the outflow in the Pará River Basin, in 

Minas Gerais, Brazil, and to evaluate the impact caused by changes in land use on the basin's 

water availability. They considered two scenarios: original vegetation and current use. 
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According to the authors, there was an increase of about 10% in the flow due to changes in soil 

use, basically contemplating the suppression of the original vegetation for grassland 

implantation in 38% of the basin. It is a fact that the forests attenuate the direct runoff and might 

increase evapotranspiration.  

Another point worth mentioning regards soil loss: the reforestation scenario provided a 

reduction of the total sediment load generated, compared to the current use scenario. This lower 

sediment rate can be explained by the superior quantity of native vegetation, which is able to 

intercept the rainfall, reducing the impact of the raindrops that fall directly to the soil, which 

would cause the particles to detach and move, as erosion. According to Silva et al. (2015), 

reclaimed forest areas decrease streamflow and sediment movement, intensifying the 

importance of the preservation of native vegetation areas. Silva et al. (2018) evaluated the 

erosion process with simulated rainfall in different cover crops (beans, corn, bare land and 

Caatinga) in the semiarid region of Paraiba. In the evaluation, the soil covers with Caatinga 

showed less erosion and surface runoff when compared with the other treatments. According to 

the authors, the shape of the vegetative cover, the leaf area and the stem structure are 

determining factors for canopy water storage, influencing soil conservation and the 

hydrological responses in the semiarid environment. Aragão et al. (2013) identified that native 

vegetation and regenerated areas make it possible to reduce rainfall impacts on the soil, 

avoiding degradation and surface runoff, decreasing the sediment loading around the basin. 

These results reinforce even more the importance of the preservation of the nascent areas of the 

BERJ, and in regions where water security is highly vulnerable, as is the case in many Brazilian 

semiarid basins. 

In this study, the average value of evapotranspiration was higher for the reforestation 

scenario (592.1 mm) when compared to the current-use scenario (588.2 mm). This fact can be 

explained by the higher density of vegetative cover in the recomposition scenario. According 

to Tucci and Clarke (1997) and Bruijnzeel (1996), the greatest amount of solar radiation 

absorption and consequently, the greatest energy available for evapotranspiration comes from 

forests, and in this way the direct evaporation of intercepted water tends to be higher. In turn, 

the suppression of vegetative cover results in a decrease in evapotranspiration, since less 

radiation absorption occurs and less capacity to remove water from the soil and to intercept 

precipitation. This leads to a decrease in vertical water flow and an increase in horizontal flow 

(Viola, 2008). 

When we observe the results of the agricultural-expansion scenario in relation to the 

current-use scenario, it is verified that the increase in agricultural land provided an increase in 

surface runoff of approximately 11% in the BERJ, corresponding to 28.8 mm year-1. On the 

other hand, there was a decrease in the percolation process for the shallow aquifer of 

approximately 32%, being only 0.48 mm. When observing the evapotranspiration, it is noticed 

that there was a decrease in the scenario of agricultural expansion compared to the current use 

of 0.12%. These changes are in line with the same principles discussed earlier for the 

reforestation scenario. This is because these agricultural areas, in the current condition, are 

occupied by vegetation. It was verified that the increase of agricultural areas resulted in a greater 

surface runoff, a lower percolation of water in the soil and a lower evapotranspiration.  

The amplitude and dispersion of data on simulated streamflow and soil moisture in 

scenarios of reforestation, agricultural expansion and current use in the Jatobá Basin are shown 

in Figure 5. From the obtained results by the SWAT model, it is possible to verify that between 

the scenarios, there was an increase of the average values of evapotranspiration in the 

reforestation scenario, due to the greater area of vegetative cover that provides greater 

evapotranspiration. Mean values and amplitudes of streamflow were increasing over the 

scenarios, being smaller in the condition of reforestation, then increasing in the current use, and 
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finally, the greatest generation of streamflow occurred in the condition of agricultural 

expansion.  

 
Figure 5. Box plots for streamflow and soil moisture in daily time step in the Jatobá Basin, Pesqueira-

PE. 

In the Alto Ipanema Basin, Montenegro and Ragab (2010) verified that converting 7% of 

Caatinga to agriculture area increased streamflow by 3%. According to Munoz-Villers and 

Mcdonnell, 2013; and Yan et al., 2013, the change in land use is one of the main causes of 

surface runoff changes in a watershed, due to changes in precipitation interception, 

evapotranspiration and soil hydraulic conductivity. Within this context, knowledge of the 

effects of land use change on water dynamics in watersheds is of great importance in order to 

assist decision making within the scope of water resource management (Kuhnle et al., 1996). 

Figure 6A presents the time series for soil moisture depths for the three scenarios analyzed, 

highlighting that a well-defined pattern of variation is similar for all series (Figure 6B). Figure 

6C exhibits the time series for percolation (mm) for the three scenarios and Figure 6D presents 

the scatter plot of the two modified scenarios as a function of the current land use. Differences 

of soil moistures between the current and reforested scenarios tends to increase for lower values 

of soil moisture. It can be verified that the impact of reforestation (decreasing soil moisture) is 

higher than that produced by the conversion of the current scenario to agriculture, the latter 

producing slightly higher soil moisture depths. When verifying percolation from the vadose 

zone, reforestation tends to increase such flux, as shown both in the time series (Figures 6A and 

6B) and in the scatter plot in Figure 6D. 
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Figure 6. (A) Time series for soil moisture for the three scenarios analyzed; (B) pattern of 

variation for the series; (C) time series for percolation (mm) for the three scenarios; and (D) scatter 

plot of the two modified scenario as function of the current land use. 

4. CONCLUSIONS 

The parameters most sensitive to the SWAT model were related to surface runoff, baseflow 

and hydraulic conductivity. The alternative process of calibration and validation in terms of 

both flow and soil moisture presented satisfactory results according to the NSE coefficients 

obtained, contributing to a more realistic simulation. Scenarios of regeneration of the vegetation 

cover of 21% of the area of arborescent Caatinga on hilltops led to significant changes on soil 

moisture and streamflow, thus contributing to the recovery of headwaters, increasing the base 

flow and the resilience to scenarios of water scarcity. On the other hand, the scenario of 

agricultural expansion caused an increase in surface runoff and, consequently, a decrease in the 

soil water storage. 
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ABSTRACT  
The quality of drinking water and its health implications for school children were examined 

at schools in the Santarém region, Amazon, Brazil. In this region, the population is fully 

supplied by groundwater from the voluminous Alter do Chão aquifer. Drinking water samples 

from three schools in Santarem city and from one school at the rural Mojuí dos Campos town 

were subjected to microbiological and physicochemical compositional analyses. The health risk 

of human exposure to chemical compounds through water intake was also evaluated. The results 

indicated that most water samples were contaminated with total coliform and with E. coli, which 

could cause serious intestinal disorders for school children. Drinking water was acidic and most 

of the chemical element concentrations were within Brazilian water potability recommended 

levels. One exception was the high aluminium content in schools from Santarem served by 

shallower wells, suggesting that further epidemiological studies are necessary and the 

monitoring of exposed school children should not be discarded. Elevated nitrate concentrations 

were also noted in schools from Santarém with shallower wells, indicating lack of sanitation 

and the importance of periodic monitoring of drinking water to prevent adverse health effects. 

Quantification of human health risk indicated a hazard in schools served by shallower wells, 

with aluminium as the main pollutant, followed by nitrate. The results showed that most 

drinking water quality parameters are in accordance with Brazilian legislation. However, 

microbiological contamination, water acidity, aluminium and nitrate concentrations must be 

taken into consideration for local governments in order to prevent related diseases among 

school children. 

Keywords: Amazon, drinking water, groundwater, health, pollution. 
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Qualidade da água de consumo em escolas na região de Santarém, 

Amazônia, Brasil e implicações para saúde dos escolares 

RESUMO 
Qualidade da água de consumo e implicações em saúde de escolares foram avaliadas em 

escolas na região de Santarém, Pará, Amazônia. Nessa região, a população é abastecida 

totalmente por água subterrânea do volumoso aquífero Alter do Chão. Amostras de água de 

consumo de três escolas na cidade de Santarém e uma escola no município rural de Mojuí dos 

Campos foram submetidas a análises microbiológicas e de composição físico química. O risco 

à saúde por meio da exposição a contaminantes químicos pela ingestão da água, também, foi 

avaliado. Os resultados indicaram que a maior parte das amostras estiveram contaminadas por 

coliformes totais e E.coli, o que poderá ocasionar distúrbios intestinais importantes nos 

escolares. A água é ácida e as concentrações dos elementos químicos estão de acordo com os 

níveis recomendados pela legislação brasileira. Uma exceção foi observada para o alumínio, 

que apresentou concentrações superiores ao recomendado na água das escolas de Santarém com 

poços mais rasos, sugerindo que novos estudos epidemiológicos devam ser realizados e o 

monitoramento de crianças expostas não deverá ser descartado. Concentrações elevadas de 

nitrato também foram encontradas na água das escolas de Santarém com poços mais rasos, 

indicando deficiências sanitárias e a importância do seu monitoramento visando evitar efeitos 

em saúde. A avaliação quantitativa de risco em saúde evidenciou perigo somente nas escolas 

com poços mais rasos, sendo que o principal contribuinte foi o alumínio, seguido do nitrato. Os 

resultados mostram que a maioria dos parâmetros de qualidade da água das escolas estão de 

acordo com os limites recomendados pela legislação brasileira, entretanto, a contaminação 

microbiológica, a acidez e as concentrações elevadas de alumínio e nitrato na água devem ser 

consideradas prioridades visando a prevenção de doenças relacionadas com consumo de água 

pelos escolares. 

Palavras-chave: água de consumo, água subterrânea, Amazônia, saúde, poluição. 

1. INTRODUCTION  

Water is essential to sustain life, and a satisfactory water supply must be available to the 

human population. According to the World Health Organization (WHO), in 2017, access to safe 

drinking water can result in tangible benefits to health (WHO, 2017). Safety of the water supply 

is key to public health, especially for children, who generally require greater protection. School 

children can spend five to eight hours a day in public elementary schools in Brazil. In this sense, 

it is essential that this communal space presents favourable environmental conditions to ensure 

good health practices and quality of life for children.  

Adequate quality of drinking water is a human right (WHO, 2017). Unfortunately, the 

supply of safe drinking water has been compromised by the absence of adequate sanitary 

infrastructure in some regions of developing countries like Brazil, where this vital resource is 

vulnerable to pollution. In the case of groundwater supply, over the past 20 years it has become 

increasingly apparent that groundwater sources are being contaminated by hazardous 

microbiological agents and chemicals derived from a variety of social, economic and urban 

activities; therefore groundwater protection has become essential for governmental agencies 

(Palamuleni and Akoth, 2015; Llopis-González et al., 2014). 

Groundwater is an important source of drinking water and often requires little or no 

treatment. Nevertheless, diseases caused by contaminated groundwater consumption are 

reported from countries at all levels of economic development (WHO, 2006). In general, 
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groundwater has good microbiological quality, but may become rapidly polluted if protective 

actions are not implemented and well maintained. Some studies highlight microbiological 

contamination due to the proximity of septic tanks to artesian wells in countries with precarious 

basic sanitation infrastructure (Dahunsi et al., 2014; Mendes et al., 2017). Fecal-derived 

pathogens are the principal concerns in setting health-based targets for microbial safety and 

diarrhea is the most common disease in school children that is associated with water 

contaminated by pathogens through the fecal-oral route (WHO, 2006). The control of the 

microbial quality of drinking water should be the first priority in all countries, given the 

immediate and potentially devastating consequences of waterborne infectious disease.  

The health concerns associated with chemical constituents of drinking water differ from 

those associated with microbial contamination and arise primarily from the ability of chemicals 

to cause adverse health effects after prolonged periods of exposure, as evidenced by Kim et al. 

(2016). There are many inorganic and organic compounds that naturally occur in groundwater 

which may originate from the rocks and soil percolated by the water. However, chemicals from 

anthropogenic sources (i.e., urban or agricultural activities) can reach groundwater from diverse 

sources arising from the use and disposal of materials and products containing toxic elements 

in high concentrations, such as trace elements and nitrates (WHO, 2017). 

Assessing groundwater quality and the risk for human health has become an important task 

in public health concerns. Studies of the quality of drinking water collected by wells have been 

developed worldwide, and are of great importance (Majumdar and Gupta, 2000; Nalbantcilar 

and Pinarkara, 2016; Lapworth et al., 2018). In the Santarém region, there is a lack of research 

involving groundwater quality and health. Some studies (Azevedo, 2006; Aguiar et al., 2014) 

have been carried out investigating surface water quality in the Amazon region and, in general, 

the implications for ecosystems, such as the effects on fish development and other living aquatic 

organisms. For these reasons, in this study we investigated the quality of drinking groundwater 

in four schools in the Amazon region, three located in an urban area, Santarém city, and one in 

a rural area, Mojuí dos Campos, during two seasons (dry and rainy). We compared the results 

with reference values from Brazilian legislation Ordinance 2914 (Brasil, 2011), which provides 

the standards for drinking water in Brazil based on the guidelines of the WHO. The health risk 

for children associated with ingestion of chemical compounds through drinking water was also 

quantified in schools, following the United States Environmental Protection Agency (USEPA) 

guidelines (USEPA, 1989; 1996). 

2. MATERIALS AND METHODS 

2.1. Study area  

The study area is located in the Santarém region, in the west of Pará State, in the Brazilian 

Amazon. The region of Santarém includes the urbanized city of Santarém and the rural Mojuí 

dos Campos town, 30 km southeast of Santarém city (Figure 1). This region has a seasonal 

climate with two distinct periods (i) dry season (July to November) and (ii) rainy season 

(December to May), with June considered a transition month (Gomes et al., 2016). The climate 

in the Santarém region is tropical humid, and is classified as Am3 in the Köppen climate 

classification system (Köppen, 1936). In the last two years, according to the Brazilian National 

Institute of Meteorology (INMET), 95% of recorded values of temperature were in the range 

of 32.7°C - 22.5°C in the dry season and 31.2ºC - 22.3ºC in the rainy season. In 2016, the total 

precipitation and average relative humidity in the dry season were 371.5 mm and 84.6%, and 

in the rainy season these were 986.0 mm and 87.4%, respectively (INMET, 2017). 
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Figure 1. Location map of the State of Pará and Santarém region indicating the Schools A, B and 

C in Santarém and the Sschool D at Mojuí dos Campos, State of Pará, Amazon, Brazil. 

The city of Santarém had an estimated 294.447 inhabitants in 2016 according to the 

Brazilian Institute of Geography and Statistics (IBGE, 2016), and is the second most important 

urban region in the State of Pará, with economic activity based on local commerce, and it is 

located at the intersection of the Tapajos and Amazonas Rivers (Figure 1). These two rivers are 

important routes for regional transport; however, surface water is not used for human 

consumption. The Sanitation Company of Pará (COSANPA) and the Municipality of Santarém 

distribute drinking water in Santarém. COSANPA takes advantage of its own deep-water wells 

(> 250 m) that intercept the Alter do Chão aquifer and distributes water to 61% of the 

population; of these, 49% receive chlorinated water, whereas 12% of the population is not 

served by treated and disinfected water (COSANPA, 2013). The voluminous Alter do Chão 

aquifer is the major groundwater supply for most of the State of Pará (Tancredi, 1996). The 

Municipality of Santarém captures drinking water from shallower wells at 18 to 30 m deep. 

Households and other areas that are not served by either of these two water systems use 

groundwater from private shallow wells. According to the Sanitation Ranking published by the 

Trata Brazil Institute (2016), Santarém is among the ten municipalities in Brazil with the 

poorest drinking water treatment system.  

The town of Mojuí dos Campos has 15.548 inhabitants (IBGE, 2016), and the main 

economic activity is the agricultural cultivation of soybeans, corn and black pepper. Agriculture 

plays a key role in supporting the rural population of the area. At Mojuí dos Campos, there is 

an important main water microsystem which captures water for human consumption from the 

Alter do Chão aquifer at a depth of 202 m without treatment and water disinfection. 

2.2. Overview of schools and water sampling  

A total of 36 drinking groundwater samples were collected at three elementary schools in 

Santarém (denominated in this study as Schools A, B and C) and at one school at Mojuí dos 
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Campos (denominated in this study as School D) (Figure 1). An overview of the characteristics 

of these schools is shown in Table 1. The water at the schools is used for food preparation, 

washing of household utensils, in the toilets and as drinking water by school children and 

employees. The supply of drinking water after its underground capture is provided by tanks 

(water tanks) with a capacity of up to 1.500 L, which are located inside the schools and made 

of polyethylene and fitted with a lid. Water was sampled from a drinking fountain over a period 

of three months (one sampling day in February, March and April) in the rainy season and in 

another three months (one sampling day in September, October and November) in the dry 

season, between 2015 and 2017. Immediately preceding water sampling the drinking fountains 

were cleaned with 70% alcohol and then tapped and allowed to drain for one to two minutes, 

following specifications established by the Brazilian Ministry of Health – National Health 

Foundation of Brazil (FUNASA, 2006). The volumes of the collected samples were 100 mL 

for the bacteriological analyses, 1 L for the parasitological analyses, 200 mL for the 

physicochemical parameters, and 100 mL for chemical analyses. After collection, the samples 

were conserved in a cold thermal box (4°C) until the analyses were conducted.  

Table 1. Overview of schools in Santarém (A, B and C) and in Mojuí dos Campos (D) in the western 

region of the State of Pará, Amazon, Brazil. 

Characteristics School A School B School C School D 

Location Santarém city Santarém city Santarém city Mojuí dos Campos 

Number of 

students in 

2017 

823 306 1069 376 

Drinking water 

source 

Groundwater 

(30 m deep) – private 

well 

 

Groundwater 

(200 m deep) – 

COSANPA 

 

Groundwater 

(18 m deep) 

– private well 

 

Groundwater 

(202 m deep) municipal 

microsystem 

 

Water storage 

after 

underground 

collection 

Water tank 

 

Water tank 

 

Water tank 

 
Water tank 

Sewage 

treatment 

 

Septic tank Septic tank Septic tank Septic tank 

Distance of 

septic tank of 

school to 

groundwater 

well 

Approximately 15 m More than 50m 
Approximately 

15 m 
More than 50 m 

2.3. Water analyses  

The drinking water samples from the schools were analysed for microbiological 

characteristics (total coliform, E.coli, heterotrophic bacteria and parasites), physicochemical 

parameters (pH, turbidity, conductivity and alkalinity) and chemical composition (anions and 

trace elements). 

The microbiological analyses for total coliforms, E. coli and heterotrophic bacteria were 

carried out using a vacuum pump and the method of membrane filters following standard 

methods of FUNASA (2006), which consists of filtration of 100 ml of the water sample through 

a sterile membrane with 47 mm in diameter and a porosity of 0.45 µm. The membranes were 

then placed in Petri plates with a Rapid HiColiform Agar (Himedia®) culture media for growth 

of total coliforms and E.coli. Petri plates were incubated at 35°C for 24 ±2 hours in order to 

count Colony Forming Units (CFU) of total coliforms; after incubation, the colonies that grew 
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with blue-greenish coloration were considered as total coliforms. The Petri plates were 

incubated at 44°C for 24 ±2 hours for E. coli counting and after incubation, the Petri plates were 

exposed to ultraviolet light (366 nm, 6W) at a distance of 6 to 8 cm in a dark environment. A 

positive result was considered for E.coli when colonies in the fluorescent staining were 

detected. For the reading of heterotrophic bacteria, the result was considered positive when 

there was CFU present on the membrane after the pre-established conditions of incubation. 

Heterotrophic bacteria Petri plates were incubated for 35°C for 48 ± 3 hours with de media 

Plate Count Agar (Himedia®) for counting the colonies. The counting of heterotrophic bacteria 

includes the entire group of microorganisms that is capable of growing in a nutrient-rich solid 

medium agar.  

Parasitological analysis was performed using the spontaneous sedimentation method, for 

a determination of eggs, cysts and larvae of helminths and protozoa. For this analysis, 1L of the 

water sample was arranged in a sedimentation chalice, where it remained for a period of 24 

hours. Afterwards, 1 ml of the sediment material was deposited on a slide and stained with a 

drop of lugol solution (Neves, 2005; Ferreira et al., 2008; Julião, 2011). The material was then 

analysed under an optical microscope NIKON Model E200. 

The pH of the water was measured by the potentiometric method using a portable pH 

meter, Model HI 991 003 (Hanna®), at a temperature of 25-30°C, and water turbidity and 

conductivity were measured with the same equipment. Alkalinity was determined by titration 

measuring the amount of sulphuric acid used, and the calculation indicated the amount of 

carbonate and bicarbonate ions involved in the reaction expressed as mg.L of CaCO3 (Brazil, 

2006).   

Samples intended for chemical composition analyses were filtered through a 0.2 μm 

syringe filter and kept cooled (4°C) until analysis. Additionally, samples intended for trace-

element analysis by Inductively Coupled Plasma Mass Spectrometer (ICP-MS) were preserved 

with two drops of concentrated HNO3 at a pH of less than 2.  

The anion contents in water were analysed by Ion Chromatography in a Thermo Scientific 

Dionex ICS-5000 spectrophotometer. All the samples were analysed for fluoride (F⁻), chloride 

(Cl⁻), nitrite (N-NO₂⁻), nitrate (N-NO₃⁻), sulphate (SO₄²⁻), bromide (Br⁻) and phosphate       

(PO4
3-). For the anions, the following components were used: an IonPaC AS19 Capillary 

Column (0.4 x 250mm) in combination with the AG19 Guard Column (0.4 x 50 mm), Anion 

Capillary Electrolytic Suppressor (ACESTM 300) and Eluent Generator Cartridges for the 

generation of potassium hydroxide (KOH-) with concentrations between 2 and 50 mmol L-1. 

The runs lasted 30 min with a flow of 0.010 mL min -1 with the following concentrations’ slope: 

0-10 min (2-10 mmol L-1); 10-20 min (10-45 mmol L-1) and 21.1-30 min (2-2 mmol L-1). For 

cations, the components were as follows: IonPac CS12A Capillary Column (2 x 250 mm) in 

combination with the CG12A Guard Column (2 x 50 mm), Cations Capillary Electrolytic 

Suppressor (CCESTM 300) and Eluent Generator Cartridges (EGC) for the generation of 

methanesulfonic acid (MSA) at a concentration of 20 mmol L-1 and a flow 0.25 mL min-1 

throughout the 17 minutes of the run. For both determinations, the injection was made by the 

Automatic Sampling System (Dionex AS-AP) with a high-performance conductivity detector. 

Data were analyzed with the Chromeleon 6.8 software. For the equipment calibration, analytical 

curves were constructed for each of the ionic species, obtaining seven concentration points (in 

triplicate) for each curve at the following concentrations: 0.2; 0.4; 0.6; 0.8; 1.0; 2.0 and 3.0 mg 

L-1. The detection limits in mg L-1 were estimated to be 0.001 for F⁻; 0.015 for Cl⁻ and                        

PO4
3-; 0.005 for NO₂⁻ and Br ⁻; 0.003 for NO₃⁻ and 0.010 for SO₄²⁻. 

The concentrations of the 57 trace elements were determined in all water samples by ICP-

MS equipped with collision cell technology (CCT) (Xseries II Thermo Scientific), but only 16 

elements were quantified in this study: aluminium (Al); arsenic (As), boron (B), barium (Ba), 



 

 

7 Drinking water quality in schools … 

Rev. Ambient. Água vol. 13 n. 6, e2218 - Taubaté 2018 

 

calcium (Ca), cadmium (Cd), chromium (Cr), copper (Cu), iron (Fe), potassium (K), 

magnesium (Mg), manganese (Mn), sodium (Na), nickel (Ni), lead (Pb) and zinc (Zn). For 

quality control, all analyses were performed in triplicate and quality control of the 

measurements was carried out by the analysis of the reference material: River Water Reference 

Material for Trace Metals (SLRS-5). The detection limits in ng mL-1 were estimated to be 0.4 

for Al, 0.005 for As, 1.2 for B, 0.009 for Ba, 9.3 for Ca, 0.004 for Cd, 0.01 for Cr, 0.05 for Cu, 

29 for Fe, 47 for K, 0.2 for Mg, 0.03 for Mn, 2 for Na, 0.04 for Ni, 0.002 for Pb and 0.1 for Zn.  

2.4. Data analysis 

Element concentrations were examined by descriptive statistics and compared with the 

maximum values recommended by Brazilian Ordinance 2914 that provides guidelines for 

controlling and monitoring the quality of drinking water for human consumption in Brazil 

(Brazil, 2011). 

USEPA guidelines were used to quantify risk for human health considering the exposure 

through ingestion of groundwater in the schools (USEPA 1989; 1996). Human health risk 

assessment has become a widely applied methodology to quantify the risks derived from 

exposure to environmental pollutants (Turdi and Yang, 2016). The health risks include non-

carcinogenic and carcinogenic agents in drinking water for school children. 

The non-carcinogenic risks were assessed by estimating the Hazard Quotient (HQ) and 

Hazard Index (HI) for each school during six months. The HQ was calculated as the quotient 

between the environmental Daily Exposure (DE) dose and the Reference Dose (RfD), which 

was obtained from the Integrated Risk Information System (IRIS) in mg.Kg.day (USEPA, 

2014). The non-carcinogenic risk was calculated for chemicals that had their reference doses 

established by IRIS using the following Equation 1: 

𝐷𝐸 = 𝐶 ∗ 𝐶𝑜 ∗ 𝐸𝐹 ∗ 𝐸𝐷/ 𝐵𝑤 ∗ 𝐴𝑇               (1)                                 

In the equation, DE is the daily exposure doses through oral intake (mg Kg – day-1); C is 

the chemical concentration in water (mg L-1); Co is the volume of drinking water consumed by 

the children in one day (L); EF is exposure frequency in days; ED is the exposure duration in 

years; Bw is the average body weight in kg and AT is averaging time in days. Adopted values 

and description of the different parameters are shown in Table 2. 

The Hazard Quotient (HQ) values were obtained for a number of elements (Al; As; Ba; B; 

Cd; Cr; Cu; Mn; Ni; Zn) and for nitrate by the ratio between DE and their respective reference 

doses from IRIS (RfD). When the ratio exceeds the unit, it is characterized as a danger to human 

health, with the possibility of non-cancerous effects of human exposure to substances. 

Subsequently, the Hazard Index, defined as the total risk, was obtained by summing the HQ of 

each element. Values of the Hazard Index (HI) under unity are considered as safe. 

2.5. Ethical aspects 

The Research Ethics Committee of the State University of Pará (UEPA) approved this 

study in September 2015 with the register number 1.318.594. 
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Table 2. Input data for calculating the non-carcinogenic risk for school children from drinking 

water in schools in Santarém (A, B and C) and in Mojuí dos Campos (D) in the Santarém region, 

Amazon, Brazil. 

Parameters Values adopted Unit Reference data 

Mean concentration of chemical 

in drinking water (C) 

Results of present study mg L-1 Present study 

Daily water consumption by 

children (Co) 
1.26 L day USEPA (1996) 

Exposure frequency (EF) 275 days USEPA (1996) 

Exposure duration (ED) 06 years USEPA (1996) 

Body weight children (Bw) 15 kg USEPA (1996) 

Averaging time for non-

carcinogenic exposure (ATnc) 
ED x 275 (1650 days) days USEPA (1989) 

Reference Doses (RfD) from IRIS 

Al = 0.018 

As= 0.0003 

Ba and B= 0.2 

Cd = 0.0005 

Cr = 0.003 

Cu= 0.04 

Mn = 0.14 

Ni = 0.02 

Zn = 0.3 

N - nitrate = 1.6 

mg kg day USEPA (2014) 

3. RESULTS AND DISCUSSION 

3.1. Microbiological contamination 

Table 3 shows the results of microbiological analyses of 36 water samples from schools 

corresponding to dry and rainy seasons and indicates the growth of Colony Forming Units 

(CFU) per 100 ml water. The results showed the presence of heterotrophic bacteria in all 

samples whereas total coliforms were detected in 28 samples and E. coli in 16 samples. Cysts 

and parasites in water samples were not found. The concentrations of heterotrophic bacteria 

agree with Brazilian Ordinance 2914 (Brasil, 2011). The highest values were found in School 

A during the rainy season (240 to 1144 CFU/100 mL) and in School C during the dry season 

(396 to 1694 CFU/100 mL). These heterotrophic bacteria have no effects on human health, but 

are a good indicator of the quality of water (i.e., the lower the concentration of heterotrophic 

bacteria in drinking water the better its quality) (Brasil, 2011). 

Detection of total coliforms in schools was accentuated during the rainy season with 17 

positive samples compared to 11 samples in the dry season. Values of CFU varied widely 

between schools. The schools with shallower wells are more susceptible to the infiltration of 

soil contaminants that may increase during rainy periods. Some explanations can be raised for 

the growth of total coliforms in water samples. The proximity between wells and the septic 

tanks and the shallower depth of the wells in Schools A and C may favour the presence of 

coliforms and the higher value of CFU/100 mL. Septic tanks should be constructed in the lowest 

part of the area and at a minimum horizontal distance of approximately 16 m from the wells 

(USEPA, 2002). However, this criteria is not always followed at schools with shallower wells. 

Another explanation is the inadequate maintenance of water tanks in schools. The maintenance 

of these reservoirs in schools often does not follow a cleaning routine.  
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Table 3. Microbiological analyses of drinking water samples from Schools A, B and C in Santarém and D in Mojuí dos Campos during the dry and rainy 

seasons, Santarém region, Amazon, Brazil, and the reference values from Brazilian Ordinance 2914. 

Microbiological 

Parameters 

School A School B School C School D 
Reference value 

Ordinance 2914 

Samples with 

microbial 

growth 

CFU/ 

100 mL 

Samples 

with 

microbial 

growth 

CFU/ 

100 mL 

Samples with 

microbial 

growth 

CFU/ 

100 mL 

Samples with 

microbial 

growth 

CFU/ 

100 mL 
 

Dry season n=6  n=3  n=6  n=3   

Heterotrophic bacteria All samples 73 -724 All samples 220- 484 All samples 396 – 1694 All samples 132 -643 
< 50.000 

CFU/100 mL 

Total coliform  3 samples 04 -512 3 samples 01 - 06 2 samples 02 – 146 3 samples 01 – 14 Absence 

E. coli  Absence -- 2 samples 01- 02 Absence -- 3 samples 01 -02 Absence 

Parasites Absence -- Absence -- Absence -- Absence -- Absence 

Rainy season n=6  n=3 n=6  n=3   

Heterotrophic bacteria All samples 240 -1144 All samples 18 – 360 All samples 17 – 189 All samples 51 – 308 
< 50.000 

CFU/100 mL 

Total coliform 6 samples 02-348 2 samples 300- 973 3 samples 04 – 280 6 samples 01- 69 Absence 

E. coli 4 samples 02 - 07 1 sample 15 2 samples 01 - 163 4 samples 02 – 33 Absence 

Parasites Absence -- Absence -- Absence -- Absence -- Absence 
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The number of samples with E. coli was also higher during the rainy season, with 11 

positive samples but just 5 during the dry period. The presence of E.coli in water samples from 

schools is in disagreement with the Brazilian standards for potability as delineated in the Decree 

2914 (Brasil, 2011). E. coli is an excellent indicator of fecal contamination in water because it 

is a microorganism belonging to the intestinal microbiota of mammals and birds (Hunter, 2003). 

The origin of E.coli in water samples may be the same as that of the total coliforms, due to the 

proximity of the shallow well to the septic tank and the lack of adequate maintenance of the 

water tanks. The presence of these microorganisms in water suggests contact with fecal material 

and highlights the possibility that other fecal microorganisms could be present in the water (i.e., 

Cryptosporidium and hepatitis virus), indicating that the water is inadequate for human 

consumption and could cause health risks to school children, such as diarrhea, hepatitis and 

other gastric intestinal disturbances. More detailed research on this region also is recommended, 

since most studies in the Amazon region have been conducted to evaluate the presence of total 

coliforms and E.coli in surface waters such as rivers and streams (Aguiar et al., 2014; Azevedo, 

2006). 

3.2. Physical chemical parameters and chemical composition of drinking water 

The mean, minimum and maximum values of some physicochemical parameters in water 

from schools are presented in Table 4. Drinking water at temperatures between 25 - 30ºC was 

acidic with pH ranging from 4.2 to 5.2 at Schools A, B and C and 4.7 to 5.0 at School D. The 

values found for pH in all schools are below the recommended minimum of 6.0. The low pH 

of local groundwater may result from natural processes, such as partial solubilisation of 

siliciclastic rocks (e.g., sandstone of the Alter do Chão formation). Alternative processes like 

pyrite oxidation or acid rain, commonly found in industrial areas (Edmunds and Smedley, 

1996), are unlikely to occur in the region. Other studies have detected low groundwater pH 

(around 4.5 – 5.0) as a common feature in different places in the Amazon (Medeiros et al., 

2016; Mendes et al., 2017).  

The health effects of acidic water intake remain unclear. The WHO (2003) reported about 

skin and mucous irritation after exposure to acid water, but some gastric and intestinal 

disturbances are likely to occur. The acid drinking water may contribute to adverse health 

effects, since many minerals are soluble in acid water, thus releasing some toxic trace metals 

such as Al, Cd and Pb (Edmunds and Smedley, 1996). The solubility of Al is strongly pH-

dependent and significant environmental concentrations could be found below pH 5.5, where 

increasing concentrations are related to the solubility of microcrystalline gibbsite (Bache, 

1986). 

Water turbidity was very low for all samples and yielded no great variations between the 

schools. Potable water normally registers turbidity up to 5.0 NTU (Brasil, 2011).  

The highest water conductivity found in Schoolss A and C, with shallower wells, suggests 

a greater susceptibility to water contamination. There are no recommended values for 

conductivity in Brazilian legislation. Natural waters, in general, according the Environmental 

Company of the State of São Paulo (CETESB), show conductivity of 10 to 100 μS cm and the 

values increase in more-polluted waters when solid particles are added to water (CETESB, 

2009). Tancredi (1996) showed conductivity ranging from 11 to 28 μS cm in groundwater from 

Santarém. These figures are similar to those found in School D and lower than those found in 

Schoolss A and C. 

The alkalinity of water presented a wide variation among schools in the range of 3 to                     

40 mg L-1 of CaCO3. There is no recommendation for water alkalinity in Ordinance 2914; 

however, in general, water for human consumption should not exceed 120 mg/L of CaCO3. 

Below this limit, alkalinity has no sanitary significance, although at higher levels it can cause 

an unpleasant taste for consumers (CETESB, 2009). 
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Table 4. Mean, Minimum (Min) and Maximum (Max) of some physicochemical parameters in drinking 

water from Schools A, B and C in Santarém and D in Mojuí dos Campos. 

Parameters 
School A School B School C School D 

Mean Min Max Mean Min Max Mean Min Max Mean Min Max 

Dry season 

pH 4.2 3.8 4.8 4.6 4.3 5.0 4.5 4.0 5.0 5.0  4.3 5.8 

Turbidity (NTU) 0.2  0.1 0.5 0.5 0.4 0.6 0.1 0.1 0.2 0.6 0.2 1.5 

Conductivity  

(μS cm) 

99  88 131 57 32 81 67 22 126 27  16 59 

Alkalinity  

(mg L-1 of CaCO3) 

13  10 18 06 04 10 04 03 07 13  07 20 

Rainy season 

pH 4.3 4.1 4.8 5.2 4.6 6.0 4.6 4.0 5.4 4.7  4.4 4.9 

Turbidity (NTU) 0.2 0.1 0.6 0.7 0.2 1.7 0.1 0.1 0.2 0.3 0.1 0.7 

Conductivity  

(S cm) 

144  118 166 48 23 95 91 78 104 18  14 26 

Alkalinity  

(mg L-1 of CaCO3) 

08 03 11 30 15 40 24 13 35 11 10 12 

The mean, minimum and maximum concentrations of the most abundant anions in 

groundwater and the maximum value allowed by Brazilian Ordinance 2914 are shown in Table 

5. Concentrations of N-NO₂⁻, PO4
3- and Br- were below detection limits in all samples and were 

not registered in Table 5; the mean concentrations of F- were very low as well, but were included 

in the table. All anion concentrations were below the maximum limits of Ordinance 2914.  

Table 5. Mean, Minimum (Min) and Maximum (Max) values of anions (mg L-1) in water samples from 

Schools A, B and C in Santarém and D in Mojuí dos Campos and the reference values (mg L-1) from 

Brazilian ordinance 2914. 

School A School B School C School D 
Maximum limits 

Ordinance 2914 

Mean Min Max Mean Min Max Mean Min Max Mean Min Max  

Dry season  

0.02 0.02 0.04 LD LD LD LD LD LD 0.01 0.01 0.03 1.5 

11.2 11.1 11.4 1.8 1.7 2.2 4.0 1.3 9.2 2.0 2.0 2.0 250 

5.8 5.7 6.0 0.5 0.2 0.8 1.9 0.06 5.6 0.1 0.09 0.1 10 

6.8 6.7 7.2 0.3 0.1 0.6 0.2 0.1 0.4 0.75 0.7 0.8 250 

Rainy season  

0.02 0.02 0.03 LD LD LD 0.03 0.03 0.05 0.01 0.01 0.04 1.5 

14.2 12.5 15.1 2.5 1.5 4.4 9.1 7.4 12.6 2.3 2.3 2.3 250 

8.0 7.1 8.7 0.3 0.04 0.8 5.4 4.3 7.4 0.1 0.1 0.2 10 

8.6 7.6 9.5 0.8 0.1 2.0 0.5 0.4 0.51 0.6 0.6 0.6 250 

LD = below detection limit. 

The anion Cl- presented the greatest anion concentration in drinking water at all schools, 

in the range of 1.3 to 15.1 mg L-1, and SO4
2- yielded concentrations well below the 

recommended maximum. These findings are consistent with those reported by Tancredi (1996). 

Cl- and SO4²
- are widely distributed in the environment, including in waters, and no health-

based guideline value is proposed for chloride in drinking water (Tancredi, 1996). 

The concentrations of N-NO3
- were higher in drinking water from Schools A and C (mean 

values 1.9 and 8.0 mg L-1) than at Schools B and D (mean values between 0.1 and 0.5 mg L-1) 
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with deeper wells, and the highest concentrations were found in the rainy season. 

Contamination by N-NO₃⁻ in groundwater is possible due to deficient sanitation systems, based 

on increasing use of septic tanks in areas of high population density (Vanier et al., 2010). The 

proximity (less than 16 m) between the wells and the septic tanks in Schools A and C may 

explain this finding. In the Santarém region, Tancredi (1996) found low values for N-NO₃⁻ up 

to 3.32 mg L-1 in groundwater. These values are greater than our results for drinking water from 

deep wells (Schools B and D) and lower than those found from shallow wells (Schools A and 

C). Medeiros et al. (2016) found high concentrations of N-NO3⁻ in shallow wells (7.7 – 61.35 

mg L-1) in riparian communities that were exposed to domestic and industrial pollutants 

elsewhere in the Amazon region.  

The toxicity of N-NO3
- is mainly attributable to its reduction to nitrite in the human body 

and the major biological effect of nitrite is its involvement in the oxidation of normal 

Haemoglobin (Hb) to methaHb (haematological disturbance), which is unable to transport 

oxygen to tissues (WHO, 2011). The Hb of infants is more susceptible to conversion to metHb 

and the reduced oxygen transport becomes clinically manifest; the condition, called 

“methemoglobinemia”, causes cyanosis. In addition, nitrite was shown to react with 

nitrosatable compounds in the human stomach to form N-nitroso compounds, which have been 

demonstrated to be carcinogenic in tested animal species, although some of the most readily 

formed compounds, such as N-nitrosoproline, are not carcinogenic in humans (WHO, 2011).  

Mean concentrations of trace elements as well as maximum and minimum contents in 

drinking water from the schools are shown in Table 6.  

The concentrations of cations in the samples of Schools A and C were, in descending order, 

Na> Ca> K> Mg> Al; and in the samples of Schools B and D the order was Na> K> Ca> Mg> 

Al. Cations are commonly found in compounds in acceptable concentrations in the chemical 

constitution of natural waters (Edmunds and Smedley, 1996), and these elements are essential 

for human health, since they play important roles in cellular metabolism and physiology 

(Bowman et al., 2003). Water is an important source of these elements, and Ordinance 2914 

does not set recommended maximum limits for Ca, K and Mg, but only for Na and Al. The 

acceptable limit of Na in water is based on the taste it can confer, since water with high 

concentrations of Na becomes brackish and is not recommended for human consumption. The 

Na levels in the water samples are acceptable and at higher concentrations in Schools A and C. 

Similarly, concentrations of Ca, K, Mg and Al were higher in shallower well samples. The 

concentrations of these chemical compounds, with the exception of Al, in schools with deep 

wells (B and D) were very similar to those found by Tancredi in 1996. The results suggest that 

the shallow wells of the schools were more susceptible to contamination by these elements and 

it is recommended to conduct periodic monitoring of the quality of drinking water in these 

schools. 

The concentrations of trace elements are below the maximum limits recommended by the 

Ordinance 2914, except for Al at Schools A (414-672 ng ml-1) and C (71-1370 ng ml-1). The 

concentration of Al exceeded the recommended concentrations in all samples of School A and 

in four samples (out of the six analysed) of School C. The rather high concentration of Al in 

water samples from Schools A and C could be associated with natural process, i.e., interaction 

between water and rocks in the upper portion of the Alter do Chão geologic formation; 

moreover, when the pH value of the water is below 5.5, the chances of solubilization of Al in 

water increases substantially (Bache, 1986). Soils rich in organic matter and acids (pH below 

5.5) also favor Al mobility and solubility, especially in areas with acidic rainfall and mining 

(Bache, 1986).  
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Table 6. Mean, Minimum (Min) and Maximum (Max) concentrations of trace elements (ng ml-1) in drinking water from Schools A, B, C and D in the 

Santarém region, State of Pará, Amazon and the maximum value allowed (ng ml-1) by Brazilian Ordinance 2914.  

Trace 

elements 

School A School B School C School D Maximum value Brazilian 

Ordinance 2914 Mean Min Max Mean Min Max Mean Min Max Mean Min Max 

Dry season  

Al 429 414 429 92 32 184 510 71 1370 39 37 41 200 

As 0.04 0.02 0.06 0.008 0.008 0.02 0.01 0.01 0.04 0.01 0.01 0.02 10 

B 8.4 7.5 9.3 LD LD LD LD LD LD LD LD LD -- 

Ba 6.6 6.1 7.4 33.8 31.8 36.2 21.4 13.6 26.0 19.1 18.5 19.4 700 

Ca 4271 4080 4387 234 158 383 1231 885 1691 130 121 153 -- 

Cd 0.004 0.002 0.007 0.01 0.01 0.02 0.007 0.004 0.01 0.02 0.02 0.01 5.0 

Cr 0.02 0.02 0.04 0.05 0.04 0.07 0.14 0.04 0.3 0.04 0.03 0.05 50 

Cu 6.1 4.8 7.6 32.2 24.6 58.0 1.9 1.5 2.2 9.3 2.8 27.1 2000 

Fe LD LD LD 8.3 6.2 11.5 9.6 8.0 12.0 LD LD LD 300 

K 2177 2139 2217 1386 1333 1476 955 530 1778 144 138 152 -- 

Mg 593 585 612 172 150 207 564 469 679 116 115 119 -- 

Mn 10.8 10.5 11.0 5.5 5.0 6.4 7.9 6.2 11.2 4.2 4.01 4.2 100 

Na 1034 10440 10055 1225 860 1832 3733 970 9257 853 832 870 200000 

Ni 0.1 0.07 0.16 0.62 0.3 1.1 0.38 0.37 0.40 LD LD LD 70 

Pb 2.9 0.4 10 2.8 1.6 1.8 0.9 0.2 2.2 0.38 0.17 1.08 10 

Zn 11.3 9.68 16.89 50.5 18.4 93.7 4.3 3.2 5.7 11.1 6.9 23.3 5000 

Rainy season  

Al 625.3 586 672 53.4 36.0 83.0 1045 868 1353 43 37 54 200 

As 0.07 0.05 0.1 0.01 0.01 0.02 0.1 0.06 0.2 0.02 0.02 0.05 10 

B 6.8 6.4 7.3 2.3 1.7 2.6 3.4 2.6 3.8 LD LD LD -- 

Ba 6.6 6.1 7.1 35.4 32.7 39.7 11.0 9.2 13.7 19.3 17.9 20.2 700 

Ca 5675 5395 6109 337 163 613 1579 1223 2240 156 146 178 -- 

Cd 0.013 0.008 0.01 0.02 0.01 0.03 0.03 0.01 0.04 0.006 0.003 0.006 5.0 

Cr 0.06 0.06 0.08 0.06 0.05 0.08 0.11 0.10 0.12 0.03 0.03 0.04 50 

Cu 6.9 6.02 7.8 67.4 23.8 137 5.0 2.1 10.1 9.3 4.27 14.8 2000 

Fe LD LD LD 5.0 4.1 6.3 4.2 2.5 6.9 LD LD LD 300 

K 2661 2585 2840 1530 1378 1458 1503 1190 1977 168 162 185 -- 

Mg 771 744 811 202 153 289 437 375 561 140 134 144 -- 

Mn 11.4 10.5 11.9 6.3 5.1 8.0 9.4 8.1 11.6 4.5 4.4 4.6 100 

Na 13087 12649 13817 1760 905 3456 8337 6400 11760 944 916 981 200000 

Ni 0.3 0.2 0.3 1.1 0.9 2.0 0.2 0.2 0.3 0.1 0.1 0.1 70 

Pb 0.74 0.55 1.1 5.4 1.8 9.5 5.9 3.2 9.6 0.3 0.29 0.34 10 

Zn 11.9 10.6 14.8 110 42.6 222 3.7 3.3 4.1 9.5 7.2 11.8 5000 

LD = below detection limit.
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According to the Agency for Toxic Substances and Disease Registry (ATSDR), 

neurological effects and Alzheimer’s disease have been associated with oral exposure to Al, 

(ATSDR, 2008). Although there is evidence for this association, as proposed over 40 years ago, 

it is still controversial. Studies indicated a weak association between elevated intake doses of 

Al and increasing risk of neurological dysfunction and Alzheimer’s disease (Walton, 2014). 

Alzheimer’s disease is a human form of chronic Al neurotoxicity (Walton, 2014). However, 

according to ATSDR (2008), the absorption of Al is low through the human intestinal system, 

generally in the range of 0.1–0.4%, and therefore oral exposure should be not be harmful. In 

children, the effects may be higher, especially in individuals with pathologies associated with 

the renal system. In these cases, bone damage may also occur, since excess Al may limit 

phosphate absorption, which is necessary for bone maintenance and is an important concern in 

growing children (ATSDR, 2008).  

3.3. Human health risk assessment 

Human health risk assessment associated with the ingestion of groundwater is important 

due to the increased demand for drinking water from the Alter do Chão aquifer in the Santarém 

region, and disorganized growth and lack of sound sanitary measures in the region could affect 

groundwater quality. With the values obtained from the environmental Daily Exposure and 

Reference Dose, we estimated the non-carcinogenic risks through the HQ and HI for each 

school during six months. Input values of exposure were assumed, aiming to quantify and 

indicate the contaminants as a priority for health in drinking water (Castilhos et al., 2014). 

Table 7 shows the Hazard Quotient (HQ) for a number of metals and nitrate exposure 

through water consumption for children in schools and their respective Hazard  Index (HI) (sum 

of the HQs). The non-carcinogenic risk associated with water intake in schools had a HI>1 for 

Schools A (2.84) and C (3.62). The drinking water in Schools B (0.48) and D (0.21) was 

considered safe according to the methodology adopted and does not show a risk for children. 

Aluminium presented HQ> 1 in Schools A and C and was the chemical compound that most 

contributed to the HI with 86.2% and 94.6%, respectively. The second chemical element with 

the greatest contribution to the HI in Schools A and C was nitrate with 12.7% and 4.9%, 

respectively. The values found for the non-carcinogenic daily exposure (DE) values for As, Cd 

and Cr were less than 3.9 x 10-6 mg kg day in schools due to the very low concentration of these 

elements in drinking water. Consequently, non-carcinogenic and carcinogenic risks were 

considered to be absent for these elements in the present study. 

The methodology of health risk assessment has been used mainly due to exposure by 

contaminants from surface waters (USEPA, 1989; 1996), whereas groundwater is less 

frequently considered. In the Santarém region, to date, no reports of this type of methodology 

applied to chemical contaminants have been published. Castilhos et al. (2014) assessed the 

potential health risk to exposure groundwater for Ni, Hg, Zn, B and Ba in 12 groundwater wells 

in urban area of the city Capitão Gervásio (Piauí State, northeast of Brazil), and found a non-

carcinogenic risk HQ>1 for Ni. The presence of Ni in regional geology may have favoured the 

occurrence of hydrogeochemical anomalies or contamination from the soil in inadequate well 

constructions. Turdi and Yang (2016) assessed exposure to chemical contaminants through 

groundwater wells in four agricultural and pasture regions of China for children and adults and 

found more severe (carcinogenic and non-carcinogenic) risks for children. The authors found 

that non-carcinogenic risk was primarily associated with Zn and the carcinogenic risk was due 

to Cr, As and Cd. The hazard ratio was higher in agricultural areas, especially because of the 

high concentrations of As and Cr in the sampled wells. 

The methodology mentioned above deals with the generation of numerical indices of 

critical areas and should be prioritized in public health and environmental control programs. 

The current results showed that groundwater of the most superficial layers of the Alter do Chão 
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aquifer might be a matter of concern for local governments, especially for Al and nitrate 

contents.  

Table 7.  Hazard Quotient (HQ) due to oral exposure (ingestion) of some trace elements and 

nitrate in water in schools and the respective Hazard Index (HI). 

 HQ School A HQ School B HQ School C HQ School D 

Al 2.45 0.33 3.40 0.19 

B 0.003 0.0004 0.0009 0.0003 

Ba 0.002 0.010 0.007 0.008 

Cu 0.013 0.10 0.007 0.01 

Mn  0.006 0.003 0.005 0.002 

Ni 0.0008 0.003 0.001 0.0004 

Zn 0.006 0.02 0.001 0.002 

N-Nitrato 0.36 0.02 0.20 0.005 

HI 2.84 0.48 3.62 0.21 

4. CONCLUSIONS 

These results for drinking water quality from schools in Santarém and Mojuí dos Campos, 

Brazilian Amazon, allow us to make a series of conclusions and recommendations about how 

the quality of the water in this region should be managed. 

The bacterial contamination (total coliforms and E. coli), especially during the rainy season 

of water samples from urban Schools (A and C), with shallower wells, show inconsistencies 

with the Brazilian Ordinance 2914 and expose school children to risks such as acute diarrheal 

diseases. Furthermore, the detection of E.coli in water samples from all schools indicates fecal 

contamination, suggesting that new microorganisms should be investigated such as hepatitis A 

virus and Cryptosporidium. The lack of maintenance and correct sealing of water tanks is a 

probable explanation for bacterial contamination in some water samples from wells of different 

depths in these schools. These results suggest that, to avoid these implications, schools should 

use chlorine-diluting pumps in their water supply systems, as well as establish a cleaning 

routine for the water tanks based on recommendations of the Brazilian Sanitary Surveillance 

Agency (ANVISA).  

Determination of physicochemical parameters indicates that the water consumed in 

schools is acidic and confirmed results found in other studies in the Amazon region. The acid 

water may induce gastric and intestinal dysfunctions for school children, and favour the 

solubility of other toxic substances at the water source and along the course of groundwater. 

The chemical analyses showed low concentrations for most chemicals at levels below the 

recommended values in the Brazilian legislation. However, aluminium concentrations in water 

yielded values up to 5 times higher than the reference values of Ordinance 2914 in samples 

from schools with shallower wells in Santarém (Schools A and C). The prolonged exposure to 

high concentrations of aluminium in water may lead to some neurological implications, and in 

this case, the results of this study are preliminary, and it is suggested that future epidemiological 

studies are necessary in schools in the Santarém region, especially those with shallow wells. 

These future studies will serve to expand this debate and promote future interventions in the 

field of public and environmental health in this region. The acidic pH of the drinking waters 

and the presence of aluminium is probably related to natural processes of interaction between 

rock and water from the shallower layers of the aquifer system Alter do Chão. Nitrate 

concentrations in water yielded higher values in shallower well samples, up to 62 times higher 

than water from samples from deeper wells, and the presence of nitrate indicates a deficiency 

in sanitation that may lead to adverse implications for children's health, such as infant 
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methemoglobinemia.  

The evaluation of the health risk for children in schools, assessed through the ingestion of 

water, showed a non-carcinogenic risk only for schools with shallower wells located in 

Santarém. At these schools, the chemical compound that most contributed to risk was 

aluminium, followed by nitrate. In schools with deeper wells, the value of the hazard index 

remained below 1, evidencing the absence of risk for the evaluated elements. These results are 

preliminary for schools from the Santarém region, and they represent an important contribution 

to a necessary debate for future interventions in the field of public and environmental health in 

this region. 

The current research shows unprecedented results related to the quality of groundwater 

from the Alter do Chão aquifer and its relation to human health in the region of Santarém. We 

emphasize the importance of implementation of control actions and monitoring of water quality, 

especially at localities where groundwater is collected from shallower wells that put the health 

of the population that use these waters at risk.  
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ABSTRACT 
This work applied the coupled horizontal two-dimensional hydrodynamic circulation 

model (2DH) and the vertically integrated water quality model for non-conservative and passive 

scalars to the Rio Verde reservoir in the state of Paraná, Brazil, to simulate flow, temperature 

and water quality parameters. The water quality model uses the same spatial grid applied for 

the hydrodynamics model. Flow velocities and turbulence coefficients previously defined in 

the hydrodynamics model can be used directly in the water quality model. Modeling results 

were compared to field data for a period of 308 days, from February 27th 2010 and December 

31th 2010. Field data included water and air temperature, wind, relative humidity, radiation, 

discharges and concentration values of some substances in the tributaries of the reservoir. The 

results indicated that hydrodynamic circulation and, consequently, horizontal transport, are 

strongly dependent on the wind. Inflows/outflows generated a localized circulation. The results 

for the temperature and dissolved oxygen concentration were compared with field measures 

and a satisfactory consistency was achieved. Despite the errors associated with boundary 

conditions, the models demonstrated their potential to adequately simulate the data set collected 

from the reservoir. 

Keywords: hydrodynamic circulation, Rio Verde reservoir, water quality models. 

Acoplamento entre modelos de circulação de hidrodinâmica e de 

qualidade da água aplicado ao reservatório do Rio Verde, Brasil  

RESUMO 
No presente trabalho, os modelos de circulação hidrodinâmico bidimensional horizontal 

(2DH) e de qualidade da água integrados na direção vertical, para escalares não conservativos 

e passivos, são resolvidos de forma acoplada e aplicados ao reservatório de Rio Verde, 

localizado no estado do Paraná, Brasil, para simular a circulação e parâmetros qualidade da 

água no reservatório de Rio Verde. O modelo de qualidade da água utiliza a mesma grade 

espacial aplicada ao modelo hidrodinâmico. As velocidades e os coeficientes de relacionados à 

turbulência, previamente definidos no modelo hidrodinâmico, podem ser utilizados diretamente 

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.2244
mailto:cynara@ufpr.br
mailto:gabrielapaco@yahoo.com.br
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no modelo de qualidade da água. Os resultados de modelagem foram comparados com dados 

de campo para um período de 308 dias, de 27 de fevereiro de 2010 a 31 de dezembro de 2010. 

Dados de campo incluem temperatura da água e do ar, vento, umidade relativa, radiação, vazões 

e valores de concentração de algumas substâncias nos afluentes do reservatório de Rio Verde. 

Os resultados mostram que a circulação hidrodinâmica e, consequentemente, o transporte 

horizontal, são fortemente dependentes do vento. As vazões afluentes/efluentes geram uma 

circulação localizada, restrita as regiões próximas às embocaduras. Os resultados de 

temperatura e da concentração de oxigênio dissolvido obtidos pelo modelo foram comparados 

com dados medidos, mostrando uma concordância satisfatória. Apesar dos erros associados às 

condições de contorno, os modelos demonstraram seu potencial para simular adequadamente o 

conjunto de dados coletados do reservatório. 

Palavras-chave: circulação hidrodinâmica, modelos de qualidade da água, reservatório do Rio Verde. 

1. INTRODUCTION 

Reservoirs are complex environments which create interdependent relationships between 

their tributaries (rivers and streams that contribute for reservoir discharge) and the watershed 

environmental conditions, which are strongly influenced by water resources uses. By reducing 

rivers’ velocities with dams, lentic environments can be created which can in turn drastically 

alter the original conditions of the rivers with greater flow (lotic environments). In this context, 

the importance of limnological studies aiming at understanding the transport and mixing 

mechanisms of substances in lentic environments is emphasized.  

Quantitative water quality modeling is a major challenge of these studies, due to the need 

for interdisciplinary approaches that involve advective-diffusive mechanisms and physical, 

chemical and biological processes in substance transportation. As a consequence, the 

development of mathematical models to quantify these processes has been the subject of intense 

research in the last decades. System complexity should be taken into account during the 

modeling process, ensuring that it has the capacity to model the environmental behavior and 

evaluate its several effects. Numerical models have been used as a scientific and managerial 

tool for analyzing temporal-spatial distributions of non-conservative water quality parameters. 

Among many works, the following deserve to be mentioned: Deus et al. (2013) show the 

application of the CE-QUAL-W2 model in the Tucurui reservoir in Brazil for different 

pisciculture scenarios. Using the same model, Kuo et al. (2006) simulated water quality changes 

at temperate and sub-tropical reservoirs in Taiwan. Liu et al. (2008) published a study 

describing a 2-D coupled model of hydrodynamics and water quality applied to Yuqiao 

reservoir in China, developed to compute the hydrodynamic field and the variations of total 

phosphorus and total nitrogen.  

The Rio Verde reservoir is located in the Metropolitan Region of Curitiba (RMC), in the 

state of Paraná, Brazil. Based on collected data included in the work by Carneiro et al. (2014), 

one can notice that the Rio Verde reservoir presented a moderately degraded environment. In 

2005, an algae bloom of Cylindrospermopsis reciborskii was recorded, reaching 96,489 

cells.mL-1. The Rio Verde reservoir has a dynamic system of stratification characterized by a 

reasonable stratification in the summer and a mixed water column in the winter. Due to the 

shallow depths, it is expected that the currents flowing can be well represented by depth-

averaged variables.  

Therefore, the purpose of this study was to use the hydrodynamic and water quality models 

of the SisBAHIA®, in coupled form, to simulate flow, temperature and water quality parameters 

in the Rio Verde reservoir. The advantage of coupling the two models, as developed in the 

current work, appears in the determination of the flow velocities and turbulence coefficients, 
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which is done previously in the hydrodynamic model, and can be used directly in the water 

quality model. For this reason, the size of the system to be solved and, consequently, the 

computational effort, are reduced when compared to other schemes.  

The SisBAHIA® (in Portuguese, Sistema Base de Hidrodinâmica Ambiental) is the 

Hydrodynamic Environmental System developed by the Coastal and Oceanographic 

Engineering Department, Oceanic Engineering Program, Federal University of Rio de Janeiro 

(COPPE/UFRJ). In the present work, only the water quality model of SisBAHIA® is shown. 

Further information about the hydrodynamic model of SisBaHiA® can be obtained through: 

www.sisbahia.coppe.ufrj.br.  

2. MATERIALS AND METHODS 

The water quality model of SisBaHiA® (MQA) is an Eulerian advective-diffusive transport 

model vertically integrated for non-conservative scales; in other words, the variability of 

substances concentrations is a result of physical, chemical and biological processes.  

In the discretization of time and space, the SisBaHiA® adopts the finite difference method 

and the finite element method, respectively. The MQA uses the same spatial grid applied for 

the hydrodynamics model and different time-step lengths can be employed in analyses. Flow 

velocities and turbulence coefficients, previously defined in the hydrodynamics model, can be 

used directly in the water quality model. The advective mechanism is related to flow velocities 

and can be estimated through hydrodynamic models, which represent an important previous 

procedure for water quality models’ input data. The time step of the two-dimensional 

hydrodynamic model was 30s with an average Courant number of 4.0. The time step of the 

MQA was 60s. 

The MQA is able to simulate the oxygen, nitrogen and phosphorus cycles, as well as 

temperature and salinity parameters due to their strong influence in kinetic processes (Sellers, 

1965). Overall, 11 water quality parameters can be evaluated, namely: Salinity, Temperature, 

Dissolved Oxygen (DO), Biochemical Oxygen Demand (BOD), Organic Nitrogen, Ammonia 

Nitrogen, Nitrate Nitrogen, Chlorophyll_a, Herbivore Zooplankton, Organic Phosphorus and 

Inorganic Phosphorus. The MQA uses an Eulerian approach by the finite element mesh, 

previously defined in the hydrodynamic model. With this condition it is possible to share the 

same flow velocity components, wind velocity and geometric characteristics. The spatial 

discretization employs, mainly, squared biquadratic finite elements (Rosman, 2016).   

2.1. Mathematical model 

In the MQA, the mass-balance equation for a non-conservative substance is applied 

considering depth-integrated Cartesian System (x, y) aligning in the east, north and vertical 

directions for three transport mechanisms: the advective term, the diffusive term, and the kinetic 

processes. The mass-balance equation is expressed by Equation 1, as defined by Sheng and 

Villaret (1989): 

𝜕𝐶𝑚

𝜕𝑡
+ 𝑈𝑖

𝜕𝐶𝑚

𝜕𝑥𝑖
=

1

𝐻

𝜕

𝜕𝑥𝑗
(𝐻 [𝐷𝑖𝑗𝛿𝑗𝑘 +

𝛬𝑘
2

12
|

𝜕𝑈𝑗

𝜕𝑥𝑘
|]

𝜕𝐶𝑚

𝜕𝑥𝑘
) + ∑ 𝑅𝑚         (1) 

In Equation 1, Cm is the concentration of m substance (mg L-1); t is the time (s); Ui 

represents the depth-averaged components of the horizontal velocity (U and V) (m s-1); H is the 

water depth (m); Dij is the turbulent viscosity coefficient of mass (m2 s-1); δjk is the Kronecker 

delta; Λk represents the widths of the spatial and temporal Gaussian filters; and Rm represents 

the kinetic processes of substance production and consumption. In Equation 1, i, j = 1,2 and k 

= 1, 2, 3, with k = 3 corresponding to time t. The following interpretation is valid for the index 

coefficient Cm: C1 = ammonia nitrogen (mg N L-1), C2 = nitrate nitrogen (mg N L-1), 

http://www.sisbahia.coppe.ufrj.br/
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C3 = inorganic phosphorus (mg P L-1), C4 = Herbivore Zooplankton (mg C L-1), 

C5 = biochemical oxygen demand (mg O2 L-1), C6 = dissolved oxygen (mg O2 L-1), 

C7 = organic nitrogen (mg N L-1), C8 = organic phosphorus (mg P L-1), C9 = Chlorophyll_a (μg 

L-1), CT = temperature (0C) and CS = salinity (psu). 

The MQA is coupled with the SisBaHiA® hydrodynamic model to provide the advective 

and diffusive terms in the mass-balance equation. The kinetic processes in MQA were obtained 

according to the Equations 2, 3, 4, 5, 6, 7, 8, 9 and 10 below (Sheng et al., 1996).  

C1: Ammonia nitrogen 

𝛴𝑅1 = 𝑟𝑛𝑎𝑘𝑟𝑎(1 − 𝑓𝑜𝑛)𝐶9 +
𝑟𝑛𝑎

𝑟𝑐𝑎
𝑘𝑟𝑧(1 − 𝑓𝑜𝑛)𝐶4 + 𝑟𝑛𝑎𝑘𝑒𝑎(1 − 𝑓𝑜𝑛)𝐶9 + (

𝑟𝑛𝑎

𝑟𝑐𝑎
) 𝑘𝑒𝑧(1 − 𝑓𝑜𝑛)𝐶4 −

𝐶1

(𝑘𝑎𝑚+𝐶1)
𝑟𝑛𝑎𝑓𝑢𝑁𝑘𝑔𝐶9 + 𝑘71𝐶7 − 𝑘12𝐶1            (2) 

C2: Nitrate nitrogen 

𝛴𝑅2 = 𝑘12𝐶1 − 𝑘2𝐷𝐶2 − (1 −
𝐶1

(𝑘am+𝐶1)
) 𝑟na𝑓𝑢𝑁𝑘𝑔𝐶9             (3) 

C3: Inorganic phosphorus 

𝛴𝑅3 = 𝑟𝑝𝑎𝑘𝑟𝑎(1 − 𝑓𝑜𝑝)𝐶9 + (
𝑟𝑝𝑎

𝑟𝑐𝑎
) 𝑘𝑟𝑧(1 − 𝑓𝑜𝑝)𝐶4 + 𝑟𝑝𝑎𝑘𝑒𝑎(1 − 𝑓𝑜𝑝)𝐶9 + (

𝑟𝑝𝑎

𝑟𝑐𝑎
) 𝑘𝑒𝑧(1 − 𝑓𝑜𝑝)𝐶4 −

𝑟𝑝𝑎𝑓𝑢𝑃𝑘𝑔𝐶9 + 𝑘83𝐶8 −
𝑣𝑓𝑟

𝐻
𝐶      (4) 

C4: Herbivore zooplankton 

𝛴𝑅4 = 𝑟ca𝐸𝑧𝑘gz𝐶9𝐶4 − 𝑘rz𝐶4 − 𝑘𝑒𝑧𝐶4 − 𝑘𝑔𝑧𝑐𝐶4      (5) 

C5: BOD - Biochemical oxygen demand 

𝛴𝑅5 = −𝑘𝐷𝐶5 −
𝑣𝑠3(1−𝑓𝐷5)

𝐻
𝐶5 + 𝑟𝑜𝑐𝑟𝑐𝑎(1 − 𝐸𝑍)𝑘𝑔𝑧𝐶9 + 𝑟oc𝑟ca𝑘𝑒𝑎𝐶9 + 𝑟𝑜𝑐𝑘𝑒𝑧𝐶4       (6) 

C6: DO - Dissolved oxygen 

𝛴𝑅6 = 𝑘𝑎(𝑂𝑠 − 𝐶6) − 𝑘𝐷𝐶5 − 𝑟𝑜𝑛𝑘12𝐶1 + 𝑟oc𝑟ca𝑘𝑔𝐶9 − 𝑟𝑜𝑐𝑟𝑐𝑎𝑘𝑟𝑎𝐶9 − 𝑟𝑜𝑐𝑘𝑟𝑧𝐶4 −
𝑆𝑂𝐷

𝐻
                    (7) 

C7: Organic nitrogen 

𝛴𝑅7 = −𝑘71𝐶7 −
𝑣𝑠3(1−𝑓7)

𝐻
𝐶7 + 𝑟𝑛𝑎(1 − 𝐸𝑧)𝑘𝑔𝑧𝐶9𝐶4 + 𝑟𝑛𝑎𝑘𝑟𝑎𝑓𝑜𝑛𝐶9 + (

𝑟𝑛𝑎

𝑟𝑐𝑎
) 𝑘𝑟𝑧𝑓𝑜𝑛𝐶4 +

𝑟𝑛𝑎𝑘𝑒𝑎𝑓𝑜𝑛𝐶9 + (
𝑟𝑛𝑎

𝑟𝑐𝑎
) 𝑘𝑒𝑧𝑓𝑜𝑛𝐶4                     (8) 

C8: Organic phosphorus 

𝛴𝑅8 = 𝑟𝑝𝑎𝐾𝑟𝑎𝑓𝑜𝑝𝐶9 + (
𝑟𝑝𝑎

𝑟𝑐𝑎
) 𝐾𝑟𝑧𝑓𝑜𝑝𝐶4 + 𝑟𝑝𝑎𝐾𝑒𝑎𝑓𝑜𝑝𝐶9 + (

𝑟𝑝𝑎

𝑟𝑐𝑎
) 𝐾𝑒𝑧𝑓𝑜𝑝𝐶4 + 𝑟𝑝𝑎(1 − 𝐸𝑧)𝐾𝑔𝑧𝐶9𝐶4 −

𝐾83𝐶8 −
𝑣𝑠3(1−𝑓𝐷8)

𝐻
𝐶8                   (9) 

C9: Chlorophyll_a 

𝛴𝑅9 = 𝑘𝑔𝐶9 − 𝑘𝑟𝑎𝐶9 − 𝑘𝑒𝑎𝐶9 − 𝑘𝑔𝑧𝐶9 −
𝑣𝑠

𝐻
𝐶9          (10) 
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The coefficients used in the model are given in Table 1. In the MQA two different types 

of horizontal boundaries are considered: land boundaries and open boundaries. The land 

boundaries, in general, represent the water body margins and points with inflows or outflows, 

such as rivers, streams, surface water abstraction points, among others. The open boundaries 

represent the water domain limits of the study area. The prescription of normal fluxes in this 

model is associated with land boundaries. Along open boundaries, it is usual to neglect the 

diffusive fluxes; the model computes the mass balance equation with no diffusive terms. 

The numerical implementation of the two models, hydrodynamic and water quality, are 

not discussed here; the interested reader is referred to Rosman (2016) for additional information 

concerning the hydrodynamic model. The numerical model developed for the advective and 

diffusive transport is described in detail by Cunha et al. (2002).  

Table 1. Parameters employed in the water quality model and values adopted in the Rio Verde 

reservoir analysis.  

kg - Phytoplankton growth rate (d-1)  2.0 

ksN - Half-Saturation Constant for Nitrogen (µgN L-1) 25.0 

ksP - Half-Saturation Constant for Phosphorus (µgP L-1) 20.0 

Is - Optimal light level (ly d-1) 250.0 

ksa - Half saturation constant for predation of zooplankton on algae (µgChla L-1) 15.0 

kgz - Grazing rate (m3 gC-1 d-1) 1.0 

kra -Phytoplankton losses due to respiration and excretion (d-1) 0.05 

krz - Zooplankton losses due to respiration and excretion (d-1) 0.01 

Er - Efficiency predation of zooplankton on algae 0.6 

kgzc - Predation losses rate (d-1) 0.01 

f0n - Fraction of death and respiration of phytoplankton recycled to organic nitrogen 0.5 

Kam - Half-saturation constant for preference of Ammonia Nitrogen (μgN L-1) 50.0 

roc - Oxygen amount consumed in the decomposition of one gram of organic carbon (gO gC-1) 2.67 

rpa - Ratio of Phosphorus to chlorophyll in the phytoplankton (gP gChla-1) 1.0 

rna - Ratio of Nitrogen to chlorophyll in the phytoplankton (gN gChla-1) 7.2 

rca - Ratio carbon/chlorophyll in phytoplankton cells (gC gChla-1) 50.0 

fD5 - BOD fraction dissolved in the water column 0.5 

fD7 - Fraction of dissolved organic nitrogen in the water column  1.0 

fD8 - Fraction of dissolved organic phosphorus in the water column 0.85 

fop - Fraction of dead and respired of phytoplankton in phosphorus cycle  0.5 

k12 - Nitrification coefficient (d-1) 0.1 

k2D - Denitrification coefficient (d-1) 0.1 

k71 - Organic nitrogen mineralization coefficient (d-1) 0.03 

k83 - Organic phosphorus mineralization rate (d-1) 0.03 

ka - Reaeration coefficient (d-1) 1.38 

kD - Deoxygenation coefficient (d-1) 0.2 

kDBO - Half saturation constant for oxidation of BOD (mgO2 L-1) 0.5 

knit - Half-saturation constant for DO limitation in the nitrification process (mgO2 L-1) 0.5 

kno3 - Half-saturation constant for DO limitation in the denitrification process (mgO2 L-1) 0.1 

kea - Phytoplankton mortality rate (d-1) 0.1 

kez - Zooplankton mortality rate (d-1) 0.005 

SOD - Sediment oxygen demand (gO2 m-2 d-1) 1.0 

vs3 - Organic matter settling velocity (m d-1) 1.0 

vs4 - Phytoplankton settling velocity (m d-1) 0.05 

vfr - Inorganic sediment settling velocity (m d-1) 0.02 
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2.2. Description of the Rio Verde Reservoir 

The Rio Verde reservoir is located in the Metropolitan Region of Curitiba (RMC) and 

inserted in the Rio Verde watershed, which has a total area of 242 km2. The reservoir has a plan 

area of 5.971 Km2, an average volume of 25.6 hm³, an average water depth about 5.6 m and 

receives the water contribution of 14 sub-watersheds. The Rio Verde reservoir is oriented in a 

Northeast (NE)-Southwest (SW) direction, with a length of approximately 7,500 m and a 

maximum width of 1,300 m. The ratio between the depth and width of the reservoir is about 

1:230 and between the depth and length is about 1:1330; these features suggest a predominance 

of horizontal velocities.  

Figure 1 shows the bathymetry data and also the water quality and discharge points used 

for measurement. The main tributary of the reservoir is the Verde River (F4), accounting for 

about 70% of the total discharge flow; the other 13 smaller tributaries contribute with low flow 

levels. Figure 2 shows the daily discharge of each tributary from March 2010 to December 

2010, estimated by the SWAT model (Soil and Water Assessment Tool). In relation to outflows, 

two points can be set: one close to the dam, which represents a REPAR (President Getúlio 

Vargas Refinery) license, with value of 0.83 m3/s; and another at the spillway, which represents 

difference between the sum of inflows and outflows (Carneiro et al., 2014). 

 
Figure 1. Map of Rio Verde reservoir bathymetry, water quality measure points 

and discharge measure points during 2010. 

Meteorological data were obtained from a station installed near the dam (Latitude 

25º31´36,83" S and Longitude 49º31´39,07" W). This station provided wind direction, wind 

velocity, air temperature, solar radiation, relative humidity and precipitation from March 2010 

to December 2010. The daily maxima values of solar radiation showed a gradual decrease from 

March to July, reaching 457 W m-2 in May (Figure 2); from August to December the values 
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increased, reaching 851 W m-2 in November. In Figure 2, the air temperatures data show a 

variability related to seasons, with minimum moving average of 12.6°C in August and 

maximum moving average of 20.7°C in April. With respect to the relative humidity, Figure 2 

shows a small moving average variation over 2010, with values between 74.1% and 88.2%. 

 
Figure 2. Tributaries daily discharge (m3 s-1), daily average of solar radiation (W m-2), air temperature 

and relative humidity measured at the meteorological station of the Rio Verde reservoir from March 

2010 to December 2010. The continuous line represents the moving average for 30 days. 

Carneiro et al. (2014) show that only the Verde River (F4) and two tributaries (TE10 and 

TD4) account for 90% of the pollutant load that arrives at the Rio Verde reservoir. Figure 3 

shows the concentration values of eight parameters in three tributaries (F4, TE10 and TD4) 

from March 2010 to December 2010: water temperature, ammonia, nitrate, organic nitrogen, 

organic phosphorus, inorganic phosphorus, DO and BOD.  

The Rio Verde reservoir presents a dynamic system of stratification characterized by a 

reasonable stratification in the summer and a mixed water column in the winter. Figure 4 shows 

the temperature profiles measured at R1 and R4 stations (see Figure 1) from March 2010 to 

December 2010. At the R4 station between April and September, the water column shows no 

stratification and can be considered well mixed; from October the water column begins to 

stratify with the increasing air temperature, reaching largest gradients in December. The station 

R1 is located in the shallow portion of the reservoir, and it is not possible to observe any 

stratification phenomena there.  

With respect to the wind characteristics, the measured data between March and December 

2010 demonstrate a predominance of NE direction, which coincides with the alignment of the 

reservoir axis. The wind flow represents the major influential variable for hydrodynamic 

circulation and mass transport in this reservoir. In two areas the hydrodynamic flow and mass 

transport are dominated by inflows and outflows: one near the dam, where the main water intake 

and the spillway are located; and the other near the Verde River, the main tributary. Outside 

these areas, circulation and transport are determined by the wind. 
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Figure 3. Concentrations values of some substances in the tributaries of the Rio Verde reservoir. 

 

Figure 4. Temperature profiles at station R1 (left) and R4 (right) during 2010. 

3. RESULTS AND DISCUSSION 

Two-dimensional hydrodynamic models of Rio Verde reservoir were developed using 

SisBaHiA®. The spatial discretization in the horizontal x-y plane was carried out through sub-

parametric Lagrangian quadrilateral finite elements with 9 nodes. In a sub-parametric element, 

the geometry of the element is linear and is defined only by the vertices. However, the variables 

are quadratic, and in addition to the values at the vertices, the middle values at each side are 

also needed and, in the case of quadrilaterals, a node at the center of the element is also 

necessary.  

The mesh consists of 507 elements and 2402 nodes. The simulation was performed for a 

period of 308 days, from February 27th 2010 to December 31th, 2010, with a 60s time step. 

These dates were chosen due to available measurements of water quality parameters, made at 

four locations in the reservoir, which enabled the calibration process in MQA evaluation. 

In the numerical model, wind conditions are considered unsteady and spatially 

homogeneous; the input data used in the model were the time series of wind speeds and 

directions measured at the meteorological station in the reservoir. At the open boundaries 

domain, the elevations were imposed; at the land boundary, except for the nodes corresponding 

to the rivers, all nodes were considered impermeable with null tangential and normal velocity 

components imposed. 

The bottom friction coefficient can be written in terms of the Chezy coefficient, which 

depends on the amplitude of the equivalent bottom roughness. The amplitude of the equivalent 

bottom roughness, ε, was defined according to the bottom sediment characterization and 
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distribution (Rosman, 2016). Silty-clay sediments are predominant in the reservoir (ε ≈ 0.015m) 

and in regions with large amount of submerged trees, bottom roughness amplitude values were 

increased (with values around 0.130 m). 

Figure 5 shows the hydrodynamic model results for two situations: in June 26th, 2010, with 

an average wind speed of 1,81 m s-1, an average wind direction of 73°, and a main river 

discharge of 2,24 m3/s; and in October 18th, 2010, with an average wind speed of 4,84 m s-1, an 

average wind direction of 22°, and a main river discharge of 1,63 m3 s-1. The velocity fields 

show a strong relationship with the local wind pattern through the presence of a clockwise 

vortex formed in the region near the dam, which intensifies depending on the wind pattern. On 

June 26th, 2010, there was a northeasterly wind at an average of 1.81 m s-1. The currents follow 

the wind direction, forming a large clockwise vortex in the region near the dam. In the regions 

near the spillway and the Verde river, there is an intensification of the currents due to local 

effects of inflows/outflows. On October 18th, 2010, the wind speed is stronger, at an average of 

4.84 m s-1. Under these conditions, two vortices were formed: a large vortex, clockwise in the 

central region of the reservoir, and a smaller one, also clockwise. There was an intensification 

of the currents in the region near the Verde river, caused by the flooding observed during this 

period. Taking into account these patterns, it can be stated that the hydrodynamic circulation, 

and consequently the horizontal transport, is strongly dependent on the wind and that 

inflows/outflows generate a localized circulation. 

 
Figure 5. Velocity fields obtained with SisBaHiA® from June 26th, 2010. Velocity fields obtained 

with SisBaHiA® from October 18 th, 2010. 

From March 2010 to December 2010, data related to Temperature and DO were collected. 

The measurements were made at R4 station in reservoir, see Figure 1; the measurements were 

obtained at a several positions along the water depth. The analyses were performed for the same 

dates as that of the hydrodynamic simulation, between February 27th 2010 and December 31th, 

2010. This article shows just the results for the Temperature and DO, which have measured 

data for comparison.  

The turbulent diffusion coefficient used from the water quality model are: Dxx (m
2 s-1) = 

2.0, Dyy (m
2 s-1) = 0.5, with a 60s time step. Table 1 lists the model coefficients and constants 

employed in the numerical simulation. The values of the parameters and constants are well-

defined in the literature and were used in the application considering that there are no available 

studies for water quality modeling in Rio Verde reservoir. This is the main difficulty in 

performing the analysis proposed in this article. The field data are not sufficient for a complete 

calibration, and some adjustments were carried out manually to obtain numerical results close 

to the measured data, within a specified variation limit; some adjustments proved to be 

necessary, mainly in the reaeration and deoxygenation coefficients. In order to quantify the 
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accuracy of fit, correlation coefficient R2 of the regression line between the model results and 

the field data at R4 station was computed. The best calibration required a R2 value as close to 

1.0 as possible. 

The initial concentrations are: Salinity = 0.0 psu, Temperature = 21.08ºC; Organic 

Nitrogen = 0.30 mg N L-1; Ammoniac Nitrogen = 0.157 mg N L-1; Nitrate Nitrogen = 0.038 mg 

N L-1; Biochemical Oxygen Demand = 1.50 mg O2 L
-1; Dissolved Oxygen = 5.80 mg O2 L

-1; 

Chlorophyll-a = 12.80 μg L-1; Zooplankton = 0.0 mg L-1; Organic Phosphorus = 0.0189 mg P 

L-1; Inorganic Phosphorus = 0.0039 mg P L-1. Such parameters represent the measurement made 

at the R4 monitoring point in the reservoir, see Figure 1, on March, 16th, 2010. 

The temperature is used as the calibration parameter for variables related to advective and 

diffusive transport. The long-term temperature data simulated with SisBaHiA® were compared 

with average values of vertical profiles, measured at R4 station from March 2010 to December 

2010. The model reproduces the average temperature variation and, according to Figure 6, it is 

possible to state that variable boundary conditions are adequately reproduced. The R4 is not 

under the direct influence of the rivers; consequently, there is a better agreement between the 

results. Figure 6 shows the DO concentrations measured at the R4 station and computed 

numerically by SisBAHIA®. The differences between these results showed that SisBAHIA® 

can predict adequately the variations of DO in the process of oxidation of organic matter present 

in the reservoir. The average relative errors between the model results and the field data at R4 

station are: 0.095 for temperature and 0.406 for DO. Figure 6 also depicts the regression line; 

the correlation coefficient values (R2) were 0.8973 for the temperature, and 0.4575 for the DO. 

This indicated good agreement between simulated and field data for the temperature. However, 

DO concentrations do not indicate a good fit. For a better calibration of the model, a larger 

temporal series would be necessary. 

 
Figure 6. Temperature and DO concentration measured at the R4 station and computed numerically 

by SisBAHIA®. 

4. CONCLUSIONS 

The results presented in this paper show that the environmental modeling of the Rio Verde 

reservoir is appropriate and can be used quantitatively to study the phenomenon of 

eutrophication. Whereas the advective and diffusive transport is independent from the 

parameter modeled, the correct definition of the chemical, physical and biological processes 

involved in each water quality parameter, made it possible to characterize the distribution of 

these parameters in the Rio Verde reservoir. Based on the results of the hydrodynamic model, 

it was possible to note the significant influence of the wind in the hydrodynamic circulation. 

Thus, the importance of the proper use of wind data when modeling reservoirs becomes clear. 

Inflows/outflows generate impacts in circulation only in their immediate surroundings and do 

not contribute to the circulation of the reservoir as a whole. The results for the temperature and 
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dissolved oxygen concentration were compared with field measures and a satisfactory 

consistency was achieved. 

5. REFERENCES 

CARNEIRO, C.; ANDREOLI, C. V.; CUNHA, C. L. N.; GOBBI, E. F. Reservoir 

Eutrophication: Preventive Management An Introduction to Eutrophication and 

the Studies. London: IWA Publishing, 2014. 478p.  

CUNHA, C. L. N.; MONTEIRO, T. C.; ROSMAN, P. C. C. Two-Dimensional Modelling of 

Scalars Transport. Revista Brasileira de Recursos Hídricos, v. 7, p. 63-79, 2002. 

DEUS, R.; BRITO, D.; MATEUS, M.; KENOV, I.; FORNARO, A.; NEVES, R. et al. Impact 

evaluation of a pisciculture in the Tucuruí reservoir (Pará, Brazil) using a two-

dimensional water quality model. Journal of Hydrology, v. 487, p. 1-12, 2013. 

https://doi.org/10.1016/j.jhydrol.2013.01.022 

KUO, J.; LUNG, W.; YANG, C.; LIU, W.; YANG, M.; TANG, T. Eutrophication modelling 

of reservoirs in Taiwan. Environmental Modelling & Software, v. 21, p 829-844, 2006. 

https://doi.org/10.1016/j.envsoft.2005.03.006 

LIU, X.; PENG,W.; HE, G.; LIU, J.; WANG, Y. A Coupled Model of Hydrodynamics and 

Water Quality for Yuqiao Reservoir in Haihe River Basin. Journal of Hydrodynamics, 

v. 20, p. 574–582, 2008. https://doi.org/10.1016/S1001-6058(08)60097-9  

ROSMAN, P. C. C. Referência Técnica do SISBAHIA – SISTEMA BASE DE 

HIDRODINÂMICA AMBIENTAL. Programa COPPE: Engenharia Oceânica, Área de 

Engenharia Costeira e Oceanográfica. Rio de Janeiro: UFRJ, 2016. 

SELLERS, W. D. Physical Climatology. Chicago: The University of Chicago Press, 1965. 

SHENG, Y. P.; YASSUDA, E. A.; YANG, C. Modeling the effect of reduced nitrogen loading 

on water quality. In: SPAULDING, M. L.; CHENG, R. T. Estuarine and Coastal 

modeling. New York: American Society of Civil Engineers, 1996. 

SHENG, Y. P.; VILLARET, C. Modeling the effect of suspended sediment stratification on 

bottom exchange processes. Journal of Geophysical Research, v. 94, p.1429-1444, 

1989. https://doi.org/10.1029/JC094iC10p14429  

 

 

 

http://www.sciencedirect.com/science/article/pii/S0022169413000681
http://www.sciencedirect.com/science/article/pii/S0022169413000681
http://www.sciencedirect.com/science/article/pii/S0022169413000681
http://www.sciencedirect.com/science/article/pii/S1001605808600979
http://www.sciencedirect.com/science/article/pii/S1001605808600979
http://www.sciencedirect.com/science/article/pii/S1001605808600979
http://www.sciencedirect.com/science/article/pii/S1001605808600979
http://www.sciencedirect.com/science/journal/10016058
http://www.sciencedirect.com/science/journal/10016058
http://www.sciencedirect.com/science/journal/10016058
http://www.sciencedirect.com/science/journal/10016058
http://www.sciencedirect.com/science/journal/10016058/20/5
https://doi.org/10.1016/S1001-6058(08)60097-9
https://doi.org/10.1029/JC094iC10p14429


 

 

 

Ambiente & Água - An Interdisciplinary Journal of Applied Science 

ISSN 1980-993X – doi:10.4136/1980-993X 

www.ambi-agua.net 

E-mail: ambi.agua@gmail.com 

 

 

This is an Open Access article distributed under the terms of the Creative Commons 

Attribution License, which permits unrestricted use, distribution, and reproduction in any 

medium, provided the original work is properly cited. 
 

Analysis of toxicity from the effluent generated in a furniture industry 

spray booth using the species Lactuca sativa and Allium cepa  

ARTICLES doi:10.4136/ambi-agua.2246 

Received: 21 Feb. 2018; Accepted: 05 Oct. 2018 

Isabela Bruna de Tavares Machado Bolonhesi1,2*; Deize Dias Lopes2  

1Universidade Tecnológica Federal do Paraná (UTFPR), Londrina, PR, Brasil 

Departamento de Engenharia Ambiental. E-mail: ibtmachado@gmail.com 
2Universidade Estadual de Londrina (UEL), Londrina, PR, Brasil 

Centro de Tecnologia e Urbanismo (CTU). Departamento de Engenharia Civil.  

E-mail: ibtmachado@gmail.com, deize@uel.br 
*Corresponding author 

ABSTRACT 
This study evaluated the toxicity of effluent generated in a furniture industry spray booth, 

before and after treatment in a system composed of an anaerobic sequencing batch (ASBR) 

followed by an aerobic sequencing batch reactor (SBR). The toxicity tests were carried out with 

raw (with and without dilutions) and treated effluent to evaluate the toxic potential using Allium 

cepa and Lactuca sativa as bioindicators.  The toxicity tests, using Allium cepa and Lactuca 

sativa, indicated that the anaerobic-aerobic treatment performed was efficient to reduce the 

toxicity of the paint booth effluent. The raw effluent, undiluted and diluted (at 1:10; 1:8 and 1:6 

dilutions), showed toxic effect on the root growth of Allium cepa, as it inhibited root growth by 

100%. In the tests with Lactuca sativa seeds, there was partial inhibition, between 44% and 

63%, for 1:10 and 1:8 dilutions, but for the 1: 6 dilution and without dilution of effluent the 

inhibition was 100%. The treated effluent, in an ASBR followed by an SBR, presented a small 

percentage of inhibition for tests with Allium cepa (13%) and Lactuca sativa seeds (4%). The 

effluent treated by the anaerobic system followed by aerobic presented low toxicity without 

generating lethal or sub-lethal effects to the test organisms, which indicates the efficiency of 

the treatment process. 

Keywords: Bioassay, formaldehyde, wastewater. 

Análise da toxicidade do efluente de cabine de pintura de indústria 

moveleira por meio das espécies Lactuca sativa e Allium cepa  

RESUMO 
Este estudo avaliou a toxicidade do efluente gerado na cabine de pintura da indústria 

moveleira, antes e após o tratamento, em um sistema composto por um reator anaeróbio em 

bateladas (ASBR) seguido de um reator aeróbico em batelada sequencial (SBR). Os testes de 

toxicidade foram realizados com efluente bruto (sem e com diluição) e tratado para avaliação 

do potencial tóxico utilizando como bioindicador Allium cepa e Lactuca sativa. Os testes de 

toxicidade, utilizando Allium cepa e Lactuca sativa, indicaram que o tratamento aeróbio-

anaeróbico realizado foi eficiente para reduzir a toxicidade do efluente da cabine de pintura. O 

efluente bruto, não diluído e diluído (diluições de 1:10; 1: 8 e diluição 1: 6), apresentou efeito 
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tóxico no crescimento radicular de Allium cepa, pois inibiu o crescimento radicular em 100%. 

Nos testes com sementes de Lactuca sativa, houve inibição parcial, entre 44% e 63%, para 

diluições de 1:10 e 1: 8, mas para a diluição de 1: 6 e sem diluição do efluente a inibição foi de 

100%. O efluente tratado, em ASBR seguido de SBR, apresentou pequena porcentagem de 

inibição para testes com sementes de Allium cepa (13%) e Lactuca sativa (4%). O efluente 

tratado pelo sistema anaeróbio seguido de aeróbio apresentou baixa toxicidade sem gerar efeitos 

letais ou subletais aos organismos testados, o que indica a eficiência do processo de tratamento 

realizado. 

Palavras-chave: águas residuárias, bioensaio, formaldeído. 

1. INTRODUCTION  

The wastewater produced in spray booths of the furniture industry change according to the 

type of the production. The most-used products in the final finishing step, besides dyes, were 

varnishes and thinner (solvent). Paints and varnishes contain urea-formaldehyde resins, so 

formaldehyde is one of the organic compounds in higher concentrations (up to 400 mg.L-1) in 

this type of wastewater, and this compound can be toxic to humans and animals (Lu e 

Hegemann, 1998).  

However, formaldehyde can be biodegradable in concentrations lower than 100 mg 

HCHO. L-1 (Pereira and Zaiat, 2009). In higher concentrations, it causes the inhibition of the 

microorganisms, and consequently reduces the capacity of organic matter removal in the 

treatment process. In this case, it might be necessary to dilute the effluent to avoid inhibition of 

the process (Lu and Hegemann, 1998).  

The toxicity of a compound, such as formaldehyde, can be analyzed by means of a toxicity 

test. According to Kapanen and Itävaara (2001), toxicity tests are classified by time of exposure 

(acute or chronic), the effect mode (death, growth or reproduction) or the effect response (lethal 

and sub-lethal). The acute and subacute exposure tests  differ from the chronic because they 

evaluate the effects upon an organism during a short time, unlike the chronic test, which is 

based on a longer exposure. Subacute toxicity tests, known as low-duration tests, are developed 

with a focus on quantitative assessments, such as the effects on the growth of organisms tested. 

(Kapanen and Itävaara, 2001). 

Plants have been shown to be useful when used as bioindicators to monitor the presence 

of toxic compounds in rivers and lakes. Allium cepa (onion) has been used in ecotoxicological 

tests to evaluate several compounds (Düsman et al., 2014). 

Düsman et al. (2014) analyzed the cytotoxic potential of the surface water of the Quatorze 

River in Francisco Beltrão, Paraná, Brazil by means of tests with the roots of Allium cepa. 

Besides root growth, the authors verified possible alterations in meristematic cells of the plant. 

The authors affirmed that among the advantages of using the test with Allium cepa, it is worth 

noticing that it is a low-cost, easy-to-handle test with no prior preparation required.  

According to Fiskesjö (1985), the National Water Research Institute recommends the use 

of lettuce seeds (Lactuca sativa) in toxicity tests in effluents, soils or sediments, due to its rapid 

grow and the fact that little energy is required to germinate it. The advantages of the usage of 

theses vegetables are their low-cost, easy-cultivation, availability during the whole year and the 

possibility of using them both in acute and chronic toxicity tests, in laboratory and field 

conditions (Fiskesjö, 1985). 

This study evaluated the toxicity of the effluent generated in a spray booth of the furniture 

industry, before and after treatment in a system composed of an anaerobic sequencing batch 

(ASBR) followed by an aerobic reactor operated under an SBR mode.  The toxicity tests were 

carried out with raw (without and with dilutions) and treated effluent for evaluating the toxic 
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potential using as bioindicators Allium cepa and Lactuca sativa. 

2. MATERIALS AND METHODS 

2.1. Experimental apparatus and procedures 

For the biological treatment of the furniture industry spray booth effluent, a bench-scale 

system was used (Figure 1), composed of an anaerobic sequencing batch reactor (ASBR) 

followed by an aerobic reactor operated under an SBR mode. The ASBR was constructed of 

Polyvinyl chloride, with an internal diameter of 10 cm and height of 33.5 cm with total volume 

of 2.5 L and working volume of 2.0 L.  The aerobic SBR was a glass vessel with a total volume 

of 2 L and useful volume of 1.1 L. Continuous aeration was performed by means of an aquarium 

aerator with porous stone at the end of the hose connected to the system. 

 
Figure 1. Schematic diagram of the experimental system.  

Sludge of an upflow anaerobic sludge blanket reactor from the Sewage Treatment Plant - 

ETE Norte / Sanepar -Londrina-PR was used as inoculum for the start-up of an ASBR. The 

sludge inoculum (30.48 g TVS.L-1) was adapted for 28 days with the diluted (1:10) wastewater. 

For the start-up of the SBR the seed sludge was obtained from the aeration 300 mL of treated 

sewage in a structured-bed reactor, in bench-scale with intermittent aeration. The 300mL were 

mixed with 800 mL of effluent from the ASBR and kept in aeration for adaptation. The biomass 

adaptation occurred within 1 week and was monitored by COD (mg O2. L
-1). 

The hydraulic detention time (HDT) of operation was 4 days for the ASBR and 2 days for 

the SBR. The ASBR was fed with raw effluent and the SBR was fed with the effluent coming 

out of the ASBR. The main characteristics of the raw effluent were COD of 10550 mg O2.L
-1 

and formaldehyde of 400 mg HCHO.L-1. 

The ASBR-SBR system was operated in three distinct phases according to the 

concentrations of influent COD, so it was necessary to dilute the wastewater to feed the ASBR. 

Dilutions to obtain the desired COD concentrations were performed with tap water. The 

operating conditions of the ASBR-SBR system were, according to COD concentration: Phase 

1 - 1:10 dilution ratio (700 ± 70 mgO2. L
-1 and 34 ± 5 mg HCHO. L-1); Phase 2 - 1: 8 dilution 

ratio (1856 ± 200 mg O2. L
-1 and 157 ± 7 mg HCHO. L-1); Phase 3 - 1: 6 dilution ratio (3960 

± 100 mg O2. L
-1 and 232 ± 10 mg HCHO.L-1). There was no adaptation period between the 

different phases. 

The SBR was fed with 600 mL of the ASBR effluent every 48 hours. To coincide with the 

4-day HDT of the ASBR, the remaining 600 mL of the ASBR effluent - once 1.2 L of the ASBR 
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was withdrawn – were kept in a refrigerator programmed to reach room temperature for each 

new feed after 48h 

The concentrations of COD were determined (potassium dichromate oxidation method- 

COD 5220 -D) according to APHA (2005). Formaldehyde was determined by the colorimetric 

method according to Bailey and Rankin (1971). 

2.2. Toxicity tests using Allium cepa 

The toxicity tests were performed with samples of the undiluted and diluted raw effluent 

(dilutions with distilled water - 1:10; 1:8 and 1:6) and with samples of the treated effluent of 

Phase 2. The treated effluent from Phase 2 was used because it was the phase that presented 

better stability of operation of the ASBR-SBR system. 

The tests were conducted as described by Fiskesjö (1985) with modifications. The onion 

bulbs were bought commercially in the supermarket and kept in a place free of moisture and 

protected from light. The surface peels were removed and the onions were placed in flasks 

(small vessels) with the root portion immersed in 50 mL of mineral water for hydration for 48 

hours. After this period, those that showed root growth were selected, excluding those that did 

not show any growth. The roots were then carefully cut so that they were not more than 5 mm. 

The bulbs were placed into vials, with their root portions exposed to 50 mL of the raw 

effluent with and without dilution and the treated effluent from the ASBR system followed by 

the SBR. The characteristics of the samples tested are shown in Table 1. 

Table 1. Concentrations of organic matter and formaldehyde in the samples tested. 

Samples tested Dilution 
Characteristics of the samples tested 

COD (mg O2. L
-1) HCHO (mg. L-1) 

Raw Effluent 

1:10 700 36 

1:8 1960 157 

1:6 4060 235 

Without dilution 10550 400 

Treated Effluent from Phase 2 Without dilution < 25 0.8 

The test had as negative control onions exposed only to mineral water. After seven days of 

exposure at a temperature of 25ºC and in the absence of light, root growth was observed. The 

tests were performed with six replicates for each sample and each set of tests was repeated three 

times. 

The tests were performed to analyze the subacute toxicity, checking at the end of the 

procedure the length of the highest root of each onion, performing the measurement with ruler. 

The root growth of the Allium cepa in the control condition was used as a parameter, and from 

that parameter root growth inhibition ratios (ICR) exposed to treated effluent and untreated 

effluent were developed, using Equation 1, according to the methodology proposed by Palácio 

et al. (2012): 

% 𝐼𝐶𝑅 =
𝑁𝑅𝐶𝐴

𝑁𝑅𝐶𝐶 
∗ 100              (1) 

Being: 

𝐼𝐶𝑅: Root growth inhibition; 

𝑁𝑅𝐶𝐴: Number of grown roots in the samples; 

𝑁𝑅𝐶𝐶: Number of grown roots in the control. 
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2.3. Toxicity test used in Lactuca sativa seeds 

The test was performed following the methodology described by Sobrero and Ronco 

(2004) and Palácio et al. (2013) with some adaptations. Lactuca sativa (mimosa lettuce) seeds 

with the germination percentage of 98% were used. 

The used samples followed the conditions presented in Table 1, as used in the tests with 

Allium cepa. Mineral water was used as a negative control. Petri dishes 9 cm in diameter were 

prepared with filter paper, where twenty seeds of lettuce moistened with the samples were 

prepared previously and deposited. The tests were carried out in triplicate. 

The plates were packed in plastic bags to avoid the loss of humidity and taken to the 

bacteriological oven with a temperature of 20ºC ± 2, in the dark, for a period of 120 hours. After 

the incubation period, the number of germinated seeds was counted and the roots and the radicle 

lengths were measured. The percentage of relative germination for each dilution was calculated 

using Equation 2. 

%𝐺𝑅 =
𝑁𝑆𝐺𝐴

𝑁𝑆𝐺𝐶
∗ 100                         (2) 

Being: 

%𝐺𝑅 : The relative germination percentage; 

𝑁𝑆𝐺𝐴: Number of germination seeds in samples; 

𝑁𝑆𝐺𝐶 : Number of germinations seeds in control. 

Percentages of relative roots growth inhibition (% 𝐼𝐶𝑅𝑅𝑧)  were calculated by the medium 

values for each sample, using Equation 3. 

% 𝐼𝐶𝑅𝑅𝑧 =
𝑀𝐶𝑅𝑧𝐶−𝑀𝐶𝑅𝑧𝐴

𝑀𝐶𝑅𝑧𝐶
∗ 100                         (3) 

Being: 

𝑀𝐶𝑅𝑧𝐶: Root growth average in control; 

𝑀𝐶𝑅𝑧𝐴 : Root growth average in samples; 

3. RESULTS AND DISCUSSION 

The anaerobic treatment followed by aerobic (ASBR-SBR) provided a 98% efficiency in 

the removal of COD for Phases 1 and 2 (dilutions: 1:10 and 1:8). As shown in Table 1, the 

treated effluent from Phase 2 had organic matter content lower than 25 mg O2.L
-1 (COD) and 

formaldehyde less than 0.8 mg HCHO.L-1. 
It should be noted that for Phase 3 (dilution of 1:6), the ASBR presented instability with 

less organic matter and formaldehyde removal (efficiency of 75% and 64%, respectively) 

compared to Phases 1 and 2.  This must have been due to the inhibition of the action of 

microorganisms caused by the high concentration of formaldehyde (Pereira and Zaiat, 2009). 

However, the polishing in the aerobic reactor (SBR) was efficient in the removal of the organic 

matter (COD) and formaldehyde with a final concentration lower than 50 mg O2. L-1 and                   

50.9 mg HCHO. L-1.  

3.1. Tests with Allium cepa 

The tests found that the toxicity of the raw effluent and its dilutions had sub-lethal effects, 

and caused root-growth inhibition, especially for the raw effluent without dilution. It was 

observed that in the raw effluent, with and without dilution, there was no root growth, and the 
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roots had sizes smaller than 5 mm, as shown in Figure 2. The results showed the toxicity of raw 

effluent (without dilution) in all tested dilutions. Further, the results found that the raw effluent 

without dilution had lethal effects (inhibiting germination) that deteriorated the roots and left 

them with sizes smaller than 5 mm (Figure 2 (d)). 

The treated effluent tests showed growth of the Allium cepa root similar to the root growth 

of the control samples kept in contact with only mineral water (Figure 2 (e) (f) (g)). 

 
Figure 2. Image of the Allium cepa root grown after the incubation 

to the toxicity test with the raw effluent for dilutions of a) 1:10; b) 

1:8; c) 1:6; and d) without dilution; e) control; f) treated effluent; g) 

measurement of the bulb root growth immersed in treated effluent.  

In Table 2, the medium values of the length of the roots are presented for the samples tested 

and the mentioned inhibition, in relation to the observed growth in the control. An inhibition of 

100% was verified for the raw effluent and for all its tested dilutions. For the treated effluent, 

there was root growth under conditions similar to the control bulbs, with maximum inhibition 

of 13%. 

Table 2. Root length (cm) and growth inhibition (%) after 7 days. 

Samples tested Dilution Root length (cm) Growth inhibition - ICR (%) 

Control  9.1 ± 2.3 - 

Raw Effluent 

1:10 0 100 

1:8 0 100 

1:6 0 100 

without dilution 0 100 

Treat effluent without dilution 8.3 ±2.5 13.4 

Fiskesjö (1985) observed that root growth was inversely proportional to concentrations of 

determined toxic compounds and heavy metals, such as mercury, copper, zinc and cadmium 

present in industry effluent. Santos et al. (2010) evaluated formaldehyde toxicity by means of 

biotests with Allium cepa and, besides growth inhibition, the tests indicated the appearance of 

micronuclei in bulbs exposed to toxic components caused by mutagenicity. 
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Butler et al (2011) observed toxicity reduction in tests with Allium cepa of metallurgical 

industry effluent after biological treatment. According to the authors, the toxicity reduction 

occurred due to the removal of metals and of other toxic substances in the effluent treatment 

process. In this study, despite of the different dilutions tested for the raw effluent, all toxicity 

tests with Allium cepa indicate 100% growth inhibition while the treated effluent inhibition was 

only 13.4%.  

3.2. Tests with Lactuca sativa 

The tests with Lactuca sativa were performed with the same samples of the effluent used 

for the Allium cepa test. The soaked seeds in the treated effluent had germination potential in 

all the prepared samples and had root growth similar to the that obtained in the controls. The 

germination potential and root growth obtained after 4 days in the tested samples can be 

observed in Figure 3. The relative germination index and the root growth inhibition index are 

presented in Table 3. 

 
Figure 3. Petri Dishes contain Lactuca sativa seeds soaked in the raw effluent a) without dilution 

and with dilutions of b) 1:6; c) 1:8; d) 1:10; e) treated effluent; f) control, after 120 hours. 

Table 3. Relative Germination (RG) and Root Growth Inhibition 

(ICRRz) for the raw effluent without dilution and for tested 

dilutions (1:10; 1:8; 1:6) and for the treated effluent. 

Samples tested Dilution RG (%) ICRRz (%) 

Raw effluent 

1:10 79 44 

1:8 22 63 

1:6 0 100 

without dilution 0 100 

Treat effluent without dilution 100 4 

Considering that values of ICCR below 80% indicate a root-growth inhibition effect 

(Young et al., 2012), it was verified that the raw effluent without dilution and with a dilution of 

1:6 showed lethal toxicity to the lettuce seeds, with 100% inhibition of relative germination. 

However, for dilutions of 1:8 and 1:10 the toxic effect was less aggressive, classified as sub-
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lethal, making the seeds’ germination and root growth possible. For a dilution of 1:8, only one 

of the triplicates showed germination and root growth for 12 of 60 seeds, while for a dilution 

of 1:10 potential germination and root growth was found in the all of the triplicates.  

There was not germination in tests of raw effluent without dilution and for the dilution of 

1:6, probably due to the presence of toxic components, such as formaldehyde. Palácio et al. 

(2012) obtained 100% inhibition of the potential germination of Lactuca sativa seeds for the 

textile industry, with a decrease of the inhibition percentage for the same diluted effluent. 

Borba et al. (2008), in a test with Lactuca sativa, identified a reduction of 50% in the 

toxicity of furniture industry effluent after the treatment of the effluent by the photo-fenton 

method. According to the authors, the reduction was due to the removal of organic toxic 

compounds, such as formaldehyde.  

The test with Lactuca sativa showed less resistance of the lettuce seeds to the toxic effect 

of the effluent when compared to the test performed with Allium cepa. However, both tests 

showed a low toxicity potential of the treated effluent.  

Duffeck et al. (2017) analyzed toxicity of the same effluent used in the present research: 

raw without dilution and diluted (1:6, 1:8, 1:10), and treated, using the Fish Embryo Toxicity 

test (FET) in Danio rerio (zebrafish). The authors verified that the raw effluent, even diluted, 

was toxic to Danio rerio embryos, causing high lethality as early as the first 24 hours of 

exposure. However, the treated effluent did not cause lethality, nor any sublethal alteration, 

indicating a decrease of the toxic load after the biological treatment, as was verified in the tests 

with Allium cepa e Lactuca sativa in this study. 

4. CONCLUSIONS  

Toxicity tests using Allium cepa and Lactuca sativa indicated that the anaerobic followed 

by aerobic treatment performed was efficient to reduce the toxicity of furniture industry 

wastewater. The raw effluent without dilution and diluted (1:10, 1:8, 1:6) showed a toxic effect 

on the root growth of Allium cepa, since it inhibited root growth by 100%. The raw effluent 

without dilution and for the dilution of 1:6 inhibited the germination of Lactuca sativa seeds 

(100% inhibition); however, there was a partial inhibition, between 44% and 63%, for dilutions 

of 1:10 and 1:8 of the raw effluent. The effluent treated by the anaerobic-aerobic process 

(ASBR-SBR) presented a small percentage of inhibition for tests with Allium cepa and Lactuca 

sativa seeds (13% and 4%, respectively). 
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ABSTRACT 
The effects of the absence of nitrogen and phosphorus on AA media and three different 

light intensities (100% Light, 60.0 ± 2.7 μmol m-2 s-1, 50% Light, 30.0 ± 2.7 μmol m-2 s-1, and 

13.5% Light, 8.1 ± 2.7 μmol m-2 s-1) on cell production and synthesis of heterocytes and akinetes 

were determined in a strain of Nostoc paludosum. In the experiment concerning the absence of 

nutrients, significant variations were observed between the control group and the groups with 

absence of nutrients, especially in cell numbers and in synthesis of heterocytes and akinetes. 

The absence of nitrogen boosted the formation of heterocytes and the absence of phosphorus 

produced the most akinetes. As for the different light conditions, the growth curves determined 

for each treatment showed that cell synthesis is slightly affected by the reduction of illuminance. 

The different light intensities are capable of reducing the maximum growth rates of Nostoc 

paludosum, with 13.5% light restriction being the most effective on limiting the cell growth 

rate and inducing the formation of akinetes. The synthesis of heterocyte does not seem directly 

correlated to light intensity, being better explained by nutritional factors. The data found 

contributes to the understanding of some of the factors involving growth and synthesis of 

special structures in Nostoc paludosum. 

Keywords: Limnology, microbiology, nostocales. 

Crescimento e produção de estruturas especiais em Nostoc palusodum 

(Nostocaceae, Cyanobacteria) sob limitação nutricional e diferentes 

intensidades luminosas 

RESUMO 
O efeito da ausência de nitrogênio e fósforo em meio AA e de três diferentes intensidades 

luminosas (100% Luz, 60.0 ± 2.7 μmol m-2 s-1, 50% Luz, 30.0 ± 2.7 μmol m-2 s-1, e 13.5% Luz, 

8.1 ± 2.7 μmol m-2 s-1) sobre a quantidade de células e síntese de heterócitos e acinetos foi 

determinada em uma cepa de Nostoc paludosum. No experimento de limitação nutricional, 
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variações significantes foram observadas entre o grupo controle e os grupos com ausência de 

um nutriente, especialmente em relação ao número de células e na síntese de heterócitos e 

acinetos. A ausência de nitrogênio induziu a formação de heterócitos e a falta de fósforo 

produziu a maior quantidade de acinetos. Para as diferentes condições luminosas, as curvas de 

crescimento de cada tratamento mostraram que a síntese celular é afetada pela redução de 

luminosidade. As diferentes intensidades de luz são capazes de alterar a taxa máxima de 

crescimento de Nostoc paludosum, sendo o grupo de 13.5% de luz o mais afetado e no qual há 

maior formação de acinetos. A síntese de heterócitos não parece ter relação direta com a 

intensidade luminosa, sendo melhor explicada pelos fatores nutricionais. Os resultados obtidos 

contribuem para a compreensão de fatores envolvendo o crescimento e a síntese de estruturas 

especiais em Nostoc paludosum. 

Palavras-chave: limnologia, microbiologia, nostocales. 

1. INTRODUCTION 

Cyanobacteria are frequently a dominant group of primary producers in freshwaters, 

especially reservoirs, lakes and waters retained by dams. In Brazil, these water bodies are 

generally shallow and with a long residence time, generating advantageous conditions for the 

development and dominance of cyanobacteria (Sant’Anna et al., 2007). It is well known that 

these water bodies can be directly affected by human activities, reaching a eutrophic state in 

which there is an increase of nutrient concentrations, especially phosphorus and nitrogen. 

Some cyanobacteria, such as the genera Dolichospermum, Anabaena and Nostoc, possess 

morphological plasticity in the vegetative cells that form the trichomes, a reflection of 

differential gene expression (Lyra et al., 2001), allowing them to alter cellular structures in 

order to form akinetes and heterocytes, which are highly specific cells. 

Akinetes are specialized cells, generated from vegetative cells, which have thickened cell 

walls and can store large amounts of reserve substances (Braune, 1980). The akinetes play an 

important role in cyanobacterial reproduction, also acting as a resistant cell that can remain 

dormant in the sediment when environmental conditions are unfavorable. 

Heterocytes are also specialized cells present in some filamentous cyanobacteria that give 

them the capacity to fix atmospheric nitrogen under light. They are different from the other 

vegetative cells because of their thick cell walls, pores in each of their extremities and different 

cytoplasm organization (Haselkorn et al., 1993). Through these pores, selective exchanges of 

materials occur with neighboring cells. 

The alteration of the nutrient composition in the growth media has been explored by several 

studies, using different species of organisms. In Healey and Hendzel (1979), five species of 

freshwater algae are submitted to various degrees of nitrogen (N) and phosphorus (P) limitation. 

Their analyses was focused on metabolic activity, with little to no evaluation of the algae’s 

morphologies.  

The evaluation of the effects of the removal of specific nutrients is also commonly found 

in the literature. One of the most-studied nutrients is nitrogen, since its removal causes great 

alterations in growth patterns and can induce the formation of special structures in some species 

of cyanobacteria (Healey and Hendzel, 1979; Haselkorn et al., 1993; Nalewajko and Murphy, 

2001 and Zapomělová et al., 2008b). Other focus nutrients studied include zinc, phosphorus 

and copper due their physiological and environmental significance. 

Light intensity is a very important factor in microorganisms’ cultivation. Each species 

normally presents a range of optimal illuminance associated with their photosynthetic 

apparatus. An excess or reduction of light can severely alter cell morphology and the 

cyanobacteria’s growth pattern (Tonk et al., 2005). 
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Because of the occurrence of blooms associated with the production of toxins and 

unpleasant taste and odor in freshwater, studies of cyanobacteria control and monitoring in 

reservoirs, which provide drinkable water for millions of people in major cities, can prevent 

serious environment and public health problems. A detailed understanding of the production of 

akinetes and heterocytes is crucially important for the future control of these cyanobacteria 

populations in natural environments. There are many researchers evaluating how these 

structures are produced and the factors involved in their synthesis, especially the aspects that 

trigger their formation. The majority of the recent studies are done using the Dolichospermum, 

Anabaena and Cylindrospermopsis genera (Zapomělová et al., 2008a; 2008b), which are more 

abundant and dominant in natural environments. Nevertheless, studies using other 

cyanobacteria as models are just as important to provide a wider spectrum of how akinetes and 

heterocytes are linked with these organisms’ biology. 

Apart from its ecological role as a member of the phytoplankton, the species Nostoc 

paludosum Kützing ex Bornet and Flahault 1888 is currently being used or shows potential to 

be used in various applications: antibiotic production, phycobiliprotein-pigment extraction, 

fatty acid production and agricultural use in root nodules (Temina et al., 2007; Pankratova et 

al., 2008). However, there has been little research concerning its biology and none evaluating 

its reaction to different growth conditions. The main purpose of this study was to monitor the 

morphological changes that occur in trichomes by quantifying vegetative cells, akinetes and 

heterocytes of Nostoc paludosum during different phases of growth in laboratory-controlled 

conditions.    

2. MATERIALS AND METHODS 

The inoculum of Noctoc paludosum used in these experiments was provided by Dr. 

Armando Augusto Henriques Vieira from the algae bank of the Botany Department of 

UFSCAR/ São Carlos Campus (strain 145). This particular strain was collected from the 

Monjolinho pond, from a preserved cerrado area in the city of São Carlos. In the natural habitat, 

this strain presented an epiphytic habit, which is characteristic for the genus Nostoc. All the 

samples were maintained in AA medium (Allen and Arnon, 1955) and in controlled temperature 

conditions (25 ± 1°C) and light/dark cycle (12h: 12h) in a greenhouse (ElectroLab®, Model 

EL202/4) with maximum internal luminous intensity of 175 μmol m-2 s-1 produced by white 

fluorescent lights. 

2.1. General methodology 

All cultures were grown in an axenic state and in Mariotte’s bottles because their inferior 

exit makes it easier for samples to be taken. All the manipulation done to the culture bottles 

was done in a laminar flow chamber. The inoculums were allowed to grow for 5 days in AA 

medium prior to the experiments. An equal sample for all groups was taken and transferred to 

the Mariotte’s bottles for each experimental group and their replicates, totaling 3 bottles for 

each experimental condition. The total duration of the experiment was 30 days, with sampling 

being done daily until day 10; afterwards, it was done every other day until the end of the 

experiment. The samples taken contained the same volume (3 mL), and lugol (1%) was used to 

fix them as soon as they were removed. 

2.2. Morphological Evaluation  

The morphology of the cells, the cell number and the production of akinetes and 

heterocytes in each sample were analyzed and counted daily using a Labomed 400x optical 

microscope. The number of cells, heterocytes and akinetes were observed in a Sedwick-Rafter 

counting chamber using the score from 50 squares in horizontal and vertical transects. The 

following confidence interval Equation 1 was applied after 50 squares were counted: 
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𝐴 = 𝑡𝑛√
𝑋.(𝑁−𝑛)

(𝑁 .  𝑛)
                  (1)   

Being: 

A – count error; 

X – total cell number found divided by number of squares counted; 

t – t-test (n-1), using 0.05 as significance level;  

N – total squares on the Sedwick-Rafter chamber (N = 1000); 

n – number of squares counted. 

After each application of the test, the number of cells was only accepted if it produced a 

count error of 25% or less. When the error passed this limit, 10 additional squares were counted 

and the equation was reapplied until the results were within desired maximum error. After the 

counting was done for all the samples, an average of each group resulted in a final number of 

average cell production, average heterocytes and average akinetes per day. This data was used 

to produce the growth curves and the special structures synthesis graphs.  

Measurements were also performed for each experimental group on days 5, 10 and 20. A 

hundred vegetative cells, heterocytes and akinetes were measured for each bottle each day. The 

measured cells were selected randomly and they could not belong to the same trichome. An 

ANOVA test (Excel 2013) was used to determine the statistical significance of the size variation 

observed between treatments. During the measurements, the positioning of the heterocytes and 

akinetes along the trichome was recorded. 

2.3. Absence of Nitrogen and Phosphorus Experiment 

Modified AA medium was used in two different formulations: the first without nitrogen 

source (ammonium metavanadate) and the other without phosphorus (lacking potassium 

phosphate). A third treatment was used as a control, containing the original AA medium, and 

all of these treatments were done with triplicates. The nutrient-absent media had their pH 

corrected to a value similar to that of the regular AA medium used in the control group 

(approximately 6.85). All treatments were exposed to the same light intensity of approximately 

120.0 ± 0.9 μmol m-2 s-1, measured inside the bottles with culture media. To ensure that no 

bottle was favored, their positions were daily switched inside the greenhouse. The experiment 

duration was 29 days, with daily samples taken as explained in the General Methodology 

section. The initial inoculum for each treatment was kept the same, at approximately                            

1.00 x 105 cells per mL-1. The data gathered permitted the construction of growth curves and 

the bar graphs representing the production of the specialized cells (akinetes and heterocytes) 

using Igor Pro 6.3 software. The number of cells per day was obtained by calculating the 

average value between all three replicates of each treatment. Standard deviation of each day 

was also calculated. The maximum specific growth rates per day (μmax/day) were calculated by 

linear fitting of ln values of growth curve in log phase and were used to determine the 

duplication time during log phase. Apart from cell number and akinete/heterocyte productions, 

the shape, size and position of cells and specialized cells was also evaluated, as was trichome 

fragmentation and number of heterocytes per trichome. 

2.4. Light Experiment 

The three light conditions evaluated were: total light intensity (100% light = 60.0 ±                         

2.7 μmol m-2 s-1); partial light intensity (50% light = 30.0 ± 2.7 μmol m-2 s-1, obtained with the 

effect of covering the Mariotte’s bottle with black tulle fabric); and restricted light intensity 
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(13.5% light = 8.1 ± 2.7 μmol m-2 s-1, obtained with the effect of covering the Mariotte’s bottle 

with black TNT fabric). All of these treatments were done with triplicates. The light 

measurements were done with a manual and portable light meter and these light intensities were 

determined inside the bottles with culture media. To ensure that no bottle was favored, their 

positions were daily switched inside the greenhouse. All conditions were maintained in AA 

medium, with the total light intensity treatment used as a control. The experiment duration was 

30 days, with daily samples taken as explained in the General Methodology section. The initial 

inoculum for each treatment was kept the same, at approximately 2.50 x 106 cells per mL-1. The 

data gathered permitted the construction of growth curves and the bar graphs representing the 

production of the specialized cells (akinetes and heterocytes) using Igor Pro 6.3 software. The 

number of cells per day was obtained by calculating the average value between all three 

replicates of each treatment. The standard deviation for each day was also calculated. The 

maximum specific growth rates per day (μmax/day) were calculated by linear fitting of ln values 

of the growth curve in the log phase and were used to determine the duplication time during the 

log phase. Apart from the cell number and akinete/heterocyte production, the shape, size and 

position of cells and specialized cells was also evaluated, as was trichome fragmentation and 

the number of heterocytes per trichome. 

3. RESULTS AND DISCUSSION 

3.1. Absence of Nitrogen and Phosphorus Experiment 

Growth curves using the average number of total cells counted for each treatment were 

produced for the first experiment (Figure 1). A growth curve displaying only the log and 

stationary phases was obtained for the control group, whereas the nitrogen-absent and 

phosphorus-absent groups displayed a different pattern, with a slight drop after the stationary 

phase.  

The control group showed a considerably larger number of cells when compared to the 

other two groups, which produced an average of 100 times less cells than the control. As for 

the maximum specific growth rate of each treatment, the control showed the highest value when 

compared to the other treatments (μmax = 0.814 day-1 for the control, μmax = 0.598 day-1 for 

nitrogen-absent and μmax = 0.592 day-1 for phosphorus-absent). The control group duplication 

time was 5 hours (299 ± 12 minutes), much lower than the duplication time exhibited in the 

nitrogen-absent group (14 hours or 842 ± 7 minutes) and in the phosphorus-absent group (13 

hours or 785 ± 11 minutes). 

Although the heterocyte synthesis followed a similar pattern in the nutrient-absent groups, 

the quantities were significantly higher in the nitrogen-absent group throughout the experiment 

(Figure 2A). The control group presented the smallest values for heterocytes per cell among all 

groups and during throughout the experiment. The synthesis of heterocytes in the nutrient-

absent groups peaked during the log phase, in the beginning of the experiment, then increased 

continuously after the eighth day of experiment, with the highest value observed at the end of 

the experiment (at day 20). 

The presence of akinetes was only considerably noticeable at the end of the experiment 

(Figure 2B), with the highest frequency occurring in the phosphorus-starved group on the last 

day of the experiment (0.0361 akinete per cell or 16,360 akinetes mL-1). 
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Figure 1. Comparison among the growth performance of Nostoc 

paludosum in the control group (●), nitrogen-absent group (□) and 

phosphorus-absent group ( ) with respective trend lines and standard 

deviation. 

 
Figure 2. Average heterocyte (A) and akinete (B) production per cell 

of Nostoc paludosum grown in the control group ( ), nitrogen-absent 

group (□), and phosphorus-absent group ( ), with respective standard 

deviation. 
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As for the variation in size of vegetative cells, heterocytes and akinetes, statistically 

significant differences were observed between the control, nitrogen-absent and phosphorus-

absent groups (Table 1). The largest and the smallest vegetative cells on all days measured were 

in the control group and in the phosphorus-absent group, respectively. The bigger heterocytes 

were found in the nitrogen-absent group, while the data for akinetes showed no statistical 

difference. A severe fragmentation of the trichomes was observed in the phosphorus- and 

nitrogen-absent groups, especially after the log phase. Differences in morphology and position 

of the heterocytes on the trichomes were present significantly in the nitrogen-absent group, with 

double and triple heterocytes occurring in between vegetative cells and terminal heterocytes at 

the end of some trichomes. Similarly, variations in size and position of akinetes were seen more 

prominently in the phosphorus-absent group. 

Table 1. Mean size (µm) with standard deviation (s.d.) of vegetative cells (V), 

heterocytes (H) and akinetes (A) on days 5, 10 and 20 of the experiment for each 

of the three experimental groups. 

Groups 
Day 5 Day 10 Day 20 

Mean ± s.d. Mean ± s.d. Mean ± s.d. 

Control 

V 3.66 ± 0.56** 3.69 ± 0.67** 3.45 ± 0.64** 

H 4.69 ± 0.71** 4.64 ± 0.75** 4.19 ± 0.95** 

A -* 5.85 ± 1.14 5.32 ± 0.33 

Nitrogen Absence 

V 3.55 ± 0.84** 3.06 ± 0.62** 2.89 ± 0.59** 

H 4.96 ± 0.83** 5.09 ± 1.03** 4.42 ± 0.79** 

A -* 5.06 ± 0.78 5.02 ± 0.45 

Phosphorus Absence 

V 3.12 ± 0.61** 2.49 ± 0.48** 2.22 ± 0.32** 

H 4.35 ± 1.14** 3.70 ± 0.60** 3.54 ± 0.85** 

A -* 5.74 ± 1.04 5.26 ± 1.11 

*(-) indicates no data; **Differences observed are statistically significant (ANOVA 

test p < 0.05). 

3.2. Nitrogen and Phosphorus starvation effects on cell growth  

According to the growth curves, in the conditions without nutrients there was an initial 

growth, but at a reduced pace (smaller μmax and a duplication time almost three times longer) 

and with an inferior maximum cell number achieved along the growth curve when compared to 

the control culture. This rapid initial growth observed in all treatments can be explained by the 

capability of these cyanobacteria of storing phosphate as polyphosphate bodies (Lee, 2008), 

demonstrating that this nutrient was consumed to provide energy for the first growth event. This 

same strategy has already been described in the literature as a major survival factor of the genus 

Anabaena in low-phosphorus environments (Nalewajko and Murphy, 2001; Zapomělová et al., 

2008a) and also for the Cylindrospermopsis genus (Willis et al., 2015). It seems that this reserve 

was consumed in the initial days of the experiment, resulting in the lowest cell production, 

smaller cell size and an early stationary phase in the groups with nutrient deficiencies. The 

maximum specific growth rates and the duplication time obtained show that for the first seven 

days of the experiment (the exponential phase) the nitrogen- and the phosphorus-absent 

populations increased much less than the control group, for which cell density at the seventh 

day was almost four times bigger than the other groups. The occurrence of cell division and 

growth in the nutrient-absent treatments proves the nutrient storage capability of the Nostoc 

paludosum, but their reduced rate (with a reduction of 30% in the μmax of the nutrient-absent 

treatments and an increment of almost 3 times at their duplication time during the log phase) in 

comparison to the control provides evidence as to the importance of both nutrients’ presence in 
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order to support the optimum growth of this cyanobacteria.   

During the daily sampling of the phosphorus-absent group, tangling and fragmentation of 

the trichomes was observed, which was similarly seen with the nitrogen-absent group. 

Zapomělová et al. (2008a) discussed that phosphorus deficiency can reduce the size of the 

vegetative cells, generating morphospecies of Anabaena circinalis and Anabaena crassa 

(currently as Dolichospermum circinalis and D. crassum). There were alterations seen in 

trichome length, showing that the reduction of nutrients can induce fragmentation especially 

during the log phase, in which growth is dependent on a large number of different nutrients in 

the culture medium (Nalewajko and Murphy, 2001). 

The growth in the nitrogen-absent group occurred at a lower rate than the control group 

and almost at the same rate as the phosphorus group, showing that the nutrient-starvation 

conditions are indeed a negative growing state when compared to normal conditions (control). 

Similar results were obtained in studies evaluating other species of cyanobacteria in which the 

absence of phosphorus caused irregular cell-membrane formation and reduced overall cell 

division (Chevalier et al., 2000). 

3.3. Nitrogen and Phosphorus starvation effects on heterocytes and akinetes synthesis 

As for the synthesis of heterocytes, it is noticeable that this structure was produced in all 

treatments, in different intensities and mainly in the stationary phase of growing, as normally 

happens due the decrease of nutrients in the culture. The lower rates of heterocyte per cell were 

recorded in the control group, which support the idea that the synthesis of this structure is related 

to stressful nutritional conditions (Willis et al., 2015, Guo et al., 2016). It is discussed by many 

researchers that nitrogen limitation is the main factor that starts the formation of heterocytes in 

cyanobacteria (Adams and Carr, 1981; Haselkorn et al., 1993 and Zapomělová et al., 2008b) 

and, while this fact was observed in this study, we add the information that the stress caused by 

the absence of phosphorus in the medium can also trigger the synthesis of special structures in 

Nostoc paludosum.   

The more evident differences in morphology, size and position of the heterocytes on the 

trichomes were present in the nitrogen-absent group, where the heterocytes were significantly 

larger than those found on the other treatments. Apparently, these differences are related to the 

amount of nutrient dissolved in the medium, as analyzed in laboratory conditions by 

Zapomělová et al. (2008b), in which a great variation of the heterocyte’s positions are shown. 

The relationship observed in this study between the absence of phosphorus and heterocyte 

synthesis differs from the data of Zapomělová et al. (2008b), in which it is described that this 

nutrient has little influence on heterocyte production. 

The position of the heterocytes in the trichome was the most remarkable trace found in this 

study, with terminal and intercalary heterocytes being found in all treatments. The nitrogen-

absent group also displayed rarer positions, such as double- and triple heterocytes and 

heterocytes next to akinetes. In the literature, these variations of position are related to stressful 

growth conditions such as the absence of vital nutrients developed in our study or also high 

light intensity combined with nitrogen starvation, shown in studies using Anabaena cylindrica 

(Adams and Carr, 1981), another species of the Nostocales order. Muro-Pastor and Hess (2012) 

argue that the differentiation of heterocytes is a delicate and precise intracellular process that 

requires optimal regulation and cell communication to properly occur. Stressful environmental 

conditions, such as the one created by our experiments (lack of nutrients) can cause negative 

effects on intracellular communication and on regulatory pathways, leading to abnormal 

heterocyte positioning on the trichome.  

The akinete synthesis is strongly related to late phases of the growing curve, associated 

with the deficiency of nutrients characteristic of these stages in batch cultures. The phosphorus-

absent treatment showed the higher production of akinetes. It was also in this group that most 
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variations of position and morphology of akinetes were observed. Zapomělová et al. (2008b) 

discuss in their study that akinete production in the genus Anabaena varies with the nutritional 

state of the medium, altering the dimensions and form of this structure. Light seems to also play 

a crucial role in the synthesis of akinetes, as examined in the different light intensities 

experiment of this study. The significantly high values of akinetes observed in the final days of 

the experiment in the phosphorus-absent group clearly show the importance of this nutrient in 

maintaining a healthy cellular state. Therefore, the general observations regarding the effects 

of nutrient starvation on growth, synthesis and abnormal positioning of heterocytes and akinetes 

on Nostoc paludosum provide significant information about this cyanobacteria’s biology. 

3.4. Light Experiment 

The growth curves show that all treatments produced similar growth trend lines, with the 

100% light culture producing the higher quantities of cells, followed by the 50% light group 

(Figure 3). The log phase was short, followed by a stationary phase with high cell density and, 

after the tenth day, cell numbers decreased continuously for all treatments. A death phase was 

observed at the end of the experiment for all groups. The average cell number decreased with 

the light intensity. As for the maximum specific growth rate of each treatment, the total light 

treatment showed the highest value when compared to the other treatments (μmax = 1.515 day-1 

for 100% light, μmax = 0.874 day-1 for 50% light and μmax = 0.689 day-1 for 13.5% light). All 

experimental treatments presented similar duplication times of approximately 4 hours (201 ±             

4 minutes for 100% light, 204 ± 9 minutes for the 50% light and 238 ± 14 minutes for the 13.5% 

light). 

 
Figure 3. Comparison of the growth performance of Nostoc paludosum in the 100%/ total 

light group (●), 50%/ partial light group (□) and 13.5%/ restricted light group ( ), with 

respective trend lines and standard deviation. 

The average heterocyte frequency per cell (Figure 4A) shows that all treatments produced 

small amounts of this structure during most of the experiment’s duration. Only on the 24th day 

and beyond was a considerable amount of heterocytes per cell registered for the severely 

restricted light group (13.5%). This trend was also observed at the 50% light group in the two 

final sampling points of the experiment.   

The presence of akinetes (Figure 4B) only occurred significantly at the end of the 

experiment and only in the severely restricted light intensity (13.5% light) group. The highest 

synthesis of akinetes happened on the 30th day (0.08 akinete per cell or 14360 akinetes mL-1). 
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Figure 4. Average heterocyte (A) and akinete (B) production per cell of Nostoc 

paludosum grown in 100%/ total light ( ), 50%/partial light (□), and 

13.5%/restricted light ( ), with respective standard deviation. 

Variation in the size of vegetative cells, heterocytes and akinetes was observed for each 

light treatment (Table 2). The only statistically significant result obtained was for the akinetes’ 

size, with the largest occurring in the 13.5%/restricted-light group. Vegetative cells and 

heterocytes data were not statistically different. Considerable fragmentation of the trichomes 

was observed in the restricted-light intensity (13.5% of the total light) group, especially after 

the fifth day of the experiment. Differences in the morphology and position of the heterocytes 

on the trichomes were not observed; however, variations in the size and position of akinetes 

were noticed in the restricted-light group.   

3.5. Effects of light intensity on cell growth 

The higher light-restriction treatments had a slightly smaller initial yield when compared 

to the 100% light group during the exponential phase. When directly compared to the total light 

group, the 13.5% light treatment had a fourfold mean reduction in cell production, indicating a 

direct correlation between light intensity, cell division and, consequently, photosynthesis. It 

helps to explain how the cyanobacteria are capable of colonizing most of the photic zone. Even 

with severe light-intensity reduction, which resembles a deeper depth in the natural 
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environment, the Nostoc paludosum was capable of surviving and producing high cell density. 

Other species of the Nostoc genera were observed to form a non-characteristic morphotype 

under severe luminosity reduction conditions (Lazaroff and Vishniac, 1961), returning to 

regular cell morphology when exposed to light again. The main hypotheses for the formation 

of morphotypes is that the presence of light is responsible for the synthesis of light-dependent 

morphogenic substances that induce normal growth and morphology. In our work. In our work, 

there were no significant morphologic alterations observed in any of the treatments, probably 

due the short duration of the experiments.  

Table 2. Mean size (µm) with standard deviation (s.d.) of vegetative 

cells (V), heterocytes (H) and akinetes (A) on days 5, 10 and 20 of the 

experiment for each of the three experimental groups. 

Groups 
Day 5 Day 10 Day 20 

Mean ± s.d. Mean ± s.d. Mean ± s.d. 

100% Light 

V 3.55 ± 0.84 3.36 ± 0.62 3.18 ± 0.32 

H 4.96 ± 0.83 5.09 ± 1.03 4.42 ± 0.79 

A -* 5.05 ± 0.78** 5.08 ± 0.45** 

50% Light 

V 3.24 ± 0.61 3.09 ± 0.48 2.98 ± 0.32 

H 4.35 ± 1.14 4.70 ± 0.60 4.34 ± 0.85 

A -* 5.69 ± 1.04** 5.76 ± 1.11** 

13.5% Light 

V 3.34 ± 0.81 2.89 ± 0.36 2.75 ± 0.44 

H 4.48 ± 0.77 4.81 ± 0.83 4.42 ± 0.70 

A 5.47 ± 0.57 6.24 ± 0.89** 6.39 ± 1.01** 

*(-) indicates no data; **Differences observed are statistically 

significant (ANOVA test p < 0.05). 

Other research using Nostoc flagelliforme showed that increased light intensity (up to                   

200 μmol m-2 s-1) combined with the addition of CO2 enhances the yield of cell production by 

several times without major cell damage caused by high-light conditions (Gao and Yu, 2000). 

However, there are other cases when reduced light intensity serves as a stimulus to growth. A 

comparison between the Planktothrix and Dolichospermum genus (cited as Oscillatoria and 

Anabaena) has showed that under 6 hours of light exposure (a short period) and low light 

intensity, the Planktothrix genus is benefited, growing faster and producing more cells than the 

Dolichospermum (Foy et al., 1976). The Dolichospermum genus is considered a dominant 

cyanobacteria in natural environments, which would make sense for it to be adapted to growth 

better under higher light intensities in order to outgrow other competitors on the phytoplankton. 

The Nostoc genus is not a dominant or common representative of the phytoplankton in most 

aquatic ecosystems, but in extreme habitats such as the polar regions or temperate climates this 

genus might represent a significant portion of the phytoplankton community (Vincent, 2000; 

Pócs, 2009). It has been shown that this genus benefits from periods of long, low-intensity light 

exposure, such as the ones found in colder environments. For the light cycle used in our 

experiment (12:12), the light intensity tested proved to be lower than necessary for optimum 

growth of the control group.  

However, a great decline in cell density is noticeable in our experiment after the tenth day 

in all experimental groups. Differently from our control group of the previous experiment, this 

culture did not maintain its cell density for the rest of the experiment. One explanation is the 

self-shading effect suffered by the culture after its great density after the exponential phase, 

which could have greatly affected the photosynthetic capacity of the cells (Kaplan-Levy et al., 

2010). Nonetheless, this effect may only partially explain this steep drop. Our decision to 
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maintain the control group under the light intensity of 60.0 ± 2.7 μmol m-2 s-1 may have caused 

some extent of stress or may have proven to be less light than the Nostoc paludosum really 

requires to grow ideally, as observed in the control group of the nutrient-absent experiment, 

which was exposed to 120 μmol m-2 s-1. The decision to reduce the maximum light intensity for 

the control group between experiments was based on many studies in the literature that claim 

that optimal light intensity for several Nostocales species varies from 50 to 75 μmol m-2 s-1 

(Saker and Neilan, 2001, Moore et al., 2005; Dyble et al., 2006). Another factor that may 

explain the observation of the decline in cell density in all groups was the value of inoculum 

used in this experiment (which was 250 times larger than the inoculum of the nutrient deficiency 

experiment). The much larger population of cells demanded a great amount of nutrients to 

maintain itself, which may have become a restricting factor after the tenth day. This is supported 

by the fact that the cell density of the all treatments in the light experiment were higher than the 

density observed in the control group of the previous experiment (μmax obtained for the 100% 

and 50% light groups were higher than the maximum growth rate observed for the control group 

of the previous experiment, while the duplication time was similar). However, after the tenth 

day, the overpopulated groups in the light experiment show a continuous decline in cell 

numbers, whereas the control of the nutrient-absent experiment maintain the average cell 

number until the end of the 30-day period. 

Nonetheless, the data gathered in both experiments show that Nostoc paludosum is able to 

grow efficiently in an interval of light intensity between 120 to less than 60 μmol m-2 s-1, which 

demonstrates its adaptability to different environmental conditions. 

3.6. Effects of light intensity on heterocyte and akinete synthesis 

According to the akinete data obtained in this study, light intensity and its effects on the 

ability of the cell to realize photosynthesis are the main triggers to induce the formation of 

akinetes. It is already known that light is essential to akinete germination. In a study of Braune 

(1980), irradiations of 20 W m-2 for 30-70 hours were capable of inducing germination of 

akinetes of Anabaena variabilis. Since light is the determinant factor to activate this structure, 

the lack of light is probably associated with its formation. Our results showed that under more 

than 85% light reduction, a culture of Nostoc paludosum produces 50 times more akinetes than 

when it is cultivated in a condition with no light limitations, underlining the vital role of this 

structure in the maintenance of this species’ survival. 

It is also interesting to highlight that we registered the formation of akinetes in all groups 

towards the end of the experiment. However, the akinetes found in the 100% light group were 

significantly smaller than those found in the light-restricted treatments. An explanation for the 

production of akinetes in all treatments may be drawn if we consider the culture self-shading 

effect (Kaplan-Levy et al., 2010). The group without light restriction presented the highest cell 

density, which means that many of this culture’s cells were probably being shaded by other 

cells in the Mariotte bottle, receiving less than the ideal amount of light. These shaded cells 

probably formed the akinetes we found on the 100% light group, enhancing our understanding 

that light is crucial for akinete formation. 

Nonetheless, other significant akinete formation factors in cyanobacteria have already been 

described in the literature. The reduction of the temperature has induced the formation of 

akinetes in Dolichospermum spiroides and D. crassum (Li et al., 2008). The same study has 

also suggested that the formation of heterocytes in a large quantity also induces the production 

of resistance cells. Another study that evaluated the effects of temperature and light intensity in 

Nostoc flagelliforme has found that an increase in temperature (25 to 45°C) favors cell growth, 

whereas a reduction in light intensity diminishes the cell division rate and the synthesis of 

polysaccharides, essential substances to the cells’ survival (Bi and Hu, 2004). All of these 

effects are probably related to the reduction of the photosynthetic rate, which could also explain 
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the results obtained for our 13.5% light treatment concerning cell numbers and expression of 

akinetes, demonstrating the significance of this structure for the species’ survival. 

Since all light treatments produced heterocytes in a similar amount and pattern during most 

of the experiment’s duration, it can be concluded that the light intensities used in this 

experiment (60.0, 30.0 and 8.1 μmol m-2 s-1) demonstrate that light is not the main factor driving 

heterocyte differentiation. In the nutrient-starvation experiment, all groups were submitted to 

the same light intensity (120.0 μmol m-2 s-1) and the amount of heterocytes produced and their 

positions in the trichome were different between treatments, supporting the idea that the 

synthesis of heterocytes can be better explained by the nutritional condition of the environment. 

The heterocytes observed at the end of the experiment may indicate the beginning of a 

nutritional stress at the culture media after supporting a great cell density for more than 20 days.  

Light limitation not only affects the photosynthetic capacity of the cell, but it also alters 

the cyanobacteria’s ability to fixate nitrogen through the heterocyte. The sporulation (name 

given to the process of differentiation of a vegetative cell into an akinete) is related to the 

reduction of the activity on the heterocytes. In our analysis of the heterocyte synthesis, there 

was no direct relation between light restriction and production of this structure, with it being 

better explained in the nitrogen and phosphorus starvation experiment. However, the light 

limitation could have indirectly altered the functionality of the heterocytes and their capability 

to properly fixate nitrogen since the reduction of light creates a stressful condition to the overall 

photosynthetic metabolism of the cell (Zapomělová et al., 2008b). Consequently, by affecting 

the heterocytes, the light restriction also triggered the sporulation of the akinetes found in our 

experiments.  

The connection between akinetes and heterocytes also seems to be related to genetic 

mechanisms and development factors along the life cycle of the cyanobacteria. According to 

Leganés et al. (1994), the hetR and hetP genes of Nostoc ellipsosporum are directly responsible 

for the formation of special structures. When hetR is blocked, there is no production of 

heterocytes or akinetes; however, a mutation that silences the hetP gene inhibits the synthesis 

of heterocytes, with the regular occurrence of akinetes.  Only further morphologic and genetic 

studies can truly clarify the relation between these two special structures. 

4. CONCLUSIONS 

Our results showed that the nutritional deficiencies of nitrogen and phosphorus and the 

variation in light intensities are capable of altering the regular growth dynamics of Nostoc 

paludosum, with the nitrogen and phosphorus limitations and the severe light restriction of 

13.5% being the most effective in reducing cell-growth rates. The absence of nutrients in the 

culture medium and the limitation of light reaching the cyanobacteria cells are capable of 

altering the morphology of vegetative cells, with an increase in fragmentation, also affecting 

the special structures, akinetes and heterocytes. The most evident variations in the heterocytes 

was observed in the nitrogen-absent group, while a similar trend happened for the akinetes in 

the phosphorus-absent group and in the severely restricted-light treatment, with both data being 

supported by other studies in the literature. Particularly for the heterocytes synthesis, we 

observed that illuminance did not seem to play a direct role in its formation and position on the 

trichome, but it is probably associated with its functionality, with nutrient concentration, 

specially nitrogen, as the key aspect that explains heterocyte production. That is why the 

restriction of this essential nutrient increased this structure’s synthesis, a fact that help us 

understand the strategies used by heterocytous cyanobacteria to survive in extremely limiting 

environments, particularly related to nitrogen deficiency. 
The data generated in this research broadens the understanding of some factors involved 

in the general growth and synthesis of heterocytes and akinetes in Nostoc paludosum, a species 
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that has had few studies published about its basic biology. Our study will therefore aid future 

research that can further the knowledge regarding this species of cyanobacteria or the study of 

its applications in bioengineering.  
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ABSTRACT 
Phenolic compounds occur in effluents from a wide variety of industrial operations, and 

they present toxicity and generate environmental problems. The treatment of these wastes via 

enzyme immobilization indicates that peroxidase (E.C.1.11.1.7) is the enzyme with the widest 

application. In the same process, biodegradable polymers have generated significant interest 

from research and industrial communities. Here we applied biopolymers from sugarcane 

bagasse (SB) and Cerrado cashew-tree polysaccharide (PEJU-GO) as supports for peroxidase 

immobilization from crude green zucchini extract via physical adsorption and covalent 

bonding. In addition, we used these systems in the removal of phenols from industrial effluents. 

Electron microscopy showed a fibrous surface for SB and a microporous material for PEJU-

GO, characteristics that facilitate the immobilization. The infrared of both materials elucidated 

characteristic bands of sugars. For operational stability after 30 days of storage, the immobilized 

peroxidase retained 69 and 50% activity for SB and PEJU-GO, respectively. The systems were 

able to remove up to 79% of phenolics from industrial wastes. Therefore, the biopolymers from 

sugarcane bagasse and cashew-tree polysaccharide are promising sources for biotechnology, 

especially when used for peroxidase immobilization. This will support enzymatic activity in 

laboratory practice, with homogeneous behavior in different pH conditions, at low cost, 

biodegradable, non-toxic and extracted in a sustainable way. 

Keywords: biopolymers, effluents, water treatment. 

Peroxidase de abobrinha verde (Cucurbita pepo L.) imobilizada em 

polímeros naturais remove compostos fenólicos de amostras de água 

RESUMO 
Os compostos fenólicos ocorrem em efluentes de uma grande variedade de processos 

industriais e apresentam toxicidade e geram problemas ambientais. O tratamento desses 

resíduos via imobilização de enzimas indica que a peroxidase (EC 1.11.1.7) é a enzima mais 

utilizada. Nos mesmos processos, polímeros biodegradáveis têm gerado grande interesse para 

a comunidade científica e industrial. Neste trabalho os biopolímeros de bagaço de cana-de-

açúcar (BC) e o polissacarídeo de caju arbóreo do Cerrado (PEJU-GO) foram utilizados como 

suportes para imobilização de peroxidase de extrato bruto de abobrinha verde via adsorção 
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física e ligação covalente. Além disso, usamos esses sistemas para a remoção de fenóis de 

efluentes industriais. A microscopia eletrônica mostrou que BC possui uma superfície fibrosa 

e que PEJU-GO apresentou-se como material microporoso, características que facilitam 

processos de imobilização. Os espectros de infravermelho de ambos materiais elucidaram 

bandas características de açúcares. Para a estabilidade operacional após 30 dias de 

armazenamento a peroxidase imobilizada reteve 69 e 50% de atividade para BC e PEJU-GO, 

respectivamente. Os sistemas foram capazes de remover até 79% de compostos fenólicos de 

efluentes industriais. Assim sendo, os biopolímeros de bagaço de cana-de-açúcar e do 

polissacarídeo de caju arbóreo do Cerrado são fontes promissoras para a biotecnologia, 

especialmente para a imobilização de peroxidase. Isto irá proporcionar a imobilização 

enzimática na prática laboratorial, com comportamento estável em diferentes condições de pH, 

a custo baixo, sendo um material biodegradável, não-tóxico e extraído de forma sustentável. 

Palavras-chave: biopolímeros, efluentes, tratamento de água. 

1. INTRODUCTION 

The volume of chemical pollutants is on the rise, especially textile dyes, which are stable 

and resistant to primary treatment methods. Since water reservoirs are affected by these and 

other pollutants, new remediation strategies have been developed (Choong and Focatiis, 2016).  

In recent years, environmentally friendly technologies have been gradually implemented 

to minimize the negative impacts of industrial development on the environment, the economy 

and society (Darko et al., 2017). Among those products are biodegradable polymers, which 

have generated significant interest in research and industrial communities. The degradation of 

these materials, linked to their renewable sources, promotes a reduced accumulation of waste 

and less environmental stress, and they are more easily degraded throughout industrial 

processing (Choong and Focatiis, 2016). 

In this regard, lignocellulosic materials in the form of plant biomass, such as sugarcane 

bagasse (Saccharum officinarum, L.) (SB), are the most abundant organic carbon complexes, 

mainly composed of cellulose, hemicellulose and lignin, used on a large scale in ethanol 

bioconversion. These materials have a high carbohydrate content, low lignin content, easy use, 

low cost of harvesting, transport and storage (Gouveia et al., 2009). The polysaccharide of 

Cerrado-arboreal cashew (Anacardium othonianum Rizz.) (PEJU-GO) is biocompatible, 

biodegradable and easy to obtain, and it presents a physicochemical structure in line with 

properties that allow technological applications (Silva et al., 2017). Moreover, due to their 

colloidal properties, this material and other polysaccharides have been used as thickeners, 

gelling agents, emulsifiers, stabilizers, binders (Bhushette and Annapure, 2017) and 

biodegradable polymers (Akthar and Ding, 2017).  

Phenolic compounds occur in waste outflows from a wide variety of industrial operations. 

Almost all are toxic (Liu et al., 2002), and some are known to be carcinogenic in humans; they 

are incorporated in the food chain and generate important environmental problems. Some 

methods for phenolic removal involve the use of microorganisms, activated charcoal or 

chemical oxidation. However, the methods often have disadvantages, such as low efficiency, 

high cost or the fact that they may generate even more toxic products than the original targets. 

An alternative to treat phenolic wastewater is the use of the enzyme peroxidase 

(E.C.1.11.1.7). Horseradish peroxidase (HRP) has been successfully used to eliminate phenol 

from aqueous solutions and is by far the most-researched enzyme (Kalaiarasan and Palvannan, 

2013). However, due to the cost of purification, many efforts have been made to find alternative 

sources of this enzyme, mainly in plants. The green zucchini (Cucurbita pepo L.) has been 

presented as a promising source of peroxidase when compared to other fruit and vegetables, 
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such as peach (Prunus pérsica, L.), manioc (Manihot utilíssima, L.) and artichokes (Cynara 

scolymus L.) (Vieira et al., 2003), for example. In this work, the hypothesis is that sugarcane 

bagasse (S. officinarum, L.) and the Cerrado-arboreal cashew polysaccharide (A. othonianum 

Rizz.) are capable of immobilizing peroxidase (POX) extracted from green zucchini (Cucurbita 

pepo, L) to remove phenol from industrial effluents, in order to reduce their concentration in 

these environments. 

2. MATERIALS AND METHODS 

We purchased the samples of green zucchini (Cucurbita pepo, L.) and sugarcane bagasse 

(Saccharum officinarum, L.) in local stores in Anápolis, Goiás, Brazil, during January 2016. 

The gums of Cerrado-arboreal cashew (Anacardium othonianum Rizz.) were collected in the 

arboretum of the School of Agronomy, Federal University of Goiás, Brazil (16º35'59.1" S, 

49º16'47.1" W) in February 2016. 

The reagents ethyl alcohol P.A., pyrogallol, 35% hydrogen peroxide, sodium phosphate 

monobasic, sodium meta-periodate, nitrophenol, phenol, bromophenol, catechol and Folin-

Ciocalteu reagent were obtained from Sigma-Aldrich (USA). 

2.1. Obtaining the Green Zucchini Extract and Peroxidase Activity 

The Cucurbita pepo L. plant samples were cut, crushed in 0.1 mol L-1 monobasic sodium 

acetate solutions  (pH 4; 4.5; 5), 0.1 mol L-1 sodium phosphate monobasic (pH 6; 6.5; 7; 7.5) 

and 0.1 mol L-1 sodium borate (pH 8) in the proportion of 1:1 (p/v), then filtered for use. The 

peroxidase activity in the green zucchini (GZP) was determined in a Kasuaki UV/VIS UV/VIS 

spectrophotometer Model IL-592 (Japan), using pyrogallol in 0.1 mol L-1 sodium phosphate, 

pH 6.0. Absorbance (at 420 nm) was measured after 1 min of reaction. We considered the 

enzyme unit (U) as the amount of peroxidase capable of increasing 0.1 absorbance / min of 

reaction under the assay conditions. To choose the best pH extract, we tested the data using 

analysis a posteriori (Tukey test), considering p < 0.05.  

2.2. Characterization of Sugarcane Bagasse and Cerrado-Arboreal Cashew 

The characterization of the polysaccharide from Cerrado-arboreal cashew (PEJU-GO) was 

performed according to Silva et al. (2017). To obtain PEJU-GO and SB treated with sodium 

periodate (PEJUp-GO and SBp, respectively), 0.05 g of support stirred for 30 min at 26°C with 

2.0 mL of 0.1 mol L-1 sodium periodate solution and 10 mL of 0.1 mol L-1 sodium phosphate 

buffer pH 7.0. PEJU-GO was precipitated with absolute ethanol for 24 h. After discarding the 

supernatant, both PEJUp-GO and SBp were dried at room temperature and the powder kept in 

amber flasks at 4°C for use.  

The morphological analysis of the polymers (PEJU-GO, PEJU-GO, SB and SBp) was 

performed by scanning electron microscopy (Shimadzu, model SSx 550, Japan), with 

magnification from 50 to 1000. The polymers (PEJU-GO, PEJUp -GO, SB and SBp) were 

analyzed in infrared spectrometry with KBr pellets (Bomn FT-IR model MB100, USA) and the 

scanning performed in the range of 4000 to 500 cm-1. We compared the spectra to characterize 

the chemical groups present in the samples, according to the literature. 

We evaluated the thermal stability of PEJU-GO, PEJU-GO, SB and SBp by 

thermogravimetric analysis. The samples were subjected to heating ramps of 25oC at 500oC, at 

a rate of 10oC min-1, using DTG-60H (Shimadzu, China). 

2.3. Tests of Immobilization of Peroxidase from Crude Extract of Green Zucchini 

The immobilization of GZP was performed in PEJU-GO and SB by physical adsorption 

and covalent binding using sodium periodate, and the supports were identified as PEJUp-GO 

and SBp, respectively.  



 

 

Rev. Ambient. Água vol. 13 n. 6, e2226 - Taubaté 2018 

 

4 Thâmara Machado e Silva et al. 

The tests for the best retention of enzyme activity at different concentrations of enzyme 

and support, immobilization pH, storage and reuse days were conducted using 1000 μL GZP 

(270 U) in 10 mg PEJU-GO, 20 mg PEJUp-GO, 2.5 mg of SB and 15 mg SBp under gentle 

agitation (720 rpm) for 2 h at 4°C.  

For the method of physical adsorption, the immobilization in PEJU-GO used 1000 μL of 

the crude GZP extract (270 U) (obtained by milling the plant samples in 0.1 mol L-1 sodium 

phosphate buffer solution and pH 7.0), allowed to react with 10 mg of the support under gentle 

agitation (720 rpm) for 2 h at 4°C. A control group was made using only 0.1 mol L-1 sodium 

phosphate buffer solution pH 7.0 and the support, without adding enzyme. The PEJU-GO-GZP 

complex was precipitated with ice-cold absolute ethanol, centrifuged and assayed for 

immobilized enzymatic activity. The same procedure was performed for immobilization by 

physical adsorption in SB, including the control group. 1000 μL of crude GZP extract (270 U) 

were allowed to react with 2.5 mg SB under gentle stirring (720 rpm) for 2 h at 4°C.  

For the immobilization tests by covalent bonding, the supports were activated with sodium 

periodate as described in 2.2. After the activated substrates, 1000 μL of the crude GZP extract 

(270 U) were allowed to react with 20 mg PEJU-GO under gentle agitation (720 rpm) for 2 h 

at 4°C. A control group was made using only sodium phosphate buffer solution, 0.1 mol L-1 pH 

7.0, and support. Then, the PEJUp-GO-GZP complex was precipitated with ice-cold absolute 

ethanol, centrifuged and assayed for immobilized enzymatic activity. The same procedure was 

performed for immobilization in SBp, including the control group. 1000 μL of crude GZP 

extract (270 U) were allowed to react with 15 mg of SB under gentle agitation (720 rpm) for              

2 h at 4°C.  

The enzyme activity test consisted of adding to the immobilized GZP complex 1.4 mL of 

0.1 mol L-1 sodium phosphate buffer, pH 6.0, 0.5 mL of 0.05 mol L-1 hydrogen peroxide and 

1.0 ml of 0.07 mol L-1 pyrogallol. After 1 min of reaction the reading was performed according 

to Item 2.1. 

2.4. Potential use of free and immobilized peroxidase for degradation of phenolic 

compounds 

The tests with phenolic compounds and industrial effluents (WTS and Textiles) were 

carried out based on the methodology of Ramalho et al. (2016). The effluent samples were 

collected at the Waste Treatment Station (WTS) of the Agribusiness District of Anápolis 

(DAIA) (16°30’ S and 49°00’ W) and at a textile corporation, Cia Hering of São Luís dos 

Montes Belos, Goiás (16°52’ S and 50°32’ W). The organic load contained in the raw sewage, 

according to the Department of the Environment of the DAIA, is 3.750 kg BOD.day-1. 

We incubated the free GZP and the PEJU-GO-GZP, PEJUp-GO-GZP, SB-GZP and SBp-

GZP complexes with pyrogallol, catechol, phenol, bromophenol, and nitrophenol (1.0 mol L-1, 

initial concentration). We performed the same procedure replacing the phenolic compounds 

with the crude effluent (WTS at 0.1 mol L-1 and Textiles at 0.2 mol L-1). We then evaluated the 

capacity of immobilized complexes to remove phenols from the effluent samples using time-

dependent kinetics ranging from 10 min to 420 min. The residual phenol concentration was 

monitored as in Ramalho et al. (2016). We used the immobilized complexes obtained through 

physical adsorption, since they presented better immobilization conditions.  

3. RESULTS AND DISCUSSION 

Figure 1 shows the enzymatic activities at different extraction pH. The optimum pH for 

peroxidases of crude extracts varies according to the inherent characteristics of the enzyme 

itself, the composition of plant isoenzymes in the crude extract and the choice of substrate 

(Ramalho et al., 2016). The differences in the mean values among the treatment groups are not 
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great enough to exclude the possibility that the difference is due to random sampling variability; 

there is not a statistically significant difference (p= 0.824 > 0.05). We chose the maximum mean 

value (44.1U), obtained when 0.1 mol L-1 sodium phosphate buffer, pH 7.0 was used to define 

the extraction pH for the subsequent tests. 

 
Figure 1. Activity of green zucchini peroxidase (Cucurbita pepo, L.) 

in different extraction pH values. The extracts were obtained from 

monobasic sodium acetate 0.1 mol L-1 (pH 4; 4.5; 5), 0.1 mol L-1 

sodium phosphate monobasic (pH 6; 6.5; 7; 7.5) and 0.1 mol L-1 

sodium borate (pH 8) at the proportion of 1:1 (p/v).  

Source: Prepared by the author. 

3.1. Characterization of Sugarcane Bagasse and Cerrado-Arboreal Cashew 

Figure 2 shows the morphological aspects obtained by scanning electron microscopy of 

SB (2A), SB-p (2B), PEJU-GO (2C) and PEJUp-GO (2D), respectively. 

 

Figure 2. Electron micrograph of crude sugarcane bagasse (Saccharum 

officinarum, L.) (A), sugarcane bagasse treated with sodium periodate (B), 

crude Cerrado-arboreal polysaccharide (Anacardium othonianum Rizz.) (C) 

and Cerrado-arboreal polysaccharide treated with sodium periodate (D) at 

1000x and 1500x, respectively.  

Source: Prepared by the author.  
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Figure 2A shows a fibrous aspect with bundles of microfibrils as also demonstrated by 

Kristiansen et al. (2010). The SBp (Figure 2B) presented a rupture of these microfibrils, 

characteristic of the treatment of sodium periodate in sugars. The PEJU-GO (Figure 2C) had a 

porous, irregular and crystalline surface, with an extensive and amorphous mass, reliefs and 

depressions. This can favor the application of this material in biotechnological processes, such 

as enzyme immobilization, because it allows adhesion to and stability of the immobilized 

complex. In the present study, PEJUp-GO had characteristic aspects for the sodium periodate-

treated polysaccharides: irregular fragments, amorphous and dispersed mass (Kristiansen et al., 

2010). 

Infrared spectra of SB and SBp (Figure 3A) showed characteristic bands of lignocellulosic 

fibers. The strongest peaks occurred at 3428 and 1048 cm-1, characterizing stretches of OH and 

COH groups, respectively. There was the appearance of bands between 2918 and 2850 cm-1, 

characteristic of the hemicellulose spectrum. The sugarcane bagasse treated with sodium 

periodate (Figure 3A) showed bands close to 1740 and 880 cm-1, with a strong peak at                         

1728 cm-1, as observed in carbonyl groups (Calvini et al., 2006). In addition, when the oxidation 

degree was higher, the bands in cellulose periodate appeared near to 1740 and 880 cm-1 (Calvini 

et al., 2006). For the PEJU-GO (Figure 3B), we found polysaccharide bands, such as at 3000 to 

2840 cm-1 (OH stretch). The bands present in the range of 1870 to 1540 cm-1 are related to the 

presence of C=O groups (Kristiansen et al., 2010). For PEJU-GO (Figure 3B) there were 

absorptions between 1600 and 1500 cm-1 corresponding to amide Group I (C=O) and N-H 

amine bond vibrations, respectively. The spectrum showed high intensity absorption at                     

1736 cm-1 (C=O), indicating the oxidation of PEJUp-GO. The approximate absorbance of                

1740 cm-1 is characteristic of carbonyl groups, whereas the 880 cm-1 range is generally 

attributed to the formation of hemiacetal bonds between the aldehyde groups and neighboring 

hydroxyl groups (Calvini et al., 2006). 

 
Figure 3. Infrared spectra of crude sugarcane bagasse (Saccharum 

officinarum, L.) and treated with sodium periodate (A) and polysaccharide 

from Cerrado-arboreal cashew (Anacardium othonianum Rizz.), crude and 

treated with sodium periodate (B), respectively. The full rows represent both 

sugarcane bagasse and crude polysaccharide. The dashed lines represent the 

two polymers treated with sodium periodate. Samples were analyzed with KBr 

pellets (Bomn FT-IR model MB100, USA) and scanned in the range of 500 to 

4000 cm-1.  

Source: Prepared by the author.  

The evaluation of the thermal stability of the polymers is in Figure 4. For the SB (Figure 

4A, full line) decomposition occurs at two peaks: 338°C and 480°C. For SBp (Figure 4A, 

dashed line) decomposition occurred at 334°C and 450°C due to exposure of the sugars after 

treatment with sodium periodate, because of the chemical modification on the fibers. 
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Figure 4. Thermogravimetry of Saccharum officinarum, L. crude and treated with 

sodium periodate (A) and Cerrado-arboreal cashew polysaccharide (Anacardium 

othonianum Rizz.), crude and treated with sodium periodate (B), respectively. The 

full rows represent the sugarcane bagasse and the crude cashew polysaccharide. 

The dotted lines represent the polymers treated with sodium periodate. Samples 

were heated at 25oC to 500oC at the rate of 10oC min-1 using DTG-60H (Shimadzu, 

China).  

Source: Prepared by the author.  

The thermal decomposition of PEJU-GO found by Silva et al. (2017) (Figure 4B, full line) 

was at 280 and 300°C (first stage) and between 300 and 490°C (second stage). For PEJUp-GO 

(Figure 4B, dashed line) the decomposition occurs between 50°C and 100°C (maximum at                  

80°C). This finding is in accordance with the characteristic of sugar chain disruption caused by 

sodium periodate, starting decomposition of the carbon skeleton earlier than the crude 

polysaccharide. The second peak was observed between 320 and 500°C (maximum at 500°C), 

probably due to the depolymerization of CO and CH4 bonds. Degradation of the sodium 

periodate-treated polysaccharide occurs initially at mild temperatures, since oxidation may 

decrease the interactions (electrostatic forces, hydrogen bonds and van der Waals forces) among 

the biopolymers. Both polymers behave in a stable manner along a temperature gradient, which, 

for an industrial application, guarantees the stability of the support and the effective and stable 

conduction of the process at high temperatures.  

3.2. Immobilization of Peroxidase from Green Zucchini Crude Extract  

The activity of GZP used for the immobilization reactions via physical adsorption (in SB 

and PEJU-GO) and covalent binding (in SBp and PEJUp-GO) was 270 U. The best 

immobilization conditions for sugarcane bagasse and Cerrado-arboreal polysaccharide are in 

Table 1.  

The physical, chemical and morphological modifications on the supports, by the 

application of additives (in this case sodium periodate), produce immobilized biocatalysts with 

greater catalytic efficiency due to the minimization of the diffusion effects of substrates and 

products during reaction, besides the improvement of the operational stability in several 

processes (Niu et al., 2013). In this aspect, both SB and PEJU-GO were more efficient via 

physical adsorption than in covalent binding, since all systems demonstrated versatility and 

stability in the two immobilization tested routes. 

For the GZP-SB and GZP-SBp complexes, the physical adsorption method allowed the 

retention of 100% of the enzymatic activity, followed by 75% by covalent binding, respectively. 

This yield is remarkable due to the structure presented through electron microscopy and the 

infrared spectrum, showing functional groups capable of allowing the union of the enzyme with 

the support, through electrostatic attractions established between the opposing charges that are 

present both on the surface of the support (for the cane bagasse, fibrous and with relief) and the 

enzyme. In the case of physical adsorption, the enzymes are bound to the matrix through 

electrostatic and hydrophobic interactions (Silva et al., 2017). 
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Table 1. Optimal conditions for immobilized GZP in sugarcane bagasse (Saccharum officinarum, L.) 

and in Cerrado-arboreal cashew polysaccharide (Anacardium othonianum Rizz.) via physical adsorption 

and covalent binding.  

Parameters Sugarcane bagasse Cerrado cashew polysaccharide 

 Adsorption Covalent binding Adsorption Covalent binding 

 SB SBp PEJU-GO PEJUp-GO 

Offered support 

(mg) 

2.5 

 

15 

 

10 

 

20 

 

Offered GZP 

(µL) 

1000 

 

1000 

 

1000 

 

1000 

 

Immobilization 

pH 
5.0; 7.0 5.0; 7.0 7 5.0; 7.0 

Immobilization 

time (h) 
2 h 1 h 2 h 2 h 

Repeated use 

8 cycles, 28% 

remaining enzyme 

activity 

8 cycles, 47% 

remaining enzyme 

activity 

7 cycles, 28% 

remaining enzyme 

activity 

8 cycles, 21% d 

remaining enzyme 

activity 

Shelf life (days) 

30 days, 69% 

remaining enzyme 

activity 

30 days, 77% 

remaining enzyme 

activity 

30 days, 50% 

remaining enzyme 

activity 

30 days, 60% 

remaining enzyme 

activity 

The repeated use for GZP-SBp (8 cycles, 28% of remaining enzyme activity) and GZP-

SBp (8 cycles, 47% of remaining enzymatic activity) indicates that those biodegradable systems 

are promising materials for biotechnological applications. The physical nature of the support, 

such as morphology, size and distribution of the beams in the structure (Figure 2A), provides 

an increase in immobilization efficiency caused by mass transfer between the immobilized 

liquid and enzyme medium (Niu et al., 2013). 

The pH monitoring in industrial processes (feedstuffs, pharmaceuticals, water treatment 

and effluents) is essential for their effectiveness. The application of the GZP-SB and GZP-SBp 

complexes (Table 1) in industrial processes makes it possible to perform at different pH ranges. 

After analyzing the stability of GZP-SB and GZP-SBp complexes for 30 days, we observed 

the maintenance of the peroxidase activity at 69 and 77%, respectively (Table 1). The ability of 

SB to retain active enzymes was also identified by Ahirwar et al. (2017), using cellulase 

immobilized assays via covalent attachment to polystyrene pellets (77% activity after 35 days 

of storage). This reinforces the understanding that SB is a promising support for enzyme 

immobilization with the differential of biodegradability in the environment. Under the same 

storage conditions, the peroxidase activity in the GZP-PEJU and GZP-PEJUp complexes 

remained at 50% at the end of that period (Table 1). Niu et al. (2013) found a similar result for 

the same conditions in fibrous membranes. The authors suggest that the polysaccharides play 

fundamental roles in enzymatic stability through electrostatic, dipole-ionic or hydrophobic 

interactions. This is due to the chemical interactions and functional groups that are present in 

the support. 

GZP immobilization studies in the PEJU-GO and PEJUp-GO complexes presented 100% 

and 85% immobilization yield, respectively. In this context, the solubility in water presented 

by PEJU-GO makes this material an attractive support for enzyme immobilization, since its 

recovery can easily be achieved by simple precipitation with polar organic solvents, such as 

ethanol. This yield is justifiable due to the structure presented by electron microscopy (Figure 

2C), in which the enzyme binds to the support through electrostatic attractions established 

between the opposing charges, both on the surface of the support (for PEJU-GO, porous and 

with reliefs) and on the enzyme. In addition, the total adsorption capacity of the final product 

is predicted as a function of the texture and chemistry of the polymer (Kristiansen et al., 2010). 



 

 

9 Peroxidase from green zucchini (Cucurbita pepo L.) … 

Rev. Ambient. Água vol. 13 n. 6, e2226 - Taubaté 2018 

 

The influence of pH in this process is determinant and is shown in Table 1. Studies by Liu 

et al. (2002) reported the stabilization of the enzymatic activity of HRP in the presence of 

polysaccharides (such as dextran and sodium alginate), resulting in the retention of HRP activity 

when there are changes in pH and temperature. The use of polysaccharides as additives may 

increase catalytic efficiency by forming a protective layer at the active site of the enzyme to 

restrain the attack of free phenoxy radicals formed in the catalytic cycle (Kalaiarasan and 

Palvannan, 2013). Since PEJU-GO is able to retain HRP activity in both acidic (66% enzymatic 

activity at pH 5) and neutral (65% enzymatic activity at pH 7) conditions, this behavior allows 

its application in different reaction media. 

Table 1 also shows the operational stability of the immobilized complexes, allowing up to 

seven reaction cycles with retention of 21% of the enzymatic activity. These data demonstrate 

the potential of support-immobilized peroxidase systems in commercial applications such as 

low-cost waste treatment.  

3.3. Potential use of free and immobilized POX from green zucchini crude extract 

(Cucurbita pepo L.) for the degradation of phenolic compounds 

In the phenol removal tests, the immobilized enzymes were effective in the treatment of 

any phenolic compounds (Figure 5). The GZP-SB removed 79% of phenol from the WTS (after 

120 min), 19% of pyrogallol after 10 min and more than 90% of the textile effluent after 400 

min of reaction. The GZP-PEJU complex was able to remove 59% of pyrogallol and 48% of 

bromophenol after 10 min of reaction. For the textile effluent, GZP-PEJU presented 76% 

removal efficiency in 180 min of reaction and 93% for the industrial effluent in 420 min of 

reaction. 

 
Figure 5. Phenol efficiency removal of green zucchini peroxidase (Cucurbita 

pepo, L.) and immobilized complexes in the effluent samples. Data were 

expressed in percentages. Circles represent the treatment on the textile 

effluent (a closed circle is free GZP and an open circle is the PEJU-GZP 

treatment). Downward-pointing triangles are SB-GZP treatments on textile 

effluent. Open triangles show the GZP capacity to treat effluent from WTS. 

Squares represent WTS effluent treatment by PEJU-GZP (closed) and by SB-

GZP (open).   

Source: Prepared by the author. 
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The immobilized complexes removed phenolic compounds and presented similar or 

superior performance in relation to the free enzyme. This can be explained by the inactivation 

and / or inhibition of the free enzyme caused by interactions between phenoxyl radicals or 

phenolic polymers produced during catalysis (Vineh et al., 2018). 

Industrial effluents were degraded by all enzymatic forms. However, if we consider the 

time incubation period, the GZP immobilized form was more stable and continually removed 

phenols from complex mixtures over time. This is in agreement with Tatsumi et al. (1996), 

which used HRP immobilized on cellulose via oxidation through periodate and removed more 

than 80% phenol from aqueous solutions using continuous reactors. Figure 5 also demonstrates 

that the maximum reaction time for the phenol removal by the immobilized complexes was up 

to 30 min. The free enzyme needed 90 min to achieve the maximum of phenol removal capacity.   

The GZP complexes immobilized in PEJU-GO and SB are effective for the removal of 

phenols, with better performance (in the majority of the treatments) in the treatment with the 

free enzyme, after 10 min of reaction. Both materials (Enzyme and Support) are biodegradable 

and extracted in a sustainable manner, thus reducing the negative impact of chemical analyses 

on the environment and analytical laboratories.  

4. CONCLUSIONS 

This survey offers new alternatives for enzyme immobilization techniques using sources 

from crude extracts in a biodegradable carrier. The crude extract of green zucchini (Cucurbita 

pepo L.) showed a high content of peroxidase activity in different pH ranges, which makes this 

material a promising source for application in enzymatic technology. In addition, both 

sugarcane bagasse and arboreal cashew polysaccharide are sources of biotechnological 

application, especially as low-cost supports for peroxidase immobilization by physical 

adsorption and covalent binding. The enzymatic activity occurs in different reaction media, 

with a biodegradable and non-toxic material that is extracted in a sustainable way. In addition 

to these applications, the removal of phenolic compounds by the immobilized enzyme system 

showed high efficiency when using physical adsorption immobilization. This set of advantages 

reduces the negative impact of chemical waste on the environment and provides new analytical 

laboratory practices. The immobilized systems could be effectively operable and reliable and 

considered as a techno-economical and eco-friendly-oriented process for a large-scale 

application. 
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ABSTRACT 
This study explored the relationship between water fluoridation quality and development 

indicators at municipal level. In addition, fluoride concentrations found were classified based 

on two criteria for interpreting the samples. A cross-sectional ecological exploratory study was 

carried out including all municipalities of the metropolitan region of Great Vitória, ES, Brazil. 

From May to October 2016, 648 samples of water were collected covering water treatment 

plants responsible for more than 80% of the population of each municipality. The fluoride 

concentration of each sample was determined using ion-specific electrode and the results were 

classified according to the federal act and the criterion proposed by the Collaborating Center of 

the Brazilian Ministry of Health for Oral Health Surveillance. The outcome was the rate of 

values included in the optimal concentration interval and the independent variables were 

municipal-level indicators related to demographics, economics, sanitation, health conditions 

and human development characteristics. The Spearman test and Kappa statistic were used in 

the analysis. The percentage of samples presenting optimal fluoride concentration ranged from 

68.1 to 81.4%, considering the two criteria used. The Kappa statistic between the criteria was 

0.671 (p-value = 0.001). Human development, average coverage of supervised toothbrushing, 

and total population showed a strong positive correlation with the quality of fluoridation while 

infant mortality and tooth-extraction/dental procedures ratio showed a strong negative 

correlation. The plausibility of observed correlations encourages further investigations of 

potential causes. 

Keywords: development indicators, fluoride, vigilance in health, water analysis, water fluoridation. 
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Qualidade da fluoretação da água e indicadores de nível municipal em 

uma região metropolitana Brasileira 

RESUMO 
O objetivo do estudo foi analisar a relação entre a qualidade da fluoretação da água e 

indicadores de desenvolvimento em nível municipal. Além disso, a concentração de fluoreto 

foi classificada de acordo com dois critérios para interpretação das amostras. Foi realizado um 

estudo exploratório ecológico transversal nos municípios que compõem a Região Metropolitana 

da Grande Vitória, ES, Brasil. Foram coletadas 648 amostras de água tratada em Estações de 

Tratamento de Água que abastecem mais de 80% da população de cada município, durante o 

período de maio a outubro de 2016. A concentração de fluoreto de cada amostra foi determinada 

através do método do eletrodo específico e os resultados foram categorizados de acordo com a 

legislação brasileira e o critério proposto pelo Centro Colaborador do Ministério da Saúde em 

Vigilância da Saúde Bucal.  A variável dependente foi a taxa de valores incluídos no intervalo 

de concentração ideal e as variáveis independentes foram indicadores de nível municipal 

relacionados às características demográficas, econômicas, saneamento, condições de saúde e 

desenvolvimento humano. Correlação de Spearman e estatística Kappa foram utilizadas nas 

análises. O percentual de amostras que apresentou níveis ótimos de fluoreto variou entre 68,1 

e 81,4% de acordo com os diferentes critérios. O valor da estatística Kappa entre os critérios 

foi 0,671 (p<0,001). O nível de desenvolvimento humano, a média de escovação supervisionada 

e a população total exibiram forte correlação positiva com a qualidade da fluoretação, enquanto, 

a taxa de mortalidade infantil e a proporção de exodontias apresentaram correlação forte e 

negativa. A plausibilidade das correlações observadas pode encorajar novas investigações sobre 

possíveis relações causais. 

Palavras-chave: análise da água, indicadores de desenvolvimento, flúor, fluoretação da água, vigilância 

em saúde. 

1. INTRODUCTION 

Fluoridation of public water supply is considered one of the ten most important public 

health measures of the 20th century (CDC, 1999). In addition to reducing tooth-decay rates 

(rates of cavities), its low cost compared to the high social benefit reduces social inequality in 

the access to fluoride and can benefit all strata of the population according to the reach of the 

network of public utilities’ water supply (Kumar, 2008). 

Data from British Fluoridation Society showed that water fluoridation had reached about 

370 million people worldwide around 2012. Among the ten most populous countries, United 

States and Brazil have the greatest coverages (Rugg-Gunn and Do, 2012; Frazão and Narvai, 

2017). However, there are important within-country differences regarding access to water 

fluoridation. Generally, the residents in the least-developed least-populated areas do not have 

access to water fluoridation or the fluoride amount in drinking water is unknown (Gabardo et 

al., 2008; Peres et al., 2004). 

Experts advocate the need for the implementation of control and monitoring systems to 

ensure the quality and effectiveness of the water fluoridation as a public policy (Narvai, 2000; 

Pelletier, 2004; Yarmolinky et al., 2009; Esposti and Frazão, 2015). Systematic assessment 

revealed a potential discontinuity characterized by concentration values not complying with the 

legislation and being below the level prescribed to prevent tooth decay, reinforcing the warnings 

of several researchers regarding the need to expand water fluoridation monitoring systems. 

While not exposed to the risk of dental fluorosis, the population would be deprived of the 

maximum benefit provided by an adequate level of fluoride in water (Venturini et al., 2016). 
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Except for a study that found increasing rates of fluoridation standard compliance 

according to the scale of the supply systems and the values of the HDI (Daré et al., 2009), 

information on the relationship between the quality level of fluoridation and municipal-level 

indicators related to sanitation, health, economic and income inequality variables is scarce. 

Considering the dissimilarity showed in the scientific literature regarding the interpretation 

of data on fluoride concentration (Venturini et al., 2016) and the interest in the qualification of 

fluoridation systems, Brazilian experts have reached a technical consensus (CECOL, 2011) to 

classify public water supplies according to fluoride contents. Few studies have compared this 

new criterion with the conventional one (Brasil, 1976), assessing the differences among the 

results. Kuhnen et al. (2017) and Peixoto et al. (2012) interpreted the results of water samples 

using both criteria and observed substantial differences between them. 

This study explored the relationship between water fluoridation quality and development 

indicators at the municipal level. In addition, fluoride concentrations were classified based on 

two classification criteria for interpreting the samples. 

2. MATERIALS AND METHODS 

A cross-sectional ecological exploratory study was carried out comprising all 

municipalities of the Metropolitan Region of Great Vitória (RMGV), Espírito Santo (ES). The 

RMGV-ES includes 49% of the population of the state (Incaper, 2016). It is comprised of seven 

municipalities: Cariacica, Guarapari, Fundão, Serra, Viana, Vila Velha and Vitória. There are 

important socioeconomic and demographic differences among them (Table 1). In 2010, the 

urbanization rate of the RMGV-ES amounted to 98.3%. The water supply reaches a significant 

share of the population (98.1%). The value of the Human Development Index (HDI) is high 

(0.772) and the region ranks eighth among the 20 Brazilian metropolitan regions (PNUD, 2010).  

Treated water was collected throughout six consecutive months, from May to October 

2016. The quality of fluoridated water was assessed based on optimal fluoride concentration 

values observed in the distribution network for obtaining the preventive effect, assuming that 

these values represent the main critical point of a complex chain of events regarding the stages 

of water supply, from catchment to consumer. 

2.1. Setting the location of sampling points 

The sampling points were established by taking into account the water-treatment plants 

(ETS) and treated-water reservoirs (RAT) as reference units (RU) in compliance with the 

Sampling Guide for Surveillance of Fluoride Concentration in Public Water Supply provided 

by the Collaborating Center of the Brazilian Ministry of Health for Oral Health Surveillance 

(www.cecol.fsp.usp.br). The selected ETS were the ones supplying 80% of the population of 

each municipality. In one municipality where 77% of the population had access to treated water, 

all ETS were included in the survey (Frazão and Narvai, 2017). 

In municipalities where there was no ETS, the RAT supplied by the selected ETS became 

the RU for sampling. Therefore, 18 UR were selected for the region as a whole, six samples 

were collected by UR, three at their nearest point and three at the most distant reach from the 

ETS or RAT. In all, 108 water samples were collected at different points per month, totalling 

648 samples at the end of the six months of sampling. The selected points cover 91.4% of the 

total population of the RMGV-ES (Table 1). 

To facilitate access to the site and avoid sample losses, sampling points were defined 

primarily in public places and commercial establishments, such as schools, health units, town 

squares, supermarkets and bakeries. Therefore, private buildings or residences were not 

included in the sampling universe. 
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Table 1. Distribution of water samples and the municipal variables that make up the RMGV-ES. 

Description Cariacica Fundão Guarapari Serra Viana 
Vila 

Velha 
Vitória Total 

Reference Units 

(UR) 
1 2 1 1 4 4 5 18 

Sampling Points 

per Month 
6 12 6 6 24 24 30 108 

Number of 

Samples 
36 72 36 36 144 144 180 648 

Population 

Coverage 

by UR 

80% 88% 92% 98% 77% 86% 100% 91.4% 

Variables 

Total Population 381,802 19,985 119,802 485,376 74,499 472,762 355,875 1,910,101 

GDP per capita 

(in thousand of 

Brazilian Real*)  

18,371 24,183 15,389 33,039 20,217 21,914 64,002 - 

HDI 0.718 0.718 0.731 0.739 0.686 0.800 0.845 - 

Gini Index 0.473 0.500 0.592 0.491 0.450 0.568 0.612 - 

Rate of 

households with 

running water 

99.3% 95.0% 97.3% 99.1% 96.1% 99.5% 99.9% - 

Infant Mortality 

Rate 
13.20 13.60 14.40 13.20 15.60 10.90 11.40 - 

Hospitalization 

for diarrhea 

(rate / 10,000)  

4.00 4.00 6.70 3.10 3.90 4.90 4.50 - 

Tooth-

extraction/dental 

procedures ratio 

7.10 8,24 6,81 4,80 6,38 5,32 4,16  

Access to 

innovative oral 

primary health 

care 

35.8% 85.1% 57.7% 50.8% 62.9% 31.1% 70.7% - 

Monthly 

Average 

coverage 

supervised 

toothbrushing 

1.79% 0.44% 1.41% 2.54% 0.33% 2.46% 5.96% - 

Note: *The official currency of Brazil. GDP: Gross Domestic Product, HDI: Human Development 

Index. 

2.2. Sampling and Analysis of the Fluoride Content  

The adopted technical procedures complied with the Protocol of Water Sampling and 

Analysis provided by the Collaborating Center of the Brazilian Ministry of Health for Oral 

Health Surveillance (www.cecol.fsp.usp.br). The water samples were collected using 10 mL 

polyethylene bottles identified with labels indicating the point of the collection, the date of the 

collection and the name of the collector. Samples were collected once a month, on working 
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days, at previously set points. At the end of each week of collection, samples were sent for 

analysis to the Biochemistry Laboratory from Piracicaba Dentistry School - University of 

Campinas, São Paulo, Brazil (FOP-UNICAMP). 

The content of fluoride in the water samples was determined in duplicate, using an ion 

specific electrode, coupled to the potentiometer, due to its practicability and sensitivity. This 

electrode was previously calibrated with standard solutions containing 0.1, 0.2, 0.4, 0.8, 1.6 or 

3.2 mg fluoride. Only calibration curves with a maximum variation of 5% were accepted. The 

reliability of the results were checked with a new reading of 10% of the samples (Frazão & 

Narvai, 2017). 

2.3. Classification of the Samples 

Considering that the average annual maximum daily temperatures ranged from 28ºC to 

32ºC (Incaper, 2016), the fluoride content of the samples were classified according to two 

interpretation criteria described below. 

Criterion I: according to federal act (Brasil, 1976), the samples were classified as suitable 

for content between 0.6 mg F / L and 0.8 mg F / L, inadequate low when < 0.6 mg F / L and 

inadequate high when > 0.8 mg F / L. The optimum fluoride content for the region is set to be 

0.7 mg F / L, with a minimum limit of 0.6 mg F / L and a maximum limit of 0.8 mg F / L 

(variation of 0.1 mg F / L). 

Criterion II: in compliance with the technical consensus document (CECOL, 2011), the 

samples were classified into six categories according to the prevention of dental caries and the 

inherent risk of dental fluorosis. The categories are: benefit and negligible risk (0.00 to 0.44 mg 

F / L); minimal benefit and low risk (0.45 to 0.54 mg F/L); maximum benefit and low risk (0.55 

to 0.84 mg F/L); maximum benefit and moderate risk (0.85 to 1.14 mg F/L); questionable 

benefit and high risk (1.15 to 1.44 mg F/L); and damage and very high risk (>1.45 mg F/L). 

2.4. Quality Level of Fluoridation  

The quality level of fluoridation was set by the percentage of samples included in the 

interval of optimal concentration values to obtain the preventive effect as per each criterion of 

interpretation shown below. Similarly to Pelletier (2004), it was assumed that 80 percent or 

more of samples within optimal values constituted high quality for water fluoridation supply 

(Equation 1 and 2). 

𝑄𝐿𝐶𝑟𝑖𝑡𝑒𝑟𝑖𝑜𝑛 𝐼  =
𝑁𝑜.𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒𝑠  (0.6≤𝑇𝑓𝑙𝑢𝑜𝑟𝑖𝑑𝑒≤ 0.8)

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 (𝑛)
 𝑥 100          (1) 

𝑄𝐿𝐶𝑟𝑖𝑡𝑒𝑟𝑖𝑜𝑛 𝐼𝐼  =
𝑁𝑜.𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 (0.55≤𝑇𝑓𝑙𝑢𝑜𝑟𝑖𝑑𝑒≤ 0.84)

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 (𝑛)
 𝑥 100        (2) 

2.5. Characteristics of the Municipal Development 
Demographic, economic, sanitation, health conditions, human development, income 

inequality and oral health care indicators obtained from official sources (PNUD, 2010; Brasil, 

2016; IBGE, 2015) were used in order to explore possible relationships with the quality level 

of fluoridation, as described below: 

- demographic: data of the total population of each municipality estimated for the year 

2015 were used, assuming that more populous municipalities would gather conditions and 

resources that would be reflected in higher quality levels of fluoridation. 

- economic: the gross domestic product (GDP) per capita was used, considering that 

municipalities with higher economic output would have more resources and, consequently, 

better quality levels of fluoridation. 

- health indicators: we used data on deaths of children under one year of age per thousand 

live births in the year 2010 and hospitalizations for diarrhea per 10 thousand inhabitants in the 
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period from 2010 to 2015, since both indicators reflect municipal-level health conditions, 

assuming that poorer conditions would be related to low quality levels of fluoridation. 

- human development: the HDI was used, assuming that municipalities with the worst 

indicators of education, longevity and income would also have low quality levels of 

fluoridation. 

- income inequality: the Gini index (which ranges from 0 to 1) was used for the year 2010, 

considering that higher values of inequality in income distribution would be associated with 

municipalities with low investment in public policies, reflecting lower levels of fluoridation. 

- sanitation: percentage of households with running water in 2010, considering that lower 

rates of access to treated water would correlate with worse quality levels of fluoridation. 

- oral health care: access rate to innovative oral primary health care provided by dental 

health teams in the Health Family Strategy (WHO, 2008), ratio of the extractions of permanent 

teeth in relation to the total number of individual dental procedures that were performed, 

monthly average coverage of supervised toothbrushing related to 2015. These indicators were 

used assuming that better indicators of oral health care would correlate with better levels of 

water fluoridation quality. 

2.6. Statistical Analysis 

Absolute and relative frequencies were calculated according to both sample classification 

criteria. The quality level of community water fluoridation was measured and Spearman's non-

parametric test was used to analyze the correlation between the outcome and the characteristics 

of the municipalities according to Criterion II. Correlation values were classified as strong for 

0.5 or higher, moderate for values ranging from 0.3 to 0.5, and weak for values between 0.1 

and 0.244 (Cohen, 1988). Interpretation criteria of fluoride content in water were compared 

using Kappa statistics. The similarity levels were assessed according to the categories proposed 

by Landis and Koch (1977). In order to make it possible to compare the values recommended 

by the legislation with the ones proposed by CECOL, they were sorted out into three categories: 

negligible benefit / minimum risk; maximum benefit / low risk; and maximum benefit / 

moderate to very high risk. The level of significance adopted for rejection of the null hypothesis 

was 5%. Statistical Package for the Social Sciences (SPSS), Version 20.0 was used. 

3. RESULTS AND DISCUSSION 

A total of 646 samples were analyzed from May to October 2016, because two samples 

were lost during the analysis process. Table 2 shows that 68.1% of the samples showed adequate 

fluoride content in the water according to the Criterion I classification. The percentage of 

adequate samples according to the Criterion II was 81.4%; therefore, with maximum benefit 

against tooth decay and low risk of fluorosis. However, the rate of adequate samples decreased 

considerably in July, 24.1% and 41.7%, respectively for Criteria I and II. 

Table 3 illustrates the rates of optimal fluoride levels by municipality throughout the six 

months of sampling. The differences were remarkable according to the used criterion. As shown 

in the last column, only the municipality of Serra showed a high level of quality in both criteria. 

Vitoria and Cariacica would present nonconformity if only Criterion I were adopted. The lowest 

rates were observed in the city of Viana, according to both criteria (46.5% according to 

Criterion I and 66% according to Criterion II). In all municipalities, the month of July showed 

disproportions in the concentration of fluoride. The municipality of Cariacica did not show any 

optimal value in both criteria in that month.  In spite of the observed differences between the 

criteria, the Kappa statistic was 0.671, showing substantial agreement (p-value <0,001). 

This exploratory study showed that the proportion of optimal fluoride levels in the RMGV-

ES was higher with regard to Criterion II than Criterion I. Although a high-quality standard was 
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observed, when one analyzes each municipality, some irregularities stood out. It is worth noting 

that all the samples of the municipality of Cariacica in July were inadequate according to both 

criteria. 

Table 2. Classification of samples according to fluoride concentration values (mg F / L) (Criterion I 

and II) in the RMGV-ES. 

Criteria May June July August September* October Total 

I-Legislation N % N % N % N % N % N % N % 

Inadequate low 

(<0,599) 
11 10.2 20 18.5 82 75.9 10 9.3 13 12.3 25 23.1 161 24.9 

Adequate  

(0.6 a 0.8) 
80 74.1 83 76.8 26 24.1 83 76.9 87 82.1 81 75.0 440 68.1 

Inadequate high 

(>0.801) 
17 15.7 5 4.6 0 0 15 13.9 6 5.7 2 1.9 45 7.0 

Total 108 100 108 100 108 100 108 100 106 100 108 100 646 100 

II- Cecol N % N % N % N % N % N % N % 

Benefit/ Risk               

Negligible/ 

Negligible 

(0.00 a 0.44) 

2 1.8 3 2.8 9 8.3 4 3.7 4 3.8 1 0.9 23 3.6 

Minimum/ 

low 

(0.45 a 0.54) 

0 0.0 7 6.5 54 50.0 3 2.8 6 5.7 9 8.3 79 12.2 

Maximum/ 

low 

(0.55 a 0.84) 

97 89.8 96 88.9 45 41.7 98 90.7 93 87.7 97 89.8 526 81.4 

Maximum / 

Moderate 

(0.85 a 1.14) 

5 4.6 2 1.8 0 0.0 3 2.8 3 2.8 1 0.9 14 2.2 

Questionable/High  

(1.15 a 1.44) 
0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.6 

Damage/ Very 

High (1.45 or 

higher) 

0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 

Total 108 100 108 100 108 100 108 100 106 100 108 100 646 100 

*Two samples were lost during the analysis process. 

Despite the discrepancies of the results in some municipalities in the month of July, there 

was a satisfactory recovery of the quality levels of fluoridation in the following months. This 

may show that monitoring has, indeed, fulfilled its role through enforcement actions and 

adoption of measures to guarantee access to high quality of treated and fluoridated water 

(Stancari et al., 2014). However, a study conducted in municipalities in Brazil with more than 

50,000 inhabitants evidenced the need to formulate strategies for monitoring fluoridation in the 

country, because only 53.0% of fluoridated municipalities conducted monitoring based on 

external control data (Frazão and Narvai, 2017).  
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Table 3. Percentage of optimal concentration values according to the month and the municipalities of 

the RMGV-ES, as per Criterion I and II. 

Municipality May  June July August September* October Total 

Criterion I N % N % N % N % N % N % N % 

Viana 9 37.5 12 50.0 3 12.5 13 54.2 12 50.0 18 75.0 67 46.5 

Vitória 27 90.0 26 86.7 7 23.3 26 86.7 29 100.0 19 63.3 134 74.9 

Cariacica 6 100.0 6 100.0 0 0.0 4 66.7 3 50.0 6 100.0 25 69.4 

Serra 5 83.3 6 100.0 5 83.3 6 100.0 6 100.0 4 66.7 32 88.9 

Fundão 8 66.7 8 66.7 8 66.7 8 66.7 9 75.0 8 66.7 49 68.1 

Guarapari 5 83.3 4 66.7 0 0.0 6 100.0 6 100.0 3 50.0 24 66.7 

Vila Velha 20 83.3 21 87.5 3 12.5 20 83.3 22 95.7 23 95.8 109 76.2 

Criterion II N % N % N % N % N % N % N % 

Viana 20 83.3 13 54.2 6 25.0 20 83.3 13 54.2 23 95.8 95 66.0 

Vitória 29 96.7 29 96.7 16  53.3 29 96.7 29 100.0 30 100.0 162 90.5 

Cariacica 6 100.0 6 100.0 0  0.0 6  100.0 6 100.0 6 100.0 30 83.3 

Serra 5  83.3 6 100.0 6  100.0 6  100.0 6 100.0 4 66.7 33 91.7 

Fundão 10  83.3 12 100.0 8  66.7 8  66.7 10 83.3 8 66.7 56 77.8 

Guarapari 5 83.3 6 100.0 4  66.7 6 100.0 6 100.0 3 50.0 30  83.3 

Vila Velha 22  91.7 24 100.0 5  20.8 23  95.8 23 100.0 23 95.8 120 83.9 

*Two water samples were lost during the analysis process. 

Note: Criterion I – Range values from 0.6 to 0.8 mg F/L Criterion II – Range values from 0.55 to                   

0.84 mg F/L. 

The differences related to the rates of optimal fluoride levels observed between the criteria 

may be associated to some points. First, the legislation criterion enacted in 1975 uses only one 

decimal place for interpretation of the results, unlike the CECOL criterion that uses at least two 

decimal places. The interpretation of the fluoride values through criterion that considers two or 

more decimal places is compatible with the advanced and the greater precision of the 

measurement methods currently employed. Consequently, a greater number of samples are 

included in the category of maximum preventive benefit, without implying an undesirable 

increase in the interval corresponding to the expected level of quality. A second point refers to 

the classification categories. Criterion II adopts six categories based on the current scientific 

evidence that water fluoridation can be considered a protective and risky factor simultaneously.  

Regarding the parameters for assessing the benefits of fluoride content in water for human 

consumption, the Ordinance of the Ministry of Health (Brazil) Nº. 2914 from 2011 refers to the 

standards included in Administrative Rule MS No. 635 of 1975 (Brasil, 1976). This normative 

device is outdated and needs to be revised (Frazão et al., 2011). In addition, because it presents 

a dichotomous classification, experts have noted that it is an undesirable interpretative reduction 

(Venturini et al., 2016), and have emphasized that it does not consider the balance between 

benefits and risks to health (Frazão et al., 2011). Although most of the studies (75%) used the 

dichotomous (adequate/inadequate) classification criterion, it is acknowledged that these 

narrow down the options for interpretation and attribution of meaning to the characteristics of 

the samples (Cecol, 2011; Bergamo et al., 2015).  

In addition, fluoride concentrations between 1.0 and 1.7 mg F/L would be tolerated for 

Criterion I at mean temperatures lower than those observed in the metropolitan region under 

study. These values are recognized as very high according to current scientific evidence. The 

CECOL criterion recommends the maximum concentration of 0.94 mg F/L for mean 

temperatures below 26.3º, corresponding to the combination of maximum benefit against tooth 

decay and low risk of fluorosis. 

It is important to note that, regarding the compliance rate, a substantial similarity was 

observed between both criteria. Because the classification takes into account both benefits and 

risks to health, the main advantage of the CECOL criterion is to redistribute the values of the 
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samples that would be otherwise considered inadequate, to the categories indicating zero and 

minimum preventive benefit to dental health and moderate and high risk to fluorosis, situations 

that require different measures and arrangements from the environmental surveillance point of 

view.  

In the metropolitan region throughout the period under study, the nonconformities were 

more frequent with respect to benefit reduction than with respect to an increase in risk, a result 

similar to that observed in the municipality of Jaguaribara, in the state of Ceará, whose 

temperature was similar to the metropolitan area of the present investigation (Peixoto et al., 

2012). In Lages, Santa Catarina state, where the climate was cooler and the average annual 

value of the maximum daily temperatures ranged between 21.5ºC and 26.3ºC, a study found a 

lower compliance rate according to the CECOL criterion and the nonconformities were more 

frequent (45% of the samples) with respect to risk (Kuhnen et al., 2017). 

As shown in the Table 4, the variables Gini index, GDP per capita, access to innovative 

oral primary healthcare, percentage of the households with running water and rate of 

hospitalization for diarrhea per 10 thousand inhabitants did not show statistically significant 

correlation values with the rates of optimal fluoride levels based on Criterion II.  Values of 

strong positive correlation were found between the outcome and the following indicators: 

municipal HDI (r = 0.864; p-value = 0.012), average supervised brushing (r = 0.955, p-value = 

0.001) and the total population (r = 0.829; p-value = 0.021). The infant mortality rate (r = -

0.736, p-value = 0.059) and the tooth extraction/dental procedures ratio (r = -0.764, p-value = 

0.046) showed strong and negative correlation.  

The findings show that the quality level of the community water fluoridation may mirror 

local municipal factors. The values in the municipalities increase as values of HDI and 

population size increase. A study also found a relationship between the highest percentages of 

compliance with the fluoridation standard in larger scale systems and municipalities with higher 

HDI (Daré et al., 2009). 

Table 4. Spearman’s correlation between the quality level of community water fluoridation 

according to Criterion II and the municipal-level indicators. 

Variables Correlation coefficient p-value Correlation 

Total Population 0.829 0.021 Strong 

GDP per capita  0.559 0.192 Not significant 

HDI 0.864 0.012 Strong 

Gini Index 0.468 0.289 Not significant 

Rate of households with 

running water 
0.721 0.068 Not significant 

Infant Mortality Rate -0.736 0.059 Strong 

Hospitalization for diarrhea 

per 10000 inhabitants 
0.036 0.938 Not significant 

Tooth-extraction/dental 

procedures ratio 
-0.764 0.046 Strong 

Access to innovative oral 

primary health care  
-0.360 0.427 Not significant 

Monthly Average coverage of 

supervised toothbrushing 
0.955 0.001 Strong 

Note: GDP: Gross Domestic Product according to the official currency of Brazil; HDI: Human 

Development Index. 

The association of the HDI with aspects such as the availability of public utilities water 

supply and the oral health conditions of the population is recognized (Ardenghi et al., 2013). In 

Brazil, populations living in cities with the worst socioeconomic conditions are the ones that 

do not benefit from water fluoridation as a public health measure (Gabardo et al., 2008). Also, 

https://en.wikipedia.org/wiki/Currency
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the adoption of such preventive measure is delayed in cities with worse socioeconomic and 

demographic indicators, such as HDI, Gini index and GDP per capita (Peres et al., 2004). 

Municipalities with the worst HDI offer dental services with mutilating characteristics, which 

is probably related to difficult access to services and poor oral health conditions in those places 

(Fernandes and Peres, 2005; Fischer et al., 2010). 

The highest quality levels in the municipalities with the largest populations may be related 

to the better municipal conditions of structure, organization and human resources in the water 

quality control program. In a study conducted in the US state of Illinois, less populated areas 

reported higher rates of nonconformity in the maintenance of adequate levels of fluoride in 

water (Kuthy et al., 1985). 

Queiroz et al. (2012) also pointed out that small municipalities have difficulties in 

developing any corrective action based on the results of the analyses of water monitoring 

reports. In smaller municipalities, the lack of specialized manpower and the lack of training for 

the professionals that operate water treatment plants, and the lack of inspection structure and 

experience in controlling the fluoridation process are possible causes for difficulties in 

maintaining the appropriate concentrations of fluoride in public utilities’ water supplies 

(Stancari et al., 2014). 

The relationship between the municipal health indicators and the quality standard of 

fluoridation may reflect the fragility of the organization of services provided to the population, 

both in terms of health care and basic sanitation. The improvement of basic sanitation has a 

high impact on infant mortality. In this study, municipalities with higher infant mortality rates, 

an indicator that expresses the level of health of a population (Nascimento et al., 2014), showed 

the lowest rates of water fluoridation quality. 

Among the indicators of oral healthcare, the monthly average coverage of supervised 

toothbrushing correlated positively with the quality of fluoridation. Both measures, fluoridation 

and supervised toothbrushing, are priorities of the national oral health policy (Brasil, 2004) and 

are essential for improving oral health conditions; they should be incorporated with other 

community health measures. Therefore, when absent or incipient, they may represent the 

ineffectiveness of local oral health policy regarding the provision of public policies aimed at 

the prevention of dental caries. It was also observed that the higher the tooth-extraction/dental 

procedures ratio, the lower the quality level of fluoridation. This negative correlation may 

mirror how structured local dental services are. Municipalities that have a well-structured dental 

practice associated with an adequate offer of scheduled consultations to the population tend to 

have a lower rate of exodontia (Celeste et al., 2011). Besides access to dental treatment, other 

factors also interfere with the rate of exodontia, such as socioeconomic conditions and level of 

education (Rihs et al., 2007; Pearson et al., 2001). 

It is thus important to consider that the maintenance of high quality levels of water 

fluoridation could guarantee the benefits of such public health measures for the economically 

disadvantaged and contribute to reduce the socioeconomic bias in the prevalence of dental 

caries (Antunes and Narvai, 2010; Narvai et al., 2014). 

The study’s potential limitations include its cross-sectional design, number of 

municipalities analyzed, differences between population coverage by UR and rate of 

households with running water in Viana. In addition, based on a more comprehensive 

perspective, one could argue that the quality of water fluoridation is a construct that is not 

limited to optimum levels of fluoride concentration involving, among other aspects, the quality 

of the fluoridating substance, the level of qualification of the system’s operators and the 

accuracy of the equipment used. However, it is one of the first studies exploring the 

relationships between the quality level of community water fluoridation and municipal-level 

indicators.  
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4. CONCLUSIONS 

RMGV-ES showed a high-quality level of fluoridation according to both criteria. The 

CECOL criterion presented some advantages compared to the criterion based on the current 

legislation. The municipalities showed important differences regarding the adequacy of fluoride 

levels that should be the focus of attention by the control and surveillance authorities. 

Whereas the demographic, human development, and monthly average coverage of 

supervised toothbrushing indicators correlated positively with the quality level of public policy, 

indicators of infant mortality and tooth-extraction/dental procedures ratio correlated negatively. 

Finally, the findings reinforced the relevance of water fluoridation surveillance for 

assuring the effectiveness and safety of the public policy and the plausibility of observed 

correlations may encourage further investigations on potential causal factors. 
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Supplementary Table. Agreement between classfication Criterion I and II of fluoride concentration values in public utilities’ water supply.  

 

Criterion I      

Inadequate Low Adequate Inadequate High Total Simple Percentage Kappa IC95% p-value Kappa 

 

 

 

Criterion II 

Negligible Benefit/ 

Minimum Risk 
102 0 0 102     

Maximum Benefit / 

Low risk 
59 440 27 526 86.69% 0.671 0.61 to 0.73 <0.001 

Maximum Benefit / 

Moderate to Very 

High Risk 

0 0 18 18     

 Total 161 440 45 646     
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ABSTRACT 
The impact of rainfall on surfaces lacking vegetal cover can dissociate soil particles, 

thereby initiating the erosion process. This is known as rainfall erosivity and is expressed by 

the R factor in the Universal Soil Loss Equation. Agricultural areas often show seasonally 

erosion susceptibility throughout the year due to oscillations of the soil exposure rate and the 

vegetation change. Considering that approximately 30 million ha of the Mato Grosso State in 

Brazil is used for agriculture, this study aimed to predict and map the spatial and temporal 

variability of its territory. We evaluated the monthly (EI30) and annual (R) erosivity for 158 rain 

gauge stations and spatialized the values of EI30 and R by the Kriging method. It was observed 

that R values ranked as very high in the north, and high and medium-high in the south of Mato 

Grosso state. The mean value is 8835 MJ mm ha-1 h-1 year-1, considered high. Ninety-one 

percent of the annual erosivity was concentrated in the period between October and April, 

corresponding to the rainy season. The highest R factor values were found in the macro-regions 

of the northwest, north, west and medium-north of Mato Grosso State. 

Keywords: erosion, geostatistics, GIS, soil conservation, USLE. 

Variabilidade espacial e temporal da erosividade em Mato Grosso, 

Brasil 

RESUMO 
O impacto da chuva com a superfície de solos descobertos pode causar a desagregação de 

partículas e iniciar processos erosivos. Esta capacidade da chuva causar erosão em solos sem 

cobertura é chamada de erosividade e é expressa como R na Equação Universal de Perda de 
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Solo. Áreas utilizadas com agricultura apresentam grau de susceptibilidade variável ao longo 

do ano, devido as oscilações nas taxas de exposição do solo e mudança da vegetação. 

Considerando que aproximadamente 30 milhões de hectares de Mato Grosso, no Brasil, são 

utilizados com agricultura, objetivou-se com o presente estudo estimar e mapear a variabilidade 

espacial e temporal da erosividade em seu território. Primeiramente, foram estimados valores 

de erosividade mensal (EI30) e anual (R) para 158 estações que, posteriormente, foram 

espacializados pelo método de krigagem. Observou-se que no estado de Mato Grosso 

predominam valores muito altos de R ao norte e altos e médio-altos ao sul. O valor médio de R 

é igual à 8835 MJ mm ha-1 h-1 ano-1, considerado alto. Noventa e um porcento do R se concentra 

no período entre os meses de outubro e abril, correspondente a estação chuvosa. Os maiores 

valores de R foram observados nas macrorregiões noroeste, norte, oeste e médio norte do estado 

de Mato Grosso. 

Palavras-chave: erosão, conservação do solo, geoestatística, SIG, USLE. 

1. INTRODUCTION 

Erosivity determines the ability of rainfall to cause erosion in an unprotected soil, and it is 

represented in the Universal Soil Loss Equation (USLE) by the R factor (Wischmeier and 

Smith, 1978). This factor represents the cumulated monthly values of EI30 index, which can be 

computed as the product of total kinetic rainfall energy (EC) and maximum 30-min 

precipitation intensity (I30), both obtained by using pluviographic data. Due to the necessity of 

pluviographic data, which is scarce in Brazil, the determination of EI30 values by the standard 

method was considered difficult or unfeasible in many regions for a long time. Many studies 

addressed this gap by obtaining EI30 values from regression equations that use the rainfall 

coefficient (Rc) as an independent variable, which is based purely on pluviometric data 

(Almeida et al., 2012; Aquino et al., 2012; Oliveira et al., 2012). Certainly, the standard method 

is the most recommended to obtain erosivity, due to the higher temporal resolution of the 

pluviographic data. However, in regions with scarcity of pluviographic data, such as Mato 

Grosso State, one alternative that remains is the use of estimation of erosivity values by 

regression equations. For some areas of Mato Grosso State, Almeida et al. (2011), Almeida et 

al. (2012) and Di Raimo et al. (2018) obtained high correlations between erosivity, determined 

by the standard method, and values of Rc, indicating the high reliability of the estimates. 

It is observed that after the simplification of the procedure of obtaining R values several 

studies were developed in Brazil to identify the spatiotemporal distribution of erosivity in 

different regions of the country (Silva et al., 2010a; Oliveira et al., 2012; Aquino et al., 2012; 

Viola et al., 2014; Machado et al., 2014; Waltrick et al., 2015; Almeida and Casaroli, 2016). 

These studies with a low density of pluviographic stations were only possible due to the 

implementation of regression equations in pluviometric stations of locations with correlated Rc 

coefficients, as performed by Oliveira et al. (2012), Waltrick et al. (2015) and Almeida and 

Casaroli (2016). However, although Mato Grosso State has extensive agricultural activities 

concentrated between October and March, when 85% of the annual precipitation occurs 

(Marcuzzo et al., 2011a; 2011b), no research has yet provided the spatial variation of R and 

spatiotemporal variation of EI30 in this region. 

Preliminary studies about erosivity in the Mato Grosso were done by Almeida et al. (2011), 

Almeida et al. (2012) and Di Raimo et al. (2018), who developed equations to estimate EI30 

values for several sites in Mato Grosso. Nevertheless, this punctual information contributes 

little to regional planning of tillage practices and soil conservation, given that rainfall, EI30 and 

R values have high spatial and temporal variability. Silva (2004), Oliveira et al. (2013) and 

Trindade et al. (2016) mapped R values for the entire Brazilian territory. However, as 
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demonstrated by Trindade et al. (2016), more specific and detailed studies on smaller areas, 

such as State-level, are crucial to identifying accurate erosivity information. 

Understanding of the spatial and temporal variability of erosivity in Mato Grosso would 

enable identification of critical areas and periods, in which the rainfall has a comparatively 

stronger erosive action. Such information is crucial in the planning of tillage practices and soil 

conservation because the vegetal cover rate of explored areas in Mato Grosso State change 

throughout the year, especially those cultivated with soybean, corn and cotton. Thus, this study 

aimed to estimate the rainfall erosivity and its spatial and temporal variability in the entire state 

of Mato Grosso. 

2. MATERIAL AND METHODS 

The pluviometric data used to undertake this study were obtained from the Hydrological 

Information System of the National Water Agency (ANA, 2017). In our study, 148 pluviometric 

stations with a minimum of 10 years of continuous data were selected (Figure 1). 

 
Figure 1. Distribution of the 148 pluviometric stations and the 10 

pluviographic stations used. 
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For the calculation of the EI30 coefficient, equations developed by Almeida (2009) were 

used. These equations allowed the estimation of the EI30 value from the rainfall coefficient (Rc) 

for 10 pluviographic stations in Mato Grosso State (Table 1, Figure 1). The R values were 

computed from the sum of the monthly values of the EI30 coefficient. The Rc was derived from 

Equation 1 (Renard and Freimund, 1994), where p is the average monthly precipitation (mm), 

and P is the average annual precipitation (mm). 

𝑅𝑐 =  
𝑝2

𝑃
                      (1) 

Table 1. Regression equations used to estimate monthly erosivity (EI30) index from the rainfall 

coefficient (Rc) of the respective stations and municipalities of Mato Grosso State (Almeida 2009). 

Station County Equation R2 

Cáceres Cáceres EI30 = 135.43 (Rc 
0.538) 0.78 

Canarana Canarana EI30 = 121.18 (Rc 0.622) 0.87 

Cuiabá Cuiabá EI30 = 244.47 (Rc 0.508) 0.67 

Diamantino Diamantino EI30 = 51.46 (Rc 0.883) 0.96 

Gleba Celeste Diamantino EI30 = 171.29 (Rc 0.605) 0.84 

Matupá Guarantã do Norte EI30 = 115.72 (Rc 0.746) 0.99 

Nova Xavantina Nova Xavantina EI30 = 96.36 (Rc 0.517) 0.95 

Poxoréu Poxoréu EI30 = 156.38 (Rc 0.552) 0.60 

Rondonópolis Rondonópolis EI30 = 167.16 (Rc 0.567) 0.77 

São José do Rio Claro São José do Rio Claro EI30 = 126.76 (Rc 0.464) 0.72 

To estimate the EI30 values, one equation in Table 1 was selected for each of the 148 

pluviometric stations. The criteria used to select the equations were adapted from Oliveira et al. 

(2012). We correlated rainfall characteristics (mean daily precipitation, mean monthly 

precipitation, mean annual precipitation, precipitated monthly volume, mean monthly Rc and 

cumulative monthly Rc) of the 10 available pluviographic stations with the same rainfall 

characteristics of the 148 pluviometric stations. The different locations were considered similar 

when the linear correlation value was equal to or greater than 0.95. When more than one 

pluviometric station had a correlation equal or greater than 0.95 with one of the pluviographic 

stations, the closest among them was considered. Although the standard method for determining 

erosivity is that proposed by Wischmeier and Smith (1978), regions with scarce rainfall 

information can be mapped using regression equations to estimate erosivity, as observed in 

Silva et al. (2010a), Oliveira et al. (2012), Aquino et al. (2012), Viola et al. (2014), Machado et 

al. (2014), Waltrick et al. (2015) and Almeida and Casaroli (2016). 

After defining the equations and the Rc values, their respective EI30 and R values were 

estimated. The spatial variability characterization of the EI30 and R values was conducted using 

geostatistical techniques. To choose a semivariogram model most appropriate for each 

situation, the following parameters were analyzed: nugget effect (C0), sill (C0 + C1), 

determination coefficient (R2s), spatial dependence degree (SDD) and range. 

SDD was calculated using Equation 2 and classified, according to Cambardella et al. 

(1994), into three categories: ≤25% as strong spatial dependence; 25% ≤ SDD ≤ 75% as 

moderate spatial dependence; and ≥75% as weak spatial dependence. To evaluate the 

performance of the models in the cross-validation, their respective determination coefficient 

(R2cv) was analyzed. 

𝑆𝐷𝐷 =
𝐶0

𝐶0 + 𝐶1
 𝑥 100                         (2) 
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After the adjustment of the semivariogram models and the spatial dependence evaluation, 

the spatial variability of the EI30 and R factor was mapped for Mato Grosso State by the ordinary 

Kriging technique (Behera et al., 2018). Such technique was used because it is more reliable 

than the other methods (Meul and Meirvenne, 2003), including for specialization of erosivity 

(Mello et al., 2015), and because this is the best predictor to obtain values at unsampled 

locations and in conditions with sparse and random sampling (Behera et al., 2018). The EI30 

and R factor values of the created maps were classified as shown in Table 2. 

The R values were correlated with latitude, longitude and elevation, aiming for the best 

comprehension of erosivity spatial variability within Mato Grosso State. In order to argue about 

the peculiarities, critical situations and regionally isolated events, the EI30 and R maps were 

presented with the identification of macro-regions of agro economic similarity (northwest, 

north, northeast, middle-north, west, south-center and southeast), as established by the Mato 

Grosso Institute of Agriculture Economics (IMEA, 2010). 

Table 2. The categories for interpretation of the R and EI30 index. 

R categories 

according to Oliveira et al. (2013) 

Erosivity Category R (MJ mm ha-1 h-1 year-1) 

Low R ≤ 2452 

Medium 2452 < R ≤ 4905 

Medium-high 4904 < R ≤ 7357 

High 7357 < R ≤ 9810 

Very High R > 9810 

EI30 categories 

according to Carvalho (2008) 

Erosivity Category EI30 (MJ mm ha-1 h-1 month-1) 

Very Low < 250 

Low 250 < R ≤ 500 

Medium 500 < R ≤ 750 

High 750 < R ≤ 1000 

Very High R > 1000 

3. RESULTS AND DISCUSSION 

The distinctness between dry and wet/rainy season is reflected by the EI30 values for the 

different months of the year (Figure 2). The period from October to April corresponds to 91% 

of the annual erosivity. From May to September, the period with the lowest rainfall rates, the 

EI30 values contributed to only 9% of the annual erosivity. 

Table 3 provides the parameters of the semivariogram used in the spatial dependence 

analysis and the reliability of the spatial characterization of the EI30 and R factor in Mato Grosso 

State. The SDD values indicated that the spatial dependence of the regionalized variables is 

strong (<25%) for nine months of the year (Cambardella et al., 1994). The semivariograms of 

May, June and July were the only ones that did not present a strong spatial dependence category, 

showing SDD values of 32, 40 and 26%, respectively, which are categorized as moderate spatial 

dependence (Cambardella et al., 1994). 

The semivariogram for the R values showed 13% of the total semivariance was random 

and framed in the strong spatial dependence category (Cambardella et al., 1994). SDD values 

determined by Aquino et al. (2012), Viola et al. (2014), Silva et al. (2010b) and Mello et al. 

(2013) were classified as strong spatial dependence, and accounted for 12, 0, 7, 5 and 0% of the 

random variation, respectively. 
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Figure 2. Average monthly and standard deviation of the EI30 and the precipitation values of 

the 158 studied stations in Mato Grosso State. 

In all semivariograms, the best parameters were obtained by using an exponential model. 

Such results endorse the available literature studies, which show that this model presents the 

best parameters when compared with other models, such as Gaussian and spherical (Mello et 

al., 2007; Montebeller et al., 2007; Silva et al., 2010b; Viola et al. 2014). 

Table 3. Parameters of the semivariograms used to spatialize EI30 and R values in Mato Grosso State. 

Period 
Parameters 

C0 C0 + C1 R2 s R2 cv SDD (%) Range (km) 

January 33200 277400 0.96 0.65 12 1798.2 

February 49000 409000 0.95 0.60 12 3136.32 

March 17000 345000 0.82 0.70 5 2669.76 

April 5100 221200 0.77 0.72 3 2987.28 

May 4759 14971 0.88 0.49 32 794.88 

June 1225 3071 0.65 0.51 40 207.36 

July 451 1735 0.95 0.53 26 719.28 

August 1829 11339 0.85 0.52 16 2345.76 

September 6009 49568 0.84 0.64 12 2796.12 

October 16212 239850 0.77 0.66 7 5280.12 

November 25565 209359 0.96 0.57 11 5200.2 

December 39394 275310 0.87 0.61 14 3165.48 

Annual 1456791 10836743 0.82 0.66 13 2222.64 

C0: nugget effect; C0 + C1: sill; R2 s: determination coefficient of semivariogram; R2 cv: determination 

coefficient of cross-validation; and SDD: spatial degree dependence. All adjusted semivariograms are 

exponential. 

Figure 3 shows the EI30 maps for Mato Grosso, contrasting the seven macro-regions 

proposed by the IMEA (2010). Overall, when analyzing the discrepancy in the EI30 values 

throughout the months of the year, variations can be seen in the erosivity bands towards 

northwest-southeast, which is when the rainy season starts, and towards southeast-northwest, 

which is the rainy–dry transition period (Figure 3). This variability pattern is attributed to the 
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influence of the Continental Equatorial Mass (CEM), created from the high evapotranspiration 

of the Amazon forest, which passes over Mato Grosso and provides territory-wide rainfall 

events. 

The CEM expansion starts in August, leaving the Amazon region towards the Mato Grosso 

State. This movement appears predominantly in the northwest-southeast direction until 

reaching São Paulo State. From January, the area of influence of this mass begins to fade in the 

southeast-northwest direction, finally concentrating only in the original region (Amazon 

region), where it stays and restricts its influence on the pluviometric pattern (Zavattini, 2009; 

Gan et al., 2009; Marcuzzo et al., 2012). 

 
Figure 3. Monthly erosivity maps (EI30) for Mato Grosso State (MJ mm ha-1 h-1 month-1). 
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It is possible to note that Mato Grosso State presents different EI30 patterns in three distinct 

periods during the year (Figure 3). The first one is in October and November, related to the 

beginning of the rainy season, in which the EI30 values increase and range between the low and 

very high categories. The second period, from December to March, is associated with the most 

precipitation in Mato Grosso, in which the EI30 values are predominantly high and very high. 

The third period, from April to September, corresponding to the driest season in Mato Grosso, 

when low EI30 values occur mostly in the low and very low categories.  

During the first and second EI30 periods, many agricultural activities occur in Mato Grosso, 

causing changes on the soil surface. These are considered the more critical periods, especially 

from October to February (responsible for 69% of R), when activities such as tilling, sowing 

and harvesting are concentrated. In the third period, associated with low erosivity, the majority 

of the soils are covered by the crop canopy, characterizing the least critical phase. However, 

activities of soil preparation and invasive plant control during the drought season can cause soil 

loss, due to the first erosive rainfalls that occur in September (Morais et al., 1991). 

As shown in this study, Tocantins (Viola et al., 2014) and Goiás (Almeida and Casaroli, 

2016) states were also characterized as having high and very high EI30 values between 

December and March (Period 2), and low and very low EI30 values from April to September 

(Period 3). Such similarity is due to the uniformity of rainfall distribution that is proportionated 

by the proximity between these states. Such proximity makes the South Atlantic Convergence 

Zone (SACZ) and the CEM behave with similar intensity above the territory of Mato Grosso, 

Goiás and Tocantins States (Carvalho and Jones, 2009; Gan et al., 2009). 

In the map of R shown in Figure 4, very high category values predominate in the northern 

region of Mato Grosso and lower R values in the southern region (the same was observed for 

the EI30 values). However, even the lowest values of R, found in the southern region, are 

classified as a medium-high category, according to Oliveira et al. (2013). Considering the entire 

Mato Grosso State, it includes only the three highest categories of the five proposed by this 

author. 

 
Figure 4. Map of the annual R for the Mato Grosso State classified according to Oliveira 

et al. (2013). 
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Panagos et al. (2017) mapped world’s erosivity and obtained values higher than 5200 MJ 

mm ha-1 h-1 year-1 (medium-high class or upper) for Mato Grosso State territory, highlighted 

for regions with values upper than 7400 MJ mm ha-1 h-1 year-1 (high or very high classes) at 

north and northwest. Oliveira et al. (2013) and Trindade et al. (2016) mapped the erosivity of 

Brazil and got values for Mato Grosso always higher than 6000 MJ mm ha-1 h-1 year-1 (medium-

high class or upper), with remarkable increase of erosivity to the north and northeast of the state 

(between 10000 and 14000 MJ mm ha-1 h-1 year-1), that categorizes such as a very high class. 

Despite the similar range of erosivity values between the present study and those presented by 

Oliveira et al. (2013), Trindade et al. (2016) and Panagos et al. (2017), there is a considerable 

difference in spatial variation of the data, perhaps due to the higher density of information used 

in this work. Such comparison evidences the importance of erosivity studies that contemplate 

smaller areas and use greater information density. 

The mean R value observed for Mato Grosso was 8835 MJ mm ha-1 h-1 year-1, which is 

classified as high according to Oliveira et al. (2013). The high R values obtained for Mato 

Grosso are typical of tropical regions and corroborate with those obtained in Minas Gerais 

(Mello et al., 2007), Mato Grosso do Sul (Oliveira et al., 2012), Tocantins (Viola et al., 2014) 

and Paraná (Waltrick et al., 2015) Brazilian states. 

The R values attained in tropical regions are typically higher than those in temperate 

regions. Examples can be observed in the studies done in Switzerland (Meusburger et al., 2012), 

Italy (Borrelli et al., 2016), Europe (Ballabio et al., 2017) and the global scale (Panagos et al., 

2017). In fact, Panagos et al. (2017) mapped the R for all the world and obtained an average 

value of 7104 MJ and 3729.3 MJ mm ha-1 h-1 year-1 for the tropical and temperate climate 

regions, respectively. The high values in tropical regions result from the great amount of 

convective rainfall (high intensity and high kinetic energy values of the raindrops) when 

compared with the characteristics of temperate climates (Oliveira et al., 2013; Machado et al., 

2014). 

All macro-regions of Mato Grosso State have high R values (Figure 4), which highlight 

the fact that any agricultural activity developed there requires the adoption of conservation 

practices. However, the most critical values occur in the northwest, north, west and middle-

north macro-regions. The northwest and north macro-regions are dominated by areas with 

native forests and pastures, which are considered effective cover for soil protection (Da Cunha 

et al., 2017). Unlike the northwest and north macro-regions, the middle-north and west contain 

large areas of agricultural land and, thus, they are considered the most critical macro-regions. 

In the middle-north, specifically, in the municipality of Nova Mutum, Sorriso, Lucas do Rio 

Verde, Nova Ubiratã, Vera, Santa Carmem, Feliz Natal, Cláudia, Paranatinga and União do Sul, 

which are responsible for a great part of the grain production in Mato Grosso, the highest EI30 

values have been observed. These values occur in January and correspond to approximately 

2300 MJ mm ha-1 h-1 month-1 (Figure 3). 

The spatialization of R values in Mato Grosso State (Figure 4) shows the variation of 

values in the northwest-southeast direction, as similarly observed in the EI30 maps (Figure 3). 

Such characteristic corroborates the results of Silva (2004) and Trindade et al. (2016) that 

spatialized the R in Brazil. This variation of values in the northwest-southeast direction occurs 

due to two factors: the influence of the CEM on the state precipitations (Zavattini, 2009; Gan 

et al., 2009; Marcuzzo et al., 2012) and the change of vegetation in the northwest-southeast 

direction, accompanied, in the same direction, by decreasing occurrence of convective rains. 

Similarly to the Amazon region, in the northwest of Mato Grosso dense forests 

predominate, but towards northwest-southeast of Mato Grosso we find the Amazon–Cerrado 

ecotone and then the Cerrado biome, which is a relatively dry forest with less vegetation 

density. In the Amazon region, high rates of evapotranspiration and high temperatures occur, 

which frequently cause convective rainfall (Mello et al., 2013). Due to the decrease of rainforest 
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vegetation in the northwest-southeast direction, the frequency of rainfall also reduces and, 

consequently, the R values decrease. 

The extension of the CEM and the decrease of the denser vegetation towards northwest-

southeast also explain the inverse and significant association between R and latitude (Figure 

5a). The greater capacity of latitude to explain the variations of R in Mato Grosso is justified 

by the large latitudinal variation, in comparison to longitudinal variation, between Mato Grosso 

and the Amazon region, considering its strong influence on the pluviometric pattern of this 

state. 

 
Figure 5. Correlation graphs between R and latitude (a) and longitude (b). 

 

Similar results regarding the variation of the R values compared to the geographic 

coordinate variations in the central-west region of Brazil were obtained by Mello et al. (2013). 

These authors also associated the correlation between R and latitude with the influence of 

Amazonian vegetation and its high rainfall rates. In Minas Gerais State, Mello et al. (2007) did 

not obtain relevant correlation coefficients between the geographic coordinates and the R 

values. Despite being also influenced by hot and humid air masses from the Amazon (CEM), 

the R value in Minas Gerais is more influenced by the mountains ranges, which effect 

orographic rainfalls, than by variations in latitude and longitude. 

As shown in the Figures 6a and 6b, the correlation between the R and elevation values is 

high and significant only up to 300 m. The greater R values in high places come from the greater 

precipitation in these regions, which result from the higher values of accumulated kinetic 

energy. These results corroborate those obtained by Moreira et al. (2006), who noted reduced 

R values with the decrease of elevation in São Paulo State. 

 
Figure 6. Correlation graph between R and elevation, from 0 to 300 m (a) and from 300 to 900 m (b). 
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4. CONCLUSIONS 

The mean R value for Mato Grosso is classified as high and equivalent to                                         

8835 MJ mm ha-1 h-1 year-1. 

Ninety-one percent (91%) of the total annual of erosivity occurs from October to April in 

Mato Grosso State. 

The period from October to February is considered the most critical in Mato Grosso State, 

due to the high values of erosivity (responsible for 69% of R) together with the presence of 

exposed areas during planting and harvesting times. 

In Mato Grosso, R values in the very high category predominate in the northern region and 

high and very high in the southern region, respectively. 

In all macro-regions of Mato Grosso State, there are high R values. However, the most 

critical values (very high) are observed in the northwest, north, west and middle-north macro-

regions. 

Besides rainfall, the latitude and elevation, up to 300 m, were the characteristics that best 

correlated with the spatial variations of R in the Mato Grosso State. 
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ABSTRACT 
The importance of the preservation of water resources has resulted in the application of 

technologies such as nanostructured materials, which are able to minimize the impact associated 

with water contamination. This work evaluated the application of polyamide-66 (PA) pellets 

functionalized with silver nanoparticles (AgNPs) at polymer mass percentages of 0.05, 0.10 

and 0.50% to disinfect of drinking water. Studies were carried out in three stages. The first stage 

was the synthesis of the silver nanoparticles by using silver nitrate as a metal precursor and 

sodium borohydrate as a reduction agent. The colloidal dispersion was characterized by UV-

Vis spectrophotometry and transmission electron microscopy (MET). Afterwards, the 

nanostructures were incorporated into a polyamide-66 polymeric matrix. In the second stage, 

the silver ions leached from the polymer matrix in the water after a three-hour period were 

quantified in order to evaluate the limit established by Conama Resolution 357/2005, which 

imposes a concentration limit of 0.010 mg L-1. The best results were obtained with the 

application of 0.05% AgNPs in the polymeric matrix, yielding an average concentration of 

silver ions lixiviated of 0.008 mg L-1. The last step comprised the quantification of the 

antibacterial activity of the polymer matrix containing 0.05% of AgNPs against the 

microorganism E. coli using the Standard Test Method for Determining the Antimicrobial 

Agents Under Dynamic Contact Conditions. The samples containing 0.05% of AgNPs 

exhibited an antibacterial reduction of 97.89% after 24 h of incubation under stirring at room 

temperature (25°C). 
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Uso de nanopartículas de prata impregnadas em poliamida-66 para 

desinfecção de água para consumo  

RESUMO 
A importância da preservação dos recursos hídricos tem resultado na aplicação de 

tecnologias, tais como o uso de materiais nanoestruturados, para minimizar o impacto associado 

à contaminação da água. Neste trabalho, foi avaliada a aplicação de pellets de poliamida-66 

(PA) funcionalizados com nanopartículas de prata (AgNPs), em percentuais de 0.05; 0.10 e 

0.50% em relação à massa de polímero, na desinfecção de água para consumo. O presente 

estudo teve como principal objetivo sintetizar as nanopartículas de prata, e avaliar a atividade 

antibacteriana destas nanoestruturas em relação à bactéria Gram negativa Escherichia coli 

quando incorporadas numa matriz de PA. A síntese das nanopartículas de prata foi realizada 

empregando o nitrato de prata como sal do metal precursor e o borohidreto de sódio como 

agente redutor. A dispersão coloidal foi caracterizada por espectrofotometria na região UV-Vis 

e microscopia eletrônica de transmissão. Posteriormente, foi realizada a quantificação de íons 

prata lixiviada da matriz polimérica para a água no período de 3 horas, de forma a avaliar 

comparativamente ao limite estabelecido pela Resolução do Conama 357/2005, que impõe um 

limite de concentração da prata de 0.010 mg L-1. O melhor resultado consistiu na aplicação de 

0.05% de AgNPs na matriz polimérica, lixiviando uma quantidade equivalente a uma 

concentração média de íons prata de 0.008 mg L-1. A última etapa foi a utilização da matriz 

polimérica funcionalizada com as AgNPs em ensaios microbiológicos para mensurar a 

atividade antibacteriana do produto obtido contra o microrganismo E. coli.  Os resultados 

ilustram que após 24 h de incubação, sob agitação e temperatura de 25°C, as amostras com 

0.05% de AgNPs apresentaram uma redução antibacteriana de 97,89%. 

Palavras-chave: desinfecção da água, E. coli., nanopartículas de prata, poliamida-66. 

1. INTRODUCTION 

Drinking water sources are becoming increasingly scarce as a result of prolonged droughts 

and water pollution (Vörösmarty et al., 2000). Nascimento and Araújo (2013) reported that 

freshwater quality has been compromised due to anthropogenic actions mainly related to the 

disposal of sewage, which may contain a range of microorganisms natural to the human 

intestinal microbiota, such as members of the Enterobacteriaceae family. Pollution and water 

contamination increase the need for measures to mitigate environmental impact so that the 

application and optimisation of technologies for the adequate treatment of water are not 

compromised (Araújo et al., 2016). 

Nanotechnology has attracted significant interest from several research areas in relation to 

the application of nanomaterials. In the medical field, metallic nanoparticles and their oxides 

have been proven effective against microorganisms (Nogueira et al., 2014; Kim et al., 2016). 

In recent years, several studies have been undertaken on the application of silver 

nanoparticles in water disinfection, aiming at improving conventional water treatments (Zhang 

and Oyanedel-Craver, 2013). Such studies have reported the antimicrobial activity of silver 

nanoparticles against bacteria such as Escherichia coli, Pseudomonas aeruginosa and 

Salmonella typhi (Alizadeh et al., 2014). The action mechanisms and toxicity have been 

attributed to the interaction of Ag+ ions with sulphuric groups in the cell membrane of the 

microorganisms (Durán et al., 2016). Silver ions are of limited antimicrobial application due to 

their high toxicity and low stability. However, these drawbacks can be overcome by replacing 

Ag+ ions with properly stabilized silver nanoparticles (Mohanty et al., 2012). 
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Recent research indicates that silver nanoparticles act on the surface of the cell membrane 

and diffuse into the bacterium (Durán et al., 2016). There are some non-conclusive hypotheses 

about the mechanism of action of this nanostructure, including that silver might exhibit a 

synergistic action rather than a restrictive mode of action in relation to its antibacterial activity 

(Mohanty et al., 2012). Therefore, the objective of this study was to present a viable alternative 

for water disinfection using silver nanoparticles (AgNPs) incorporated in a polyamide-66 (PA) 

matrix as a bactericidal material. 

2. MATERIAL AND METHODS 
  

2.1. Silver nanoparticles (AgNPs) synthesis 

In the literature, the synthesis of silver nanoparticles comprise different production 

methods, varying types and quantities of reactants, reaction time, stirring rate, heating, among 

other parameters. The preparation of these nanostructures relies on the use of aqueous solutions 

of silver salts – reducing and stabilizer agents – which are heated under stirring for a certain 

time (Polte et al., 2012). Variables such as the type and concentration of reactants (precursor 

salt and reducing agent) and stabilizers, pH and temperature have significant impact on particle 

size and morphology (Nogueira et al., 2014). 

In this work, synthesis reactions of silver nanoparticles were conducted in a boron-silicate 

reactor with a 200-mL capacity, operating in a semi-continuous regime under controlled 

temperature and stirring. The silver nanoparticles were synthesized by initially adding 180 mL 

of deionized water to the reactor. Then, the precursor metal salt (silver nitrate – AgNO3, 

Cennabras, Brazil) was added to the water until a concentration in the reaction medium equal 

to 9.3 mmol L-1 was reached. The stabilizing agent employed to stabilize the colloidal 

dispersion (silver nanoparticles) was a hydrosoluble silicone wax containing amine functional 

groups (Quimisa, Brazil). 

The concentration of this compound in the reaction medium was 0.84 g L-1. The operational 

temperature was set at 20 oC and a stirring rate of 600 rpm was kept for 10 min to ensure 

complete solubilization. Then, 20 mL of a sodium borohydride solution (Nuclear, Brazil), with 

a concentration of 4.64 g L-1 and a temperature of 10°C was added at an approximate flow rate 

of 1.5 mL min-1. Following the addition of the reducing agent, the system was kept under 

temperature and stirring control for additional 10 min to ensure completion of the reaction. 

In the next step, silica powder (Syloid 244 FD, 5 μm average diameter, Grace Division) 

was added to the metallic silver colloidal dispersion at the ratio of 1.0 g of silica to 8.0 mL of 

colloidal dispersion. The resulting suspension was kept under stirring for 30 minutes. 

Afterwards, the system was left to rest to allow the sedimentation of the silica particles to 

functionalize the silver nanoparticles. The silica was separated from the supernatant using a 

separator funnel and the solid material was dried at 50°C for 48 h. 

The incorporation of the AgNP-containing powder into polyamide-66 was performed in 

the extruder illustrated in Figure 1a (Cristal Master Model GR 001) operating at 250°C at a 

dosing speed of 12.60 min-1. The polyamide (PA) filaments incorporated with AgNPs were 

processed in a granulator (SAGEC Model S650/2) (Figure 1b) for the production of 

functionalized pellets with approximate area of 1.0 cm2 and mass 0.25 g. PA/AgNPs pellets 

were produced at concentrations of 0.05%, 0.10% and 0.50% in relation to the weight of the 

silica powder incorporated with AgNPs. 
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Figure 1. (a) Extruder used to obtain PA/AgNPs filaments; (b) Granulator used to obtain PA/AgNPs 

pellets. 

2.2. Characterization of nanoparticles  

MET analyses were performed to evaluate the mean size, size distribution and geometric 

shape of the synthesized nanoparticles. Ten drops of silver nanoparticles dispersed in water 

were dripped onto a 300-mesh grid covered with carbon film. After drying at room temperature, 

the grids were examined in a microscope (JEOL, JEM-2100) and the images were captured at 

a voltage of 200 kV. 

UV-Vis spectrophotometry analyses were conducted to obtain information on the optical 

properties of the synthesized product by absorption spectra. Thus, 0.1 mL of the AgNPs 

colloidal dispersion were diluted in 7.5 mL of deionized water, and 3.0 mL of this solution were 

added into a glass cuvette with a 10 mm optical path to obtain the absorption spectra in a 

spectrophotometer (Schimadzu, model UVPC-V.3.9). The UV-Vis tests were performed in 

triplicate and the same solution was prepared three times to ensure reproducibility of the results. 

2.3. ICP-MS essays 

The ICP-MS technique (Optima 8300 Perkin-Elmer) was selected to quantify the 

concentration of silver ions leached from the PA/AgNPs pellets after 3 h of contact with water 

samples contaminated with E. coli. The silver quantification was undertaken with solutions 

used in microbiological tests in the presence of silver nanoparticles, according to the 

methodology recommended in the Standard Methods for the Examination of Water and 

Wastewater (22nd ed.), methods SMEWW-3120 B and SMEWW-3030 E. Samples containing 

0.05%, 0.10% and 0.50% of silica powder incorporated with AgNPs were prepared for the 

determination of Ag+ ions by addition of rhodium as internal standard at concentration                               

5 μg L-1 and 1% (v/v) HNO3. The same methodology was used for the calibration and control 

solutions. The pneumatic nebulization was performed with argon gas (99.99% purity) to avoid 

interference in the tests. 

2.4. Microbiological tests 

For the analysis of faecal coliforms, Gram-negative bacteria E. coli (CCT-8739) was 

selected as faecal origin bacteria because it is directly related to health problems associated with 

contaminated water consumption. Faecal coliform analysis of water potability was performed 

using the Multi-Tube Fermentation Technique (TFTM) as described by APHA (2012). Serial 

dilutions were prepared and the medium to be analysed was transferred to test tubes containing 

the appropriate culture medium and a gas-collecting tube (Durhan tube). Following incubation 
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of the tubes, the samples that showed positive results for the presence of coliforms were 

submitted to three dilutions (10-1, 10-2 and 10-3) and subdivided into three groups comprising 

three tubes with their own culture medium. 

The presumptive test for coliforms was performed using Lauril Sulfate Triptose (LST) 

broth enriched with 50 mg L-1 of 4-methylumbelliferyl-β-D-glucuronide (LST-MUG). The 

analyses were performed by pipetting 1.0 mL aliquots of different dilutions into a series of three 

tubes containing 9.0 mL of LST-MUG and provided with an inverted Durham tube, 

homogenized and incubated at 35°C for 48 h. Gas production observed in the Durham tubes 

indicated the presence of coliforms. 

Following the 24 h incubation at 37°C using the serial tube methodology, all the LST-

MUG tubes that exhibited fluorescence were considered positive for E. coli when exposed to 

ultraviolet light (6W) with a long wavelength (366 nm) in a dark room. 

The E. coli solution was prepared using the strain cultured in TSB broth. Then, 200 µL of 

such solution were dispensed into a tube containing 3.0 mL of a 0.85% NaCl solution (mass 

percentage). Afterwards, the turbidity corresponding to 0.5 on the McFarland scale                            

(109 bacteria mL-1) was determined. The solution obtained was subjected to antimicrobial 

susceptibility tests by the plate diffusion method (Müller Hinton Agar) and the polymer matrix 

containing the AgNPs were transferred into the plates and incubated for 24 h at 25°C. The 

antimicrobial activity of the pellets impregnated with silver nanoparticles was assessed by the 

most probable number (MPN), according to the ASTM International ( 2001). 

The tests were carried out using 2.0 g of PA/AgNPs pellets containing 0.05, 0.10 and 

0.50% (m/m) of silica powder functionalized with the metal nanostructures. Three triplicate 

samples comprising 2.0 g of pellets without silver nanoparticles were used as control. 

Subsequently, 1.0 g of inoculum was solubilized in 50 mL of deionized water at a 

concentration of 2.0-3.0 x 105 CFU mL-1. The flasks were closed and incubated in a shaking 

oven with temperature controlled at 25°C for 24 h. Several dilutions were prepared from                        

1.0 mL from each vial. All tests were performed in triplicate. The microbial reduction 

percentage was calculated by Equation 1. 

𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 % (
𝑈𝐹𝐶

𝑚𝑙
) =

𝐵−𝐴

𝐵
𝑥100                                                                                                 (1) 

where: A is the microbial count in the sample containing (AgNPs) (CFU/mL) and B is the 

microbial count in the sample with no antibacterial agent (control). 

The samples were stirred at 40 ± 2 min-1 for 20 h on a magnetic stirrer. Afterwards, the 

samples were vacuum-filtered and the liquid fraction was subjected to inductively coupled 

plasma atomic mass spectroscopy (ICP-MS) to quantify the silver leached from the PA/AgNPs 

pellets. 

2.5. Statistical analysis and E. coli reduction kinetics  

The data were treated by analysis of variance (ANOVA) and Tukey's test at 5% of 

significance using Statistica for Windows (Version 7.0, Statsoft). The results allowed 

determining the reduction kinetics of E. coli under two different conditions: agitation and no 

agitation of the solution added with AgNPs. The reaction order was determined by the Pearson 

correlation coefficient, R2, which measures the degree of linear correlation between two 

quantitative variables, yielding values between 0 and 1. 
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3. RESULTS AND DISCUSSION 

Figure 2 shows a transmission electron microscopy (TEM) image of the silver 

nanoparticles. The synthesized nanostructures exhibited an approximate spherical shape, with 

an average size between 20 and 30 nm. 

 
Figure 2. MET image (× 450,000 times). 

The absorbance spectrum shown in Figure 3 shows a peak absorbance close to 400 nm. 

Similar results were published in Nogueira et al. (2014; 2016), who reported that silver 

nanoparticles with predominantly spherical shape presented a surface plasmon resonance that 

absorbs the radiation at wavelength around 400 nm in the UV-visible region. 

 
Figure 3. Absorption spectrum of synthesized silver nanoparticles. 

The silica microparticles with adsorbed silver nanoparticles were also analysed by 

transmission electron microscopy. The images presented in Figure 4 show that the metallic 

nanostructures are well dispersed on the silica’s surface. Figure 4a, a conventional image 

without contrast, shows the nanoparticles as dark spots. In Figure 4b, to which an optical 

contrast feature was applied, the bright dots indicate the presence of a metallic material 

adsorbed on the surface of the silica microparticles. This metallic material corresponds to the 

silver nanoparticles, which reflect part of the incident electron beam. 
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Figure 4. MET image of the silver nanoparticles adsorbed on the silica 

surface: a) without contrast; b) with contrast. 

The following average values were obtained from the silver-leaching tests as a function of 

the amount of functionalized silica incorporated in the polyamide: 0.052 mg L-1 (0.50%),              

0.020 mg L-1 (0.10%) and 0.008 mg L-1 (0.05%). The polyamide sample that complied with the 

maximum limit of leached silver as established in the Conama resolution 357/2005 (CONAMA, 

2005) (0.010 mg L-1) was used in the microbiological tests. The tests were performed with 

pellets containing 0.05% by weight of silica powder functionalized with silver nanoparticles. 

The antibacterial activity was determined in terms of mean faecal contamination                        

(CFU m L-1). The tests were carried out in triplicate and the Tukey test was used to analyse the 

bactericidal effect of the pellets containing silver nanoparticles (N) on the representative Gram-

negative bacteria (E. coli) after exposure times of 1 h, 2 h and 3 h. AgNP-free samples were 

used as control. The data summarized in Table 1 indicate that the averages followed by the 

same letter in the columns do not differ by the Tukey test (Tt) at 5% significance level. 

Table 1. Faecal coliform (E. coli) contamination (average ± standard 

deviation) of different samples. 

Sample PA/AgNps CFU mL-1 Tt Control Tt CFU mL-1 

NA251 1.67 ± 2.08 d BA251 ef 6.10 ± 1.05 

NA252 1.33 ± 1.53 d BA252 ef 19.07 ± 7.22 

NA253 1.00 ± 1.73 ed BA253 c 47.17 ± 11.77 

NSA251 28.50 ± 1.31 ef BSA251 b 61.60 ± 1.49 

NSA252 23.83 ± 1.10 f BSA252 a 90.27 ± 4.91 

NSA253 16.07 ± 5.33 f BSA253 b 70.00 ± 2.00 

Legend: N = silver nanoparticles; B = control (no nanoparticles); A= 

stirring; SA= no stirring; Tt= Tukey test (5% significance level). 

Table 1 shows the interaction between residence time and stirring. A significant microbial 

reduction to final concentrations of 1.33 CFU mL-1 (NA252) and 1.00 CFU mL-1 (NA253) were 

reached in the presence of silver nanoparticles for residence times of 2 h and 3 h, respectively. 

In Table 1, averages followed by the same letter in the same columns do not differ by the Tukey 

test at a 5% significance level. The control (BSA252) reached an average E. coli count of                 

90.27 CFU mL-1 in 2 h. The reduction in the presence of silver nanoparticles (NA252) for the 

same residence time was 93.05% (p <0.05). The antimicrobial activity is ascribed to the action 

of silver ions on the respiratory chain of bacteria, by decoupling the electron transfer in 

oxidative phosphorylation, thereby inhibiting the enzymes of the respiratory chain (Feng et al., 

2000). Figure 5 shows the reduction kinetics of E. coli attributed to the antibacterial activity of 

silver nanoparticles. 

Figure 5 shows the mean percentage of microbial reduction ascribed to the antibacterial 

activity of silver nanoparticles incorporated in polyamide-66. The lowest antibacterial reduction 
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occurred for sample NSA251 (53.73%), no stirring and 1 h contact time. The most significant 

reduction was observed for sample NA253 (97.89%), corresponding to stirring and 3 h contact 

time. 

 
Figure 5. Reduction kinetics of E. coli. 

The microbiological analysis revealed that both conditions (stirring and no stirring), result 

in a relevant bactericidal effect, as stated by Tan et al. (2015). Some authors confirm that AgNPs 

establish chemical bonds with sulphur and phospholipids present in the DNA, inhibiting various 

cellular processes in gram-negative bacteria (Franci et al., 2015; Li et al., 2011; Morones et al., 

2005). The changes are associated with adverse effects resulting from the antibacterial activity 

of AgNPs in the cell membrane due to increased production of reactive oxygen species (ROS) 

(Franci et al., 2015). 

The cellular stress mediated by reactive oxygen species has a detrimental and irreversible 

effect on the intracellular structure of bacteria (Morones et al., 2005; Choi and Hu, 2008). Xu 

et al. (2012) reported that some reactive oxygen species (ROS), including superoxide (•O2
-), 

hydrogen peroxide (H2O2) and hydroxyl radical (•OH), are generated during aerobic 

metabolism. 

The chemical interaction between AgNPs and the cell membrane of bacteria can be related 

to the presence of sulphur in proteins, forming preferential sites with AgNPs (Zhang et al., 

2013). Therefore, exposure to AgNPs promotes an increase in the rate of lipid peroxidation and 

oxidation of the protein due to lesser thiol groupings (-SH) bounded to protein (Strużyński et 

al., 2014). The reduction of thiol levels and glutathione activity may induce AgNP-exposed 

organisms to ineffective antioxidant mechanisms against cellular stress mediated by reactive 

oxygen species (Becaro et al., 2015). 

When stirring was used, the bacterial activity was reduced exponentially as R2 approached 

1.0. It was possible to obtain a trend line with a very satisfactory correlation coefficient of 

0.9973, according to Equation 2. 

y = 0.1631e0.5574x              (2) 

where: t is the residence time (h). 

Equation 2 represents the exponential microbial reduction as a function of the initial 

concentration of the indicator bacterium, time and bacterial reduction rate. Equation 2 allows 

prediction of the bacterial reduction without the use of stirring in any residence time. 
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The Pearson coefficient was 0.9349 for the tests without stirring. Equation 3 represents the 

exponential curve of the sample behaviour in these conditions. 

y = 0.1358e0.5295x              (3)                                                                                                                                                            

4. CONCLUSIONS 

Functional nanoparticles supported in a polymeric matrix were proved an efficient 

bacterial inhibitor for water disinfection. The results concerning the leaching tests indicate that 

the concentration of 0.05% AgNPs in the polymer matrix met the maximum value allowed by 

the current legislation (Conama 357/2005), which is 0.010 mg.L-1. The most significant 

reduction (97.89%) was observed for the sample with AgNPs, stirring and 3 h contact time. The 

antibacterial reduction related to stirring can be explained by the high surface area/volume ratio 

of the silver nanoparticles, which in theory yield a greater diffusive contact between the AgNPs 

and the bacteria, allowing a fast release of Ag+ and consequent reduction of antibacterial 

activity. A longer diffusive contact time between silver nanoparticles and the studied bacteria 

results in structural alterations and deformations in the membrane walls and nucleic acids of 

the bacterial cells. 
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ABSTRACT 
The uncertainties present in hydrological models have made them difficult and often 

impossible to apply. This work evaluated the sensitivity of input parameters in the SWAT 

model used for the modeling of average monthly flow-discharge in the Jucu River Basin, 

located in the southeast portion of the state of Espírito Santo, Brazil. Sensitivity analysis was 

performed using the SWAT-CUP program, which uses the SUFI-2 algorithm. Four sensitivity 

analysis tests differing by the length of hydrological series, number of iteration and fluviometric 

station locations resulted in different sensitivity levels of input parameters used in the model. 

In this way, the present study emphasizes the need for a greater detailing of methodological 

processes used in the sensitivity analysis, so that different hierarchies of parameters can be 

obtained through the same tool. 

Keywords: sensitive parameters, simulation, SWAT-CUP. 

Análise de sensibilidade do modelo Soil and Water Assessment Tools 

(SWAT) na modelagem de vazões em uma bacia hidrográfica rural 

RESUMO 
As incertezas presentes em modelos hidrológicos têm dificultado e muitas vezes 

inviabilizado sua aplicação. Este trabalho tem como objetivo a avaliação da sensibilidade dos 

parâmetros de entrada no modelo SWAT para a modelagem de vazões médias mensais na bacia 

do rio Jucu, localizado na porção sudeste do estado do Espírito Santo (Brasil). A análise de 

sensibilidade foi realizada por meio do programa SWAT-CUP ao qual faz uso do algoritmo 

SUFI-2. Quatro testes que se diferenciavam pelo tamanho da série hidrológica, escolha da 

estação de monitoramento de vazões e número de variações dos valores dos parâmetros durante 

a análise de sensibilidade resultaram em diferentes níveis de sensibilidade para os parâmetros 

de entrada do modelo SWAT. Desta forma, o presente estudo enfatiza a necessidade de maior 

detalhamento dos processos metodológicos empregados na análise de sensibilidade, tendo em 

vista que diferentes hierarquias de parâmetros podem ser obtidas por meio da mesma 

ferramenta. 

Palavras-chave: parâmetros sensíveis, simulação, SWAT-CUP.  
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1. INTRODUCTION 

Hydrological models are powerful tools to represent water-resource availability and 

behavior in drainage basins under many applications, such as climate change, flood, drought, 

runoff and nutrient movement (Abbaspour et al., 2015). They can assist in the planning and 

decision-making processes for environment protection and the guarantee of water availability 

for future uses (Da Silva et al., 2015; Fatichi et al., 2016). 

The Soil and Water Assessment Tool (SWAT) is a physically based, continuous-time, 

mathematical-hydrological model (Arnold et al., 1998). It has been initially designed to 

estimate water quantity and quality under different conditions over time (past, present and 

future) in small- and large catchments with satisfactory accuracy (Francesconi et al., 2016; 

Lamba et al., 2016; Zhang et al., 2016; Golmohammadi et al., 2017). 

The ability of a hydrological model to produce satisfactory predictions are necessarily 

correlated to adequate sensitivity analysis and model calibration (Song et al., 2015). 

Hydrological models, such as SWAT, incorporate several parameters (pedological, climatic, 

hydrological and others) obtained theoretically and through field data collection. Some of these 

contribute greatly to model outputs (sensitive parameters), while others have minor relevance 

(non-sensitive parameters) (Van Griensven et al., 2006).  

The calibration process of the SWAT model using all of the input variables requires a great 

deal of effort, money and time, whereas the removal of sensitive variables decreases the 

accuracy of the results (Zadeh et al., 2017; Song et al., 2015). The inappropriate removal of 

parameters during the sensitivity process may lead to inconsistent model results (Sahu et al., 

2016). 

Sensitivity analyses can be classified into local, in which changes in parameters are made 

one-by-one, while all the others are kept constant, and global, which promotes a multilinear 

regression of the entire input space (Brouziyne et al., 2017; Song et al., 2015). There are many 

techniques that can be applied to sensitivity analyses:  manual operations, screening methods, 

regression analyses, variance-based methods, meta-modeling methods, and others (Song et al. 

2015). 

Besides the increasing of SWAT publications, only a few of the techniques focus on 

sensitivity-analysis improvements (Brouziyne et al., 2017). Wu and Liu (2012) proposed an 

automated sensitivity analysis through R-package Flexible Modeling Environment (FME). 

Romagnoli et al. (2017) highlighted that data availability, such as flowstream and precipitation 

series length, may affect the sensitivity ranking. Kouchi et al. (2017) examined the sensibility 

of parameters under different algorithms and objective functions, obtaining a diverse range of 

sensitive parameters leading to different streamflow estimations. 

Some other studies done in Brazil (Da Silva et al., 2015; Pontes et al., 2016; Brighenti et 

al., 2016) and internationally are also relevant (Sarrazin et al., 2016; Zhang et al., 2016; 

Tegegne et al., 2017) when searching for regional-sensitive parameters. However, none of these 

has paid much attention to how procedures (number of iterations) and data input (length of 

historical series and fluviometric station selection) may affect the sensitivity-analysis process. 

Considering this deficiency, this paper conducted a global sensitivity analysis using the 

Sequential Uncertainty Fitting Version 2 (SUFI2) algorithm replicated under four different 

scenarios differing by input variables and number of iterations. Using this procedure, we 

investigated how methodologies can influence the rank of sensitive parameters on the SWAT 

model.  
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2. MATERIAL AND METHODS 

2.1. Hydrological modeling 

The study relates to the Jucu River Basin, located in the southeast portion of the state of 

Espírito Santo, which has a catchment area of 2,183 km2 (Figure 1). This area was chosen 

because it is the main freshwater source for more than 1.9 million inhabitants (IBGE, 2018) of 

the metropolitan area of Vitória (state capital), making the accurate prediction of water 

availability over time crucial. Additionally, the basin has a database from previous monitoring 

(such as streamflow, soil use, and pedology), which are required for SWAT-modeling runs. 

 
Figure 1. Location of the Jucu River Basin. 

The first SWAT-modeling step involved the design of the hydrographic basin, sub-basins 

and drainage network by means of a digital elevation model (DEM) with a spatial resolution of 

30 meters (Figure 2a) obtained by the Advanced Spaceborne Thermal Emission and Reflection 

Radiometer (ASTER) in 2011. 

Then, physiographic data of pedology (Figure 2b), land use and occupation (Figure 2c) 

and classes of slopes were obtained. The soil information was acquired from a survey of soil 

from the state of Espírito Santo conducted in 1978 by the Brazilian Agricultural Research 

Corporation (EMBRAPA). The soils types found in the Jucu River Basin were: 

● LVd2 - dystrophic red yellow ferralsol: A moderate clayey texture, strong corrugated 

relief; 

● LVd3 - dystrophic red yellow ferralsol: A moderate clayey texture, and mountainous 

relief; 

● LVd12 - dystrophic red yellow ferralsol: A moderate clayey textured, soft wavy relief; 

● Cd1 - dystrophic haplic cambisol: A moderate clayey texture, and medium strong wavy 

mountainous relief; 

● PV2 - alic acid red yellow acrisol: A moderate clayey relief texture; 

● Amd2 - dystrophic arenosol: A moderate sandy flat relief; 

● Ad1 - dystrophic fluvisol: A weak and moderate texture, medium plane relief; 

● AR - eutrophic leptosol: A moderate texture and clayey, steep relief, mountainous and 

strong wavy. 
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Land-use and occupation data were obtained from a survey carried out by the State Institute 

of Environment and Water Resources (IEMA, 2007). From the data described above, the 

hydrologic response units (HRU) were established. 

After HRU definition, the data from climatic stations located in the study basin were 

inserted on the SWAT model. These data refer to solar radiation (KJ.m2), rainfall (mm), 

maximum and minimum air temperatures (°C), relative humidity (%) and wind speed (m.s-1). 

These data were obtained from the Capixaba Institute for Research, Technical Assistance and 

Rural Extension (INCAPER, 2016) and the National Water Agency (ANA, 2016). 

The last stage of SWAT processing consisted of the simulation, where the warm-up period, 

simulation period, time-step of the monthly simulation, and output data (water production - 

series of monthly average flows) were defined. Once the output data were determined, the 

sensitivity analysis of the parameters related to water production in the river basin was 

performed. 

The sensitivity analysis used discharge data from two different fluviometric stations. The 

first, under code 57230000, was called “Fazenda Jucuruaba”; and the second, under code 

57170000, was called “Córrego do Galo”. Both are under the responsibility of the National 

Water Agency (ANA). The latter station covers a drainage area of 1,675.19 km2, while the 

former station covers 965.67 km2, as shown in Figure 2-d. The list of climatic stations, station 

operators, coordinates of the station, data type and respective length of historical records is 

shown in Table 1, arranged in turn geographically by means of Figure 2-d. 

 
Figure 2. Map of topography (A), pedology (B), land use (C), location of climatic, 

fluviometric and pluviometric stations (D) in the Jucu River Basin. 
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Table 1. Input data of the SWAT model. 

Type Symble Station Code Controller 
Coordinates* 

Latitude Longitude 

Climatic 
a Domingos Martins - 

INCAPER 
7745120.60 284999.72 

b Viana - 7746850.66 342404.53 

Pluviometric 

c Arace 02041020 

ANA 

7718808.69 281119.36 

d Marechal Floriano 02040012 7716039.40 218592.79 

e Perobinha 02040015 7735136.92 260035.13 

f Fazenda Jucuruaba 02040001 7709938.37 310756.88 

g Marechal Floriano 02040012 7716039.40 218592.79 

Fluviometric 
h Córrego do Galo 57170000 

ANA 
7752588.84 327516.21 

i Fazenda Jucuruaba 57230000 7741838.41 344989.90 

*UTM SIRGAS 2000 Zone 24S. 

2.2. Sensibility Analysis 

The sensitivity of the SWAT parameters was performed using the Sequential Uncertainty 

Fitting Version 2 (SUFI2) algorithm executed by the SWAT Calibration and Uncertainty 

Programs (SWAT-CUP) software. This process is carried out in conjunction with the 

calibration process, so it is necessary to include the flows estimated by the SWAT and the 

monitored flows. That is necessary because sensitivity is estimated according to the variations 

according to objective function that evaluates the model calibration’s effectiveness. 

The sensitivity of the parameters is computed by multiple regression systems represented 

in Equation 1, which returns the values of the parameters generated by the Latin hypercube 

sampling versus the objective function values (Abbaspour et al., 2007). 

g = α+ ∑ β
i
bi

m
i=1         (1) 

where g is the objective function value; b is the parameter; α is the regression constant; β 

corresponds to the technical coefficient attached to the variable b; and m is equal to the number 

of parameters. 

The mean of the variations in the objective function estimates the sensitivity. It is computed 

by altering each parameter, one by one, while all other parameters remain the same. This is 

evaluated by the values of t-stat and p-value. The higher the absolute value of t-stat and smaller 

the value of p-value, the more sensitive is the parameter (Abbaspour et al., 2007). 

The t-stat is the regression coefficient of a parameter divided by its standard error. If the 

coefficient value is greater than its standard error, the value of t-stat is greater than zero, so the 

parameter is sensitive (Abbaspour et al., 2015). To calculate the p-value, it is necessary to 

compare the value of t-stat with the values given on the t-Student distribution table. The p-value 

for each parameter tests the null hypothesis that the regression coefficient is equal to zero. 

A small value of p-value (<0.05) indicates that we can reject the null hypothesis. This 

means that the parameter exerts influence on the dependent variable, thus it is sensitive. The 

value of 0.05 indicates that there is a 95% probability that a parameter change will affect the 

dependent variable (Abbaspour et al., 2009). 

The parameters chosen for this analysis refer to those that can be adjusted and relate only 

to the water production in a river basin. The SWAT database presents a table of these parameters 

indicating their ranges of value, action plan (basin, sub-basin or HRU), form of variation of 

values (replace by a given value, add to the existing parameter value or relative when an existing 

parameter value is multiplied by), and the sensitivity-analysis group (water production, 

sediment yield or water quality). 
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Table 2 shows the parameters available for water production, their description, lower (LL) 

and upper (UL) limits for adjustments and the method of value variation.  The parameter 

descriptions, physical properties, and lower/upper limits are detailed by Arnold et al. (2012) in 

Soil & Water Assessment Tool Input/Output Documentation. The limits used here are adequate 

with field analyses, when compared with the indicated values given by Arnold et al. (2012). 

Table 2. Parameters of the sensitivity analysis related to water production. 

Parameter Description Unit LL LU 
Method of 

variation 

ALPHA_BF Baseflow alpha factor  day 0 1 Replace 

BIOMIX Biological mixing efficiency 1-1 0 1 Replace 

BLAI Maximum potential leaf area index  m2 m-2 0 1 Replace 

CANMX Maximum canopy storage  mm 0 10 Replace 

CH_K2 
Effective hydraulic conductivity in the main 

channel alluvium  
mm h-1 0 150 Replace 

CH_N2 Manning's "n" value for the main channel  s m-3 0 1 Replace 

CN2 
Initial SCS runoff curve number for moisture 

condition II 
1-1 -25% 25% Relative 

EPCO Plant uptake compensation factor 1-1 0 1 Replace 

ESCO Soil evaporation compensation factor  1-1 0 1 Replace 

GW_DELAY Groundwater delay time  day -10 10 Add 

GW_REVAP Groundwater "revap" coefficient  1-1 -0,036 0,036 Add 

GWQMN 
Threshold depth of water in the shallow 

aquifer required for return flow to occur  
mm -1000 1000 Add 

REVAPMN 

Threshold depth of water in the shallow 

aquifer for “revap” or percolation to the deep 

aquifer to occur  

mm -100 100 Add 

SOL_ALB Moist soil albedo  1-1 -25% 25% Relative 

SOL_AWC Available water capacity of the soil layer  mm mm-1 -25% 25% Relative 

SOL_K Saturated hydraulic conductivity  mm h-1 -25% 25% Relative 

SOL_Z Depth from soil surface to bottom of layer  mm -25% 25% Relative 

SURLAG Surface runoff lag coefficient day -25% 25% Relative 

TLAPS Temperature lapse rate ºC km-1 0 10 Replace 

SLSUBBSN Average slope length m 0 50 Replace 

1-1: dimensionless 

Four sensitivity tests were performed to verify the influence of the amount of input data 

(length of historical records of flows and fluviometric station location) and the number of 

variations in the values of each parameter within the range present in Table 1 (iterations) during 

the analysis. The tests are listed below: 

● 1st Test: long historical records (1987 to 2015) flow data from the Fazenda Jucuruaba 

fluviometric station with 300 iterations; 

● 2nd Test: long historical records (1987 to 2015) flow data from the Córrego do Galo 

fluviometric station with 300 iterations; 

● 3rd Test: same characteristics as the 2nd Test, but with 100 iterations; 

● 4th Test: short historical records (2013 to 2015) flow data from the Córrego do Galo 

fluviometric station with 300 iterations. 

The results obtained by the sensitivity analyses were evaluated by the t-stat and p- values. 

The first provides the sensitivity measure, where the higher its value the more sensitive the 

parameter is. The second determines the significance of the sensitivity, where a value close to 

zero indicates greater significance provided by SWAT-CUP. 
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3. RESULTS AND DISCUSSION 

The modeling results in SWAT divided the Jucu River Basin into 147 sub-basins, creating 

a total of 2,341 hydrological response units (HRU). The fluviometric station of Fazenda 

Jucuruaba was located in sub-basin Number 128 and Córrego do Galo in sub-basin Number 57. 

The first sensitivity test generated the sensitivity hierarchy of the parameters presented in 

Figure 3-a according to p-value and t-stat values. The second test, based on the same 

characteristics as the first one, but with data from the Córrego do Galo fluviometric station, 

generated the results of Figure 3-b. The third test corresponds to the same characteristics of the 

second, but only 100 iterations were used (Figure 3-c). Finally, the fourth test was constructed 

with short historical records of 3 years (2013 to 2015), with flow data from the Córrego do Galo 

fluviometric station, using 300 iterations (Figure 3-d). 

Van Griensven et al. (2006) suggest the classification of parameters regarding their 

sensitivity by means of the increasing hierarchical position of the parameters. Thus, the 

parameters can be categorized as very important (1st), important (2nd-6th), slightly important 

(7th-14th) and not important (15th-20th). 

For each test, the parameters considered as very important and important according to Van 

Griensven et al. (2006) correspond to the first six parameters with the lowest values of p-value 

and higher values (in module) of t-stat. They are presented below in descending order of 

sensitivity for the four tests: 

● 1st test - ALPHA_BF, SOL_Z, GW_DELAY, CN2, SOL_K, and ESCO; 

● 2nd test - ALPHA_BF, SOL_Z, GW_DELAY, ESCO, CN2, and CH_K2; 

● 3rd test - ALPHA_BF, SOL_Z, GW_DELAY, SOL_K, CH_K2, and CANMX; 

● 4th test - SOL_Z, ALPHA_BF, GWQMN, GW_DELAY, CN2, and SOL_K. 

In terms of sensitivity in predicting superficial flow rates, note that some parameters are 

important in some tests, while not in others. For example, the ESCO parameter is important in 

the 1st and 2nd tests, although in the 3rd test it is considered slightly important and not 

important in the 4th test. Thus, the ESCO parameter can be turned into one of the most- or least-

sensitive parameters for the same region under study depending on the methodology used. 

From the results (Figure 3), the least-sensitive parameters (the six with the major p-values 

in Figure 3) were categorized as "not important"; but in other tests, some were kept in the "not 

important" while others moved to the "slightly important" category. Even though that was 

expected, some parameters are generally less-sensitive, such as BLAI, REVAPMN, and 

CH_N2, while the most-sensitive are ALPHA_BF, SOL_Z, GW_DELAY, and CN2.  

For each performance used on the input data, such as length of historical records, 

fluviometric station chosen or the number of iterations used during the analysis-sensitivity 

process, there is a different list and sequence of sensitivity parameters. Even Abbaspour et al. 

(2018), the main developer of the SWAT sensitivity analysis method, affirms that sensitivity 

analysis provides information about the most important process-drivers in the study region, 

according to local characteristics.  

Therefore, the most sensitivity parameters should be analyzed for each study region, since 

the input data (land use, pedology, physical characteristics of the watershed and climatic data) 

are different. Besides, this paper indicates the use of different performances in analysis 

sensitivity in order to make the best choice of the most influential parameters on flow 

estimation. Each performance should be well-justified, such as the length of historical records, 

monitoring stations, number of iterations, minimum interval, maximum interval and method of 

variation of each during the sensitivity analysis. 
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Figure 3. Sensitivity of flow parameters for the first (A), second (B), third (C) and 

fourth (D) tests. 
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In this case study, we opted for the five common parameters obtained in the first and 

second alternatives, since the calibration tests used flow data from both fluviometric stations. 

The number of iterations considered appropriate corresponds to these alternatives because the 

SWAT-CUP developer recommends it. Lastly, the largest historical records available 

encompass a more-extensive series of flood and drought events. 

In summary, the parameters considered the most sensitive for the study region are: basal 

recession constant (ALPHA_BF), depth from soil surface to bottom of layer (SOL_Z), recharge 

time of the shallow aquifer (GW_DELAY), evaporation compensation factor (ESCO) and the 

SCS runoff curve number for moisture condition II (CN2). 

4. CONCLUSIONS 

The study investigated how methodological procedures (changing input variables and the 

number of iterations) can influence the ranking of sensitive parameters on the SWAT model. 

The primary conclusions reached are summarized as: 

● The sensitivity of the hydrologic parameters of the SWAT model not only depends on 

the physiographic and climatic variables of the study area, but also on the procedures 

used in the sensitivity analysis. The SWAT-CUP sensitivity analysis using the SUFI-2 

algorithm obtained different parameter hierarchies. It emphasizes the relevance of a 

greater detailing of methodological processes used in the sensitivity analysis, 

considering that different hierarchies of parameters can be obtained through the same 

tool. 

● Besides characteristics from the study area, all the procedures used to formulate the 

sensitivity analysis scenarios, such as variation in the number of iterations, fluviometric 

station location and length of historical records, affected significantly the results of 

sensitive parameters for estimating flow rate in the Jucu River Basin. Therefore, it is 

important that each study region that uses the SWAT model to predict superficial flow 

rates perform different procedures in sensitivity analysis to correctly determine the most 

sensitive parameters. 

● Among the range of input variables of the model, pedological variables were the ones 

that presented the highest sensitivity for the Jucu River Basin. 

We recommend the application of similar tests using other algorithms, rather than SUFI2, 

for parameter sensitivity analysis to estimate mean flows. In this way, it would be possible to 

investigate how those methodological procedures affect the results by the use of different 

sensitivity techniques. 
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ABSTRACT 
The present paper presents a preliminary proposal for a framework for the Una River, 

located in the state of Pernambuco, divided into prevailing-use classes. This proposal integrates 

the results of an analysis of water quality parameters and a mathematical modeling performed 

along a section of the river. Data from six State Environmental Agency (CPRH) monitoring 

stations were used, which collected data for temperature, pH, DO, BOD, phosphorus, 

thermotolerant coliforms, turbidity, and color between 2002 and 2014. The mathematical model 

used was QUAL-UFMG and the parameters evaluated were DO and BOD. The results showed 

that the DO and BOD parameters were within the limits established by CONAMA Resolution 

No. 357/2005 for Class 2, but other parameters such as phosphorus presented nonconformities. 

Based on this, the proposed framework for the Una River covered Classes 1 and 2. It is hoped 

that such a proposal will serve as a reference for the basin committee in order to discuss and 

deliberate on the multiple uses preponderant along the river, aiming to approve and implement 

the framework. 

Keywords: framework, Una river, water quality. 

Análise e modelagem da qualidade da água como subsídio à proposta 

preliminar de enquadramento do rio Una (Pernambuco/Brasil)   

RESUMO 
O presente trabalho apresenta uma proposta preliminar para o enquadramento do rio Una, 

localizado no estado de Pernambuco, em classes de usos preponderantes. Esta proposta integra 

os resultados da análise dos parâmetros da qualidade da água e da modelagem matemática 

realizada num trecho do rio. Foram utilizados os dados do monitoramento de seis estações da 

Agência Estadual de Meio Ambiente - CPRH, entre os anos de 2002 e 2014, e analisados os 

parâmetros de temperatura, pH, OD, DBO, fósforo, coliforme termotolerantes, turbidez e cor. 
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Na modelagem matemática, o modelo utilizado foi o QUAL-UFMG e os parâmetros avaliados 

foram o OD e DBO. Os resultados mostraram que os parâmetros de OD e DBO ficaram dentro 

dos limites estabelecidos pela Resolução CONAMA nº 357/2005 para a Classe 2, porém outros 

parâmetros como o fósforo apresentaram desconformidades em seus índices. Com base nisso, 

o enquadramento preliminar proposto para o rio Una abrangeu as Classes 1 e 2. Espera-se que 

tal proposta sirva como referência ao comitê da bacia, para que sejam discutidos e deliberados 

os usos múltiplos preponderantes ao longo do rio, objetivando assim, a aprovação e 

implementação do enquadramento. 

Palavras-chave: enquadramento, qualidade da água, rio Una. 

1. INTRODUCTION 

The term “framework” refers to the definition of quality goals to be achieved for water 

bodies within a river basin. In Brazil, the National Water Resources Policy (Federal Law nº 

9.433/1997) establishes that the framework for water bodies divided into prevailing use classes, 

as defined by CONAMA Resolution nº 357/2005, should guarantee the necessary water quality 

standards for the most restrictive uses. In basins where the current condition of the water body 

quality is not appropriate for its intended uses, targets should be established to implement the 

respective frameworks, as recommended by CNRH Resolution nº 091/2008 (Brasil, 1997; 

CONAMA, 2005; CNRH, 2008). 

In order to simulate water quality parameters in compliance with the proposed framework, 

simplified one-dimensional mathematical models are commonly used, which represent flow 

through the average velocity in the cross section, neglecting the vertical and transverse 

variations. With the advancement of computing, it is possible to perform spatially distributed 

modeling using geographic information systems (GIS), allowing the integration between point 

and diffuse pollution sources. These models can also be integrated into decision support systems 

for water-resource management in a watershed (Fan et al., 2012; Gomes and Simões, 2014; 

Silva et al., 2017). 

The Una River basin does not have a framework prevailing use class. In the absence of this 

instrument, current legislation (CONAMA nº 357/2005) establishes that fresh water bodies are 

to be considered Class 2. According to the Pernambuco State Water Resources Policy (State 

Law nº 12.984/2005, Article 55, XI and Article 47, VI), the proposed framework should be 

made by the Basin Agency, approved by the Basin Committee and later ratified by the State 

Council of Water Resources. In the absence of the Basin Agency, the above-mentioned State 

Law (Article 48, XIII) assigns responsibility for the elaboration of said proposal to the 

management and environmental body (Pernambuco, 2005). 

With the goal of contributing as a theoretical subsidy for future framework proposals in 

the Una River basin, the present article presents a preliminary study for the classification of the 

main river into a prevailing-use class, based on the analysis of water quality parameters, 

mathematical modeling, and current water use. 

2. MATERIALS AND METHODS 

2.1. Characterization of the study area 

The study area is the Una River basin that covers parts of the states of Pernambuco and 

Alagoas. With a total area of 6,740.31 km², of which 6,262.78 km² are in Pernambuco, the basin 

in question covers totally or partially 42 municipalities. The principal river, of the same name 

as the basin, has a length of 290 km with its source located in the municipality of Capoeiras, 

having intermittent flow until approximately the town of Altinho, where it becomes perennial 

(Figure 1). 
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Figure 1. Map showing the location of the Una River hydrographic basin. 

The most significant uses for the water in the basin are focused on public water supply and 

irrigation of short- and long-cycle crops. Due to the use and occupation of the soil (which houses 

urban areas, public slaughterhouses, industries, polyculture and sugar cane cultivation), the Una 

River became a receptacle for domestic, agroindustrial, and industrial effluents (the main source 

of pollution). According to Lima (2016), the release of industrial effluents decreased 

significantly with the deactivation of several sugar and alcohol sector plants in the basin. Only 

the Pumaty Plant, located in the municipality of Palmares, remains in operation. Despite this, 

sugarcane plantations continue across large parts of the basin, provoking an increase in nutrient 

concentration in the Una River, due to fertirrigation practices. 

In this current situation, the water quality of the Una River is moderately compromised. 

The results of the monitoring carried out in December 2017 by the State Environmental Agency 

(CPRH) indicate that the river has regular water quality conditions (with acceptable levels of 

pollution) and is compatible with the limits of Class 3 (CPRH, 2018). 

The Una River Basin Committee (COBH Una, in Portuguese) was created by CRH/PE 

Resolution nº 005/2002. It has 24 members for the 2015-2018 term, these being 12 

representatives of the municipal, state, and federal governments, 8 representatives of water 

users in the basin, and 4 representatives of civil entities. Currently, the Una River basin has no 

master water plan nor any framework, as already mentioned. In general, the focus of the 

attention of COBH Una is controlling flooding, which has caused significant damages in several 

municipalities in the basin during 2010 and 2017. 

2.2. Water quality monitoring data 

Initially, data from all the monitoring stations operating in the basin were analyzed. The 

data were made available by the CPRH through its official website. The physicochemical and 

bacteriological analyses were carried out for six monitoring stations (three stations on the main 

river channel and three on its tributaries) between 2002 and 2010, with a bimonthly collection 

frequency for temperature, pH, DO, BOD, color, turbidity, and phosphorus parameters and 

every four months for thermotolerant coliforms. After defining the parameters, the data were 

separated by year, station, and collection frequency, and further divided into dry (September to 

March) and rainy (April to August) seasons. In order to evaluate the empirical distribution of 

the data, boxplot charts were drawn in Excel to show the minimum, maximum, and median 

values. These results were then compared against the limits of the Class 2 standards. 
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2.3. Modeling the QUAL-UFMG water quality model 

The QUAL-UFMG model, developed by Von Sperling (2007) as an adaptation of the 

QUAL2E model, has been widely used by many Brazilian researchers to evaluate water quality, 

simulate scenarios, and predict water body behavior. It is a one-dimensional model, developed 

in a Microsoft Office Excel spreadsheet, suitable for rivers with relatively low permanent flows. 

It allows the modeling of river water quality through a simple and fast simulation of dissolved 

oxygen, biochemical oxygen demand, total nitrogen and its concentration, and coliform bacteria 

(Louzada Valory et al., 2016). 

The choice of the above-mentioned model was based on the following criteria: ease of use, 

considering both the interface and the language; the utilization of basic parameters to 

qualitatively evaluate water resources (DO, BOD, phosphorus, thermotolerant coliforms, 

temperature, pH, color, and turbidity); availability of water quality monitoring data over a 10-

year period; and data on the flow of the water body to be modeled. In addition, this model had 

been previously used with other basins in Pernambuco, producing satisfactory results (Pinheiro 

et al., 2013; Araújo, 2013; Silva, 2015; Lima, 2016). 

Although up to 15 organic components of water quality were simulated, two basic 

parameters were used to perform this study: dissolved oxygen (DO) and biochemical oxygen 

demand (BOD). To model DO and BOD in watercourses, Equation 1 is used to calculate the 

weighted average of the concentrations with the aggregated element flows. It is observed that 

the value of C0 is obtained through a weighted average of the flows, DO and BOD.  

𝐶0 =
𝑄𝑟×𝐶𝑟+𝑄𝑟×𝐶𝑒

𝑄𝑟+𝑄𝑒
                (1) 

Where: C0 (DO or BOD5): concentration of the mixture (mg L-1); Cr (DOr or BODr): 

concentration in the river upstream from the mixing point (mg L-1); Ce (DOe or BODe): 

concentration in the sewer upstream from the mixing point (mg L-1); and Qr and Qe: flows of 

the river and of the sewer (m3 s-1). 

The section to be modeled was defined based on the size of the series of historical flow 

and water quality data (DO and BOD) available at stations along the Una River. With this 

criterion, the data series from two ANA fluviometric stations (Palmares - code 39560000 and 

Barreiros - code 39590000) and three CPRH water quality stations (UN-18, UN-42, and UN-

45) were considered satisfactory, resulting in a modeled stretch 118 km long (Figure 1). 

It is important to note that other relevant points were considered during the modeling, such 

as the inclusion of pollution sources from the sugar and alcohol sector (represented by the 

Pumaty Plant, the only one currently in operation) and the organic load resulting from the 

sewage of the municipalities of Palmares, Água Preta and Barreiros, as well as from their 

respective public slaughterhouses. The input data required and used by the QUAL-UFMG water 

quality mathematical model are presented below in a simplified manner: 

• River flow (Qr) and sewage flow (Qe): flow data were obtained from the Hydrological 

Information System (Hidroweb) of the National Water Agency (ANA) and stored with 

the software application Hidro 1.2, also made available by ANA. The sewage flow was 

estimated for the three municipalities mentioned above through the application of 

Equation 2, considering the 2010 population data (from IBGE), the per capita 

consumption of 250 L hab-1 d-1, and using 80% as the coefficient of return. In addition, 

effluent outflows from public slaughterhouses were estimated for the high slaughter 

season, between October and December, based on the amount of cattle, pigs, and goats 

slaughtered per day. 
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𝑄𝑒 = [
(𝑄𝑃𝐶×𝑃𝑜𝑝×𝑅)

1000
] ÷ 8640              (2) 

Where: Qe: average domestic sewage flow (m3 s-1); QPC: per capita water quota                                 

(L hab-1 d-1); Pop: population (hab); and R: coefficient of return. 

● Dissolved oxygen in the river (DOr), BOD5,20 in the river (BODr) and water temperature 

(T): these parameters were obtained from the average data of the six water quality 

monitoring stations between 2002 and 2010, for the dry period only. 

● Dissolved oxygen in the sewage (DOe) and BOD5,20 in the sewage (BODe): as most 

sewage from the municipalities as well as from public slaughterhouses is not treated, 

for the self-purification calculations, the DOe was considered to be 0 mg L-1. The BODe 

was estimated by the division between the of BOD5 load (kg d-1) and the sewage flow 

(m3 d-1).  

● River velocity (v), river depth (H), and travel time (t): velocity and depth were inferred 

from the key curve at the selected fluviometric stations, using the cross section and the 

level series, both obtained from Hidroweb. The travel time was obtained by the ratio 

between the length of the river section and the velocity. 

● DO saturation concentration (Cs): obtained as a function of river water temperature, 

ranging from 0°C = 14.6 mg L-1 to 40°C = 6.4 mg L-1 (Collischown and Tassi, 2010). 

● Minimum permissible DO (DOmin) and maximum permissible BOD (BODmax): for 

DOmin and BODmax in the river, the value of 5.0 mg L-1 was adopted, according to 

CONAMA Resolution nº 357/2005 (CONAMA, 2005) for Class 2.  

● Coefficients of deoxygenation (K1), decomposition (Kd). and reaeration (K2): the K1 

value depends on the temperature because it exerts considerable influence on microbial 

metabolism. The empirical relationship between temperature and the deoxygenation 

rate is given by Equation 3:  
 

𝐾1𝑇
= 𝐾120

× 𝜃(𝑇−20)              (3) 

Where: 𝐾1𝑇
: K1 at any temperature T (d-1); 𝐾120

: K1 at temperature T = 20°C (d-1); T: water 

temperature (°C); and θ: temperature coefficient (dimensionless). The coefficients Kd and K2 

can also be defined by Equation 2. For K1 and Kd, the value 1.047 is generally used for θ, and 

for K2, 1.024. The coefficients 𝐾120
, 𝐾𝑑20

 , and 𝐾220
 were extracted from Von Sperling (2007).  

The calibration of the model was performed manually, varying the coefficients (K1, Kd, 

and K2) and obeying the value ranges (restrictions) found in the literature (Table 1), decreasing 

the sum of the squares of the errors until a satisfactory adjustment is obtained near 1 (Equation 

4). This was based on the observed mean DO and BOD data from 2002 to 2010, taking the dry 

and rainy periods into consideration. The validation was done using the average values observed 

during the dry period between 2011 and 2014. 

Table 1. Calibrated coefficients and reference values. 

Coef. Description Unit Typical values* 
Calibrated values** 

1st section 2nd section 

K1 Deoxygenation coefficient d-1 0.08 to 0.45 0.35 0.20 

Kd BOD decomposition coefficient d-1 0.10 to 3.00 1.72 0.60 

K2 Reaeration coefficient d-1 0.00 to 10.00 7.00 6.00 

*Von Sperling (2007). **1st section: between UN-18 and UN-42; 2nd section: between UN-42 

and UN-45. 

𝑅² = 1 −  
∑(𝑌𝑂𝑏𝑠−𝑌𝐸𝑠𝑡)²

∑(𝑌𝑂𝑏𝑠−𝑌𝐴𝑣𝑔𝑂𝑏𝑠)²
             (4) 
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Where: R²: Nash-Sutcliffe coefficient; and YObs, YEst and YAvgObs: observed, estimated, and 

average observed values.  

2.4. Preliminary framework proposal 

Due to the limited availability of water quality data, the framework was proposed for the 

Una River only, disregarding its tributaries and reservoirs.  

With the results obtained from the water quality analysis and modeling, it was possible to 

establish a preliminary framework proposal for the main river channel related to the guidelines 

established in the current legislation, the uses identified in the basin, the water quality analysis 

data, and the simulation model of the Una River’s behavior. 

3. RESULTS AND DISCUSSION 

3.1. Analysis of water quality parameters 

The results of the analysis of the eight water quality parameters monitored at the six basin 

stations during the dry and rainy periods from 2002 to 2010 are discussed below and presented 

in Figure 2: 

● Temperature: along the Una River, the water temperature ranged from 24°C to 33°C, 

maintaining an average temperature of 28.1°C. It is worth noting that CONAMA 

Resolution nº 357/2005 (CONAMA, 2005) does not specify any temperature limits for 

the framework classes, but, for Amorim et al. (2017), high temperatures do decrease the 

solubility of gases, reducing the DO concentration. 

● Potential Hydrogen (pH): despite the presence of industrial areas in the basin’s 

municipalities, the pH values remained unchanged. The mean values found ranged from 

6.0 to 9.0 at all monitoring stations, falling within the limit allowed by CONAMA 

Resolution nº 357/2005 (CONAMA, 2005). Although its values were still found to 

conform to limits, it was observed that the pH at station UN-18 varied little due to the 

low flow of the river along this section. Other UN-25, UN-30 and UN-42 stations 

presented lower mean pH values in the rainy season (UN-25: 7.00, UN-30: 6.30, UN-

42: 6.70) when compared to the dry period (UN-25: 7.10; UN-30: 6.85; UN-42: 6.95), 

corroborating with the results obtained by Piratoba et al. (2017). According to the 

author, this situation can be attributed both to natural factors (with increasing rainfall, 

the pH tends to rise, since dilution of dissolved compounds increases and there is a 

greater flow) for anthropogenic factors (through the launch of domestic and industrial 

sewage affecting the pH). 

● Dissolved Oxygen (DO): the highest variation in DO was found to be concentrated at 

stations UN-30 (dry season) and UN-25 (rainy season) with intervals of 0 to                             

6.80 mg L-1 and 1.80 to 9.10 mg L-1, respectively. These large fluctuations in DO 

concentration in Una River waters were also observed by Melo et al. (2018), identifying 

variations from 0.9 to 9.5 mg L-1. Because of these large fluctuations, the monitored 

DO values (for all seasons) were at some point outside of the limit recommended in 

CONAMA Resolution nº 357/2005 (CONAMA, 2005) for Class 2, which is                                 

5 mg L-1. This fact can be associated with the intense urban occupation along the banks 

of the river, which releases effluent from domestic sources, industry, and public 

slaughterhouses directly into the river. Another contributing factor is related to the 

presence of the Pumaty Plant, located upstream of the UN-42 station, which greatly 

influences water quality, especially during the dry season. Nevertheless, at stations UN-

18, UN-25, UN-42 and UN-45, the mean DO values were within the limit specified in 

the resolution across the entire study period.  
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● Biochemical Oxygen Demand (BOD): at stations UN-18, UN-25 and UN-30, the BOD 

parameter was observed to be higher than the limit established by the current 

environmental legislation (Class 2  5 mg L-1 O2) at sometimes. For example, during 

the dry season, a maximum of 25 mg L-1 was recorded, while during the rainy season, 

BOD values above 20 mg L-1 were found. The increase in the BOD values indicates an 

increase in the concentration of organic matter in the river, suggesting the increase of 

the potential for pollution. On the other hand, when the analysis is done using average 

values, they were found to be in compliance with the limit established for Class 2. 

According to Cetesb (2006), waters with BOD of less than 4 mg L-1 are classified as 

clean waters, and waters with BOD values above 10 mg L-1, as polluted. From this 

criterion, also used by Amorim et al. (2017), and considering only the mean values 

monitored for BOD at all stations, the Una river waters were considered clean during 

the analyzed period. 

● Color: federal environmental legislation indicates the natural true color level for a water 

body has a maximum limit of 75 mg L-1 Pt for fresh water. After analyzing the data, it 

was found that during the dry period, only the UN-30 station had maximum values 

above the recommended limit. During the rainy season, the recommended maximum 

level was exceeded by stations UN-30, UN-42, and UN-45. In average terms, this 

parameter presented values that were within the limit established by legislation. 

● Turbidity: the average turbidity levels were within the maximum limit established by 

CONAMA Resolution nº 357/2005 (CONAMA, 2005),  100 UNT, considering both 

dry and rainy seasons. During the dry season, only station UN-18 presented values 

above that foreseen by legislation, with peaks of 250 UNT. It was found that the greatest 

variations in turbidity are related to the presence of suspended materials during the rainy 

season. It was verified that the higher variations of this parameter are related to the 

presence of suspended materials during the rainy season, since the surface runoff has a 

direct relation of influence with the turbidity, according to Costa Filho et al. (2017). In 

addition, domestic sewage and various industrial effluents can also cause water 

turbidities to rise. 

● Phosphorus: the phosphorus concentrations ranged from 0.01 to 0.81 mg L-1 in the rainy 

season and from 0.02 to 1.48 mg L-1 in the dry season. At all monitoring stations, these 

values are above the limit established by CONAMA Resolution nº 357/2005 

(CONAMA, 2005), when evaluated for Classes 1 and 2. This situation was also 

observed by Melo et al. (2018) when the water quality was evaluated in regions close 

to the four reservoirs (currently under construction) located in the perennial stretch of 

the Una river, from March/2014 to April/2015. These results demonstrate the high level 

of contribution of nutrients resulting from the fertirrigation practices of sugarcane, and 

from effluent release by municipalities, which may cause problems such as 

eutrophication and toxic algal blooms. 

● Thermotolerant coliforms: the maximum values observed during the dry and rainy 

seasons are on the order of 10,000 NMP 100 ml-1, while the average values are above 

1,000 NMP 100 ml-1 (limit established for Class 2). Only UN-27 presented, on average, 

values in accordance with the current environmental legislation, when both dry and 

rainy seasons were analyzed. This is because there is funding from COMPESA 

(Pernambuco Sanitation Company) that guarantees periodic monitoring to meet water 

quality standards in this area. The high levels of thermotolerant coliforms point towards 

fecal contamination from domestic effluents, released by the municipalities of Água 

Preta, Palmares and Barreiros. 
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Figure 2. Graphical analysis of water quality parameters. 
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3.2. Simulation of DO and BOD parameters on a perennial section of the Una River 

The manual calibration of the QUAL-UFMG model resulted in a satisfactory adjustment 

between the estimated and observed DO and BOD values. The Nash-Sutcliffe coefficients (R2) 

for both parameters were calculated at 0.998 and 0.999, respectively. This means that the model 

was able to represent 99.8% and 99.9% of the variance in the experimental DO and BOD data. 

During the validation of the model, performed only for the dry season between the years 2011 

and 2014, it was observed that the simulated parameters (DO and BOD) were representative 

when compared to the observed data (𝑅𝐷𝑂
2  = 0.709 and 𝑅𝐵𝑂𝐷

2  = 0.779). 

The results of the simulation showed that the Una River has a high dilution capacity, since 

the modeled section, even in the dry season, had a high flow rate. It was also observed that, 

during the period from 2002 to 2010, the simulations of both DO and BOD along the section 

modeled were within the CONAMA Resolution nº 357/2005 (CONAMA, 2005) Class 2, 100% 

and 99.5%, respectively (Figure 3a). In the period from 2011 to 2014, the simulated DO and 

BOD parameters met the limits of the above-mentioned resolution for Class 2 for 100% of the 

modeled section (Figure 3b). This result does not invalidate the need to install sanitary sewage 

systems for the municipalities within the basin (with an efficiency greater than 90%), since they 

do not have adequate systems to treat effluents and as population grows, increased organic load 

could lead to public health problems. Figure 3 shows the simulation of the DO and BOD 

parameters, based on the calibration and validation of the model. 

  

 
 

(a) 

 
 

(b) 

CONAMA 357/2005 Limits (Class 2) 

Observed values 

Estimated values 

 

Figure 3. (a) Calibration of the DO and BOD parameters for the period from 2002 to 2010. (b) 

Validation of the DO and BOD parameters for the dry season from 2011 to 2014. 

3.3. Presentation of the preliminary framework proposal 

Based on the results obtained from the water quality analysis, mathematical modeling, and 

knowledge of current water use in the basin, Figure 4 represents the proposal established for 

the Una River framework. In this preliminary proposal, the proposed framework classes and 

the multiple predominant water use along four stretches of the river are identified, namely: 

0

5

10

0 20 40 60 80 100 120

D
O

 (
m

g
 L

-1
)

Distance (km)

0

5

10

0 20 40 60 80 100 120

D
O

 (
m

g
 L

-1
)

Distance (km)

0

5

10

0 20 40 60 80 100 120

B
O

D
 (

m
g
 L

-1
)

Distance (km)

0

5

10

0 20 40 60 80 100 120

B
O

D
 (

m
g
 L

-1
)

Distance (km)



 

 

Rev. Ambient. Água vol. 13 n. 6, e2251 - Taubaté 2018 

 

10 Simone Rosa da Silva et al. 

 
Figure 4. Identification of the sections framed by intended use class.  

● Section 1 (Source until São Bento do Una): most of this section passes through rural 

areas, without the presence of industry or activities of great size. Thus, when water is 

present along this stretch, the local population will draw it from the river for human 

consumption, in addition to using it for domestic activities such as washing clothes, and 

recreation. Therefore, the current practices justify the proposed Class 1 framework. On 

the other hand, this section is also characterized by diffuse pollution, which 

compromises water quality to a lesser extent (presenting parameters consistent with 

Class 2), because it is intermittent during most of the year. The predominant uses are: 

human and animal water supply; irrigation of fruits and vegetables consumed raw that 

grow along the ground; and recreation. 

● Section 2 (São Bento do Una until the vicinity of Batateiras): the analysis of the 

monitored water quality data suggested that this section be classified as Class 2, 

establishing the prevailing uses already being practiced along this section. A large 

volume of untreated domestic effluent from the municipalities upstream of the district 

of Batateiras was identified throughout this section. The prevailing uses are: human, 

animal and industrial water supply; and irrigation of sugarcane crops. 

● Section 3 (Vicinity of Batateiras until Palmares): in this section, the Una River receives 

flow from other tributaries, which improves its capacity to self-purify the organic 

matter, even during the dry season, as shown by the results of the OD and BOD 

parameter modeling. Although such parameters are within the limits of Class 2, this 

section was classified as Class 1, demanding more severe standards of water quality, 

since the greater use of water in this section is destined to agriculture. In this case, the 

preponderant intended uses are: human and animal water supply; and irrigation of fruits 

and vegetables consumed raw that grow along the ground.  

● Section 4 (Palmares until the mouth of the Una River): very little water is captured from 

this section for human supply, but a large amount is used for agriculture. Many 

municipalities in this region have small plots with sanitary sewage coverage, favoring 

a large load of domestic and industrial effluent (such as the Pumaty Plant operation), 

which are released directly into the river. Despite this, decreases in the BOD levels 

occur due to the increased flow from tributaries in this stretch, in addition to the 

significant increase in rainfall, resulting in a considerable capacity for self-purification. 

This situation, together with the water quality analysis and modeling, justifies the 

proposed Class 2 framework for this section. The predominant uses are: human, animal 

and industrial water supply; and irrigation of sugarcane.  
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4. CONCLUSIONS 

The water quality analyses showed that, in average terms, most of the parameters 

monitored during the dry and rainy seasons are within the limits established by CONAMA 

Resolution nº 357/2005 (CONAMA, 2005), for Class 2. Only the parameters of phosphorus and 

thermotolerant coliforms are outside the standards recommended by the aforementioned 

legislation, a fact mainly associated with the release of domestic, industrial, and public 

slaughterhouse effluents from urban areas along the river shore. 

In spite of this, the water quality modeling showed that the Una River has a high self-

purification capacity along its perennial stretch, even during the dry season, considered to be 

the most critical. This result is justified by the fact that the Una River basin is located in an area 

with high rainfall, characteristic of the southern part of the State of Pernambuco. 

This hydraulic and hydrological condition of the basin made it possible to classify some 

stretches of the Una River as Class 1, establishing prevailing uses with more strict water quality 

standards, even when somewhat distant from the current practices. To this end, a framework 

implementation program should be established, whereby the intermediate progressive goals of 

water quality improvement can be defined. In the case of the Una River, it is extremely 

necessary to control the sources of water pollution, through adaptation to the release standards 

for industrial effluents and the implementation of sewage systems for the municipalities along 

the river. 

With this proposal, the Una River will have a set of monitoring parameters that will serve 

as a reference for achieving and maintaining the required water quality, in order to ensure water 

quality compatible with its intended uses. 
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ABSTRACT 
Concern for environmental quality has increased in society because industrial and 

technological development has released high levels of contaminants into the environment, such 

as hydrocarbons. A technique widely used for bioremediation is biostimulation, which may be 

enhanced by microencapsulation. This research formulated slow-release nitrogen and 

phosphorus compounds using different polymer (Alginate/Capsul®, carboxymethyl cellulose) 

matrices and compared them with the agricultural product Osmocote® and mineral medium 

Bushnell-Haas as hydrocarbonoclastics biostimulation agents in the environment for pollutant 

bioremediation. N (nitrogen) and P (phosphorus) were immobilized using lyophilization and 

ionic gelation techniques. Experiments were conducted using encapsulated material and 

evaluated for biomass production, glucose consumption as organic carbon source and N and P 

supply. The immobilized carboxymethyl cellulose compound showed the best results of 

glycosidic degradation (66.7%) and microbial biostimulation (350 mg L-1 protein) compared 

to systems containing free nutrients (11.3% and 150 mg L-1 degradation glycosidic and 

microbial biostimulation, respectively). Thus, this compound is a potential slow release product 

for bioremediation processes. 

Keywords: biotechnology, environmental, pollution. 

Comparação entre diferentes compósitos de liberação lenta de 

nutrientes para estimulação de microrganismos 

RESUMO 
A preocupação com a qualidade ambiental aumentou na sociedade porque o 

desenvolvimento industrial e tecnológico liberou altos níveis de contaminantes no meio 

ambiente, como os hidrocarbonetos. Uma técnica amplamente utilizada para a biorremediação 

é a bioestimulação, que pode ser reforçada por microencapsulação. O objetivo desta pesquisa 

foi formular compostos de nitrogênio e fósforo de liberação lenta usando diferentes matrizes de 

polímeros (Alginato/Capsul®, Carboximetilcelulose) e compará-los com o produto agrícola 

Osmocote® e meio mineral Bushnell-Haas como agentes de bioestimulação 

hidrocarbonoclasticos no meio ambiente para biorremediação poluente. N (nitrogênio) e 
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P(fósforo) foram imobilizados usando técnicas de liofilização e gelificação iónica. As 

experiências foram conduzidas usando material encapsulado e avaliadas para produção de 

biomassa, consumo de glicose como fonte de carbono orgânico e fornecimento de N e P. O 

compósito imobilizado composto por carboximetil celulose apresentou os melhores resultados 

de degradação glicosídica (66,7%) e bioestimulação microbiana (350 mg L-1 de proteína) em 

comparação com os sistemas contendo nutrientes livres (11,3% e 150 mg L-1 de degradação 

glicosídica e bioestimulação microbiana respectivamente). Assim, este composto é um 

potencial produto de liberação lenta para processos de biorremediação. 

Palavras-chave: ambiental, biotecnologia, poluição. 

1. INTRODUCTION 

Concern for environmental quality has increased in society. The increase in industrial and 

technological development has led to highly contaminated soils, rivers, lakes, oceans, 

groundwater and sediments (Röling and Versevel, 2002). Because many contaminants have 

mainly originated from oil industries, high levels of carbon (originating from petroleum 

hydrocarbons) have been released to the environment. 

According to the US Environmental Protection Agency (USEPA), one of the most widely 

reported processes in the literature for treating areas contaminated with high levels of available 

carbon is the bioremediation process. Bioremediation is a treatment process that uses naturally 

occurring microorganisms to degrade hazardous substances and transform them into less- or 

non-toxic substances (USEPA, 2004). 

Bioremediation technologies can be classified as ex situ or in situ. Ex-situ technologies are 

treatments that remove contaminants to a location outside the contamination place, and in situ 

technologies involve treating the contaminants where they occur. In situ bioremediation 

techniques are advantageous because they can eliminate transportation costs with less 

intervention (Iwamoto and Nasu, 2001; Tyagi et al., 2011). 

Different techniques can be used for in situ bioremediation, including natural attenuation, 

bioaugmentation and biostimulation. Natural attenuation is a reduction of toxicity, mobility or 

volume of the contaminant without human intervention and can occur by physical, chemical 

and biological processes. Bioaugmentation, however, involves stimulating the native 

populations that are reintroduced to the contamination site or the addition of wild strains or non-

native mixed cultures to the contaminated site, which can degrade the pollutant. Finally, 

biostimulation is a technique aimed at stimulating native microbiota in a given environment 

due to an adequate supply of nutrients and favorable environmental conditions. However, the 

main idea is to influence development of indigenous microorganisms at a contaminated site to 

reduce the contaminant through its use as a carbon source in microbial metabolism, which 

reduces pollutants over time (Azubuike et al., 2016; Iwamoto and Nasu, 2001; Tyagi et al., 

2011). Currently, many studies have used biostimulation, because it causes less damage to the 

environment.  However, the stimulus is not always immediate and may require some time 

before results appear. The quantity and type of added nutrients depend on the carbon, nitrogen 

and phosphorus ratio (C: N: P) in the environment. This ratio should always be balanced to 

allow the microorganisms to grow adequately (Azubuike et al., 2016). 

To provide such nutrients, cause less impact on the system and generate good nutritional 

relationships, many scientific investigations have used the microencapsulation technique for 

active materials in formulating slow-release fertilizers. Using this technique, the contents 

gradually release and meet the nutritional requirement of the involved organisms (Bansode et 

al., 2010; Reis et al., 2013; Favaro-Trindade et al., 2008). 

Microencapsulation is a technology for packaging liquids, solids and gases in small, sealed 
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capsules, which isolates and protects them from adverse environmental conditions, such as 

light, oxygen, moisture and interaction with other compounds. Capsules can release their 

contents at controlled rates under specific conditions. These packages are spherical with a 

nanometer size; however, they are strongly influenced by the originating material structure 

(Bastos et al., 2009; Suave et al., 2006). 

One of the key steps in coating is selecting appropriate wall materials. Coating materials 

are film-forming materials selected from a wide variety of natural and synthetic polymers, 

depending on the coated material and the desired microcapsule characteristics (Bastos et al., 

2009; Dubey et al., 2009). Ideally, the wall material must be an emulsifier, promote adequate 

content release when reconstituted into the product, have good film-forming ability, have a low 

viscosity with high levels of solids, and have high hygroscopicity. The following are among the 

most commonly used wall materials: carbohydrates (starch, maltodextrins, sucrose and 

cyclodextrins), cellulose (carboxymethyl cellulose and derivatives), gum (Arabic and agar), 

lipids (waxes, paraffin and fatty acids), and proteins (gluten, casein, gelatin and others) (Dubey 

et al., 2009; Suave et al., 2006). 

Recently, studies have evaluated the use of slow-release fertilizer, as a form of bio 

stimulus, to provide the concentrations of nutrients necessary for the bioremediation process. 

However, the majority of products that have been applied are usually used for different 

agricultural cultivars and provide nutrients (Darmayati et al., 2017; Becker et al., 2016). There 

are few studies on this line of bioremediation and the use of polymers such as encapsulation 

matrix has been reported for application mainly in the area of food and drugs. 

Given the above considerations, the aim of this research was to formulate nitrogen and 

phosphorus slow-release compounds using different polymers (alginate / Capsul®, 

carboxymethyl cellulose) matrices and compare them to the agricultural product Osmocote® 

and mineral medium Bushnell-Haas as biostimulation agents of hydrocarbonoclastics in the 

environment for pollutant bioremediation. 

2. MATERIAL AND METHODS  

2.1. Preparing slow-release encapsulate 

In order to obtain the first encapsulation, monopotassium phosphate, dipotassium 

phosphate and ammonium nitrate (all at 1 g L-1 and acquired from the Proquímios industry, 

Brazil) were weighed, dissolved in distilled water and mixed in a 3% sodium alginate solution 

(w v-1) (from the Proquímios industry) and 4% Capsul® (w v-1) (National Starch and Chemical 

Corporation USA). The final solution was transferred to a separator funnel and dripped into a 

0.3 M calcium chloride solution (Vetec company, Brazil), which is the ionic gelation technique 

shown in Figure 1, where spherical capsules were formed at the end of the production and dried 

in an oven at 60°C for 1 h. 

 
Figure 1. Alginate and Capsul® capsule 

production. 
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To produce the second encapsulated carboxymethyl cellulose (CMC), monopotassium 

phosphate, dipotassium phosphate and ammonium nitrate (all at a concentration of 1 g L-1 and 

from the Proquímios industry) were weighed, dissolved in distilled water and mixed in 1% 

carboxymethyl cellulose solution (Figure 2), which formed a solution that was freeze-dried in 

a countertop Enterprise I Terroni lyophilizer. 

 
Figure 2. Schematic for producing immobilized carboxymethyl cellulose. 

2.2. Morphology analysis of encapsulates  

A morphological analysis of capsules was performed at the Ceramic Materials Laboratory 

of the Military Institute of Engineering in Rio de Janeiro. For this analysis, a JEOL® scanning 

electron microscope (SEM) Model JSM 5800W was used. The capsule sample was subjected 

to drying in an oven at 80°C for 24 h. Then, the samples were placed on metallic cylindrical 

holders (stubs) measuring 10 mm in diameter and secured with double-sided adhesive tape. The 

sample in the stubs was then coated with gold and placed in the SEM. The acceleration voltage 

used was 20 kV, with the secondary electron image as detector. 

2.3. Biostimulation experiments 

All experiments were inoculated with Pseudomonas sp. obtained from a marine 

environment with a history of hydrocarbon contamination and purchased by the laboratory of 

Industrial Microbiology of UFRJ (Lima et al., 2007). After growing in a nutrient broth, the 

strain was maintained in a refrigerator and transferred to fresh nutrient broth every month. For 

each experiment, the pre-inoculum came from a stock grown in a new sterile nutrient broth, 

which was maintained at 30°C for 24 h. The inoculum initially used was 5 ml for each 100 ml 

of experimental medium in the biostimulation system.  

To understand the biostimulation process, experiments were performed using liquid 

systems composed of Bushnell-Haas (BH) (Hamdan and Fulmer., 2011; Reis et al., 2013) 

mineral medium and 2% glucose (w v-1). The mineral medium (BH) was then modified based 

on Reis et al. (2013) in which the nitrogen and phosphorus sources were replaced by 

immobilized matrices carboxymethyl cellulose. The biostimulation was performed in 500 ml 

glass jars with 200 ml of mineral medium of modified composition in which N and P were 

replaced by the encapsulated versions at the same concentrations as the original medium. The 

experiments with the commercial product Osmocote® were also conducted for comparison 

with the produced matrices, besides experiments with Bushnell- Haas (Reis et al., 2013) 

medium which was used as a positive control containing free nutrients. 

All experiments were carried out in triplicate for 96 h, the samples were collected at 

intervals of 0, 24, 48 and 96 h; and the phosphorus, ammonia nitrogen and glucose 

concentrations were analyzed in all the proposed systems. 
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2.4. Analytical determinations 

The ammonia nitrogen, total phosphorus and glucose were analyzed using a colorimetric 

kit specific for each analysis (Doles®, Brazil), and the protein concentration was determined 

using the Lowry method with BSA as the standard (Lowry et al., 1951). 

3. RESULTS 

3.1. Production and morphological characterization of slow-release nutrient encapsulate 

The compound composed of 3% (w v-1) sodium alginate and 4% (w v-1) Capsul®, was 

diluted in distilled water and mixed with nutrients to form a solution source that was dripped in 

calcium chloride, which produced small whitish spheres that after drying had an average 

diameter of 0.2 mm (Figure 3). 

 
Figure 3. Illustration of the encapsulation of alginate / Capsul® and nutrients (N and P) obtained 

before (a) and after drying in an oven at 60°C (b). 

The compound composed of 1% (w v-1) carboxymethyl cellulose was diluted in distilled 

water and mixed with nutrients, forming a solution that was freeze-dried, which produced a 

compact product subsequently subjected to manual grinding for better handling (Figure 4). 

 
Figure 4. Illustration of the encapsulation of carboxymethyl cellulose and nutrients (N and P) 

obtained before (a) and after freeze-drying process (b). 

The scanning electron microscopy provides information on the morphological 

characteristics of the encapsulates, such as the presence of cracks and pores, allowing rapid and 

direct analysis of the efficiency of the encapsulation process (Figures 5 and 6). 
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Figure 5. Encapsulate scanning electron microscopy of the polymers 

alginate/Capsul® with nutrients: a) An increase of 20 x was observed, the scale bar 

is1μm; and b) An increase of 1000 x was observed, the scale bar is 20μm. 

 
Figure 6. Encapsulate scanning electron microscopy of the polymer CMC with 

nutrients: c) An increase of 19 x was observed, the scale bar is 1µm; and, d) An increase 

of 1000 x was observed, the scale bar is 20μm. 

Through the SEM images, it can be observed that both of the compounds formed Alginate 

/ Capsul® as the carboxymethylcellulose presented in its polymeric walls granules scattered on 

the surface, as shown in Figures 5 and 6 (red arrows). According to Madene et al. (2006) and 

Matté and Rosa (2013), when this type of interaction between the encapsulated material 

(nutrients) and encapsulation material (polymers) occurs, the formed product is defined as 

microsphere. 

In the images (Figures 5b and 6d), it can be seen that, in both cases during the encapsulation 

process, there are cracks on the produced materials’ walls. 

3.2. Assessing the biostimulation process  

In the biostimulation process (Figure 7), the microorganism was evaluated as a function of 

time and increased the profile of the nutrient concentrations, the carbon-source consumption 

and a protein concentrations (microbial growth). 

The results of Figure 7a show that the initial N concentration in the matrix containing 

systems was lower, indicating a possible retention of that nutrient when compared to the BH 

medium. An increase of N in the first 24 hours still appeared, with higher a value obtained in 

alginate/Capsul® system. 

The free-nutrient system, Bushnell Haas (BH), in the same 24-hour period showed a visible 

consumption of nutrient by the decrease of its concentration. It is also observed that the BH and 

immobilized alginate/Capsul® systems exhibited nutrient stabilization after 48h of the process. 

The Osmocote and Immobilized CMC systems showed a drop profile in nutritional 

concentrations during the same period. 
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Figure 7.  Variation of nutrient concentration over time in different systems: (a) nitrogen and (b) 

phosphorus.  

The results of the nutrient phosphorus release presented in Figure 7b show that the polymer 

immobilization systems controlled the nutrients’ release, but it is possible to observe that these 

systems provided a considerable phosphorus concentration in the medium already in the first 

24 hours. It is also observed that throughout the experiment the mentioned systems were able 

to gradually increase the phosphorus concentration. The BH system showed a drop of the 

concentrations in the 24h of experiment and after that period the concentration profile remained 

stable until the end. 

Microbial growth and carbon source consumption during the experiment in the different 

studied systems can be analyzed in Figures 8 (a) and (b). 

 
Figure 8. Variation of the carbon source consumption (a) and the estimated microorganism 

growth in different systems. 

In Figure 8a it is possible to observe all the systems studied in the work presented a profile 

of the consumption of the carbon source throughout the experiment, with a concentration 

decrease in the medium. It is also verified that the system which provided the lowest 

concentration of carbon consumed was the experiment in the BH medium and the one that 

showed the highest decrease (higher consumption) in glucose concentration was the CMC 

immobilized system followed by the Osmocote system. 

The results found in Figure 8b show that both alginate/Capsul® immobilized nutrient and 

the free nutrient (BH) systems provided a gradual profile in microbial growth. It is also possible 

to observe that both the CMC immobilized and the Osmocote system showed the highest values 

of protein concentration, unlike the other systems, whereas the system that exhibited a lower 

rate of protein concentration was the Bushnell Hass system. 

The slow-release product developed in this study showed that, despite the experiment 

being conducted for 96 hours, there was no total release of nutrients (whose initial immobilized 
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concentration was equivalent to the Bushnell-Haas medium) and still has a residual 

concentration in the system (as seen in Figure 8) that would extend the time of biological 

activity. For an application in environmental systems, hence, not only the concentration of 

nutrients to be encapsulated but also the polymers could still be optimized, allowing a more 

adequate control of the release time thus prolonging the time of the process. 

4. DISCUSSION 

The polymer materials used for the production of slow release systems are good film-

forming agents, so they were suitable to promote nutrient protection (Borrmann et al., 2011; 

Chan et al., 2009; Franchetti and Marconato, 2006), as shown in Figures 5 and 6. 

Reis et al (2013) produced slow-release capsules for oil bioremediation using polymers 

based on alginate / NPK Capsul® to encapsulate and apply liquid systems with oil from a 

mineral medium. The authors observed degradation of 43.6% of total petroleum hydrocarbon. 

In another study of oil spill bioremediation in ocean waters, Warr et al. (2013) produced a 

fertilizer nutrient clay base encapsulate using carboxymethylcellulose and simulated the 

application of this and obtained a reduction 98% of the concentration of total alkanes present 

in the oil in 1 month. 

The data presented in Figures 7 (a, b) and 8 (a, b) show the efficiency of the polymer 

systems compared to the systems with free nutrients for stimulation of the environmental 

microorganisms. 

The analyzes of the immobilized systems, alginate/Capsul®, Osmocote® and CMC, show 

that there was a gradual release in the first 24 h, seen in Figure 7 (a, b). This initial release 

provided a better rate of protein growth as observed in Figure 8b. This was possibly 

fundamental to provide a better C: N: P ratio, thus allowing the involved microorganisms 

maintain this more adequate relationship until the end of the experiment. This can be 

corroborated by the analyses of Figures 7 (a, b) and 8 (b) of the Bushnell-Hass system, since 

this system provided all the nutrients in the first hours but did not exhibit the best protein growth 

rate (Figure 8b). Wolicka et al. (2009), applying aerobic microorganisms in bioremediation in 

situ of soil contaminated by petroleum products, also observed that proper C: N: P ratio was 

necessary to obtain good microorganism growth. According to Das and Chandran (2011), the 

surplus of free nutrients can inhibit the activity of the oil-degrading microorganisms and so, 

instead of remedying, will cause a negative impact on the environment. 

In Figure 7b, low nutrient consumption by microorganisms was well seen in all systems 

with immobilized nutrients. Also the Bushnell-Hass system showed a drop in phosphorus 

concentrations in the first 24 hours, and after that period until the end of the experiment that 

concentration remained constant, indicating that the medium showed an excess of this 

nutritional source. 

In Figure 8b it was possible to observe that the best growth rates were in the immobilized 

CMC and Osmocote systems because they provided good stimulus to the involved 

microorganisms. This was likely due to the polymers’ dissolution, since they dissolve in contact 

with the water and thus release their nutrients (Käistner, 1997; Mendonça et al., 2008). 

In the literature some authors (Coulon et al., 2007; Yu et al., 2005) reported in their 

research the continuing need for nitrogen and phosphorus correction to stimulate degrading the 

microorganisms’ hydrocarbons. Chaîneau et al. (2005) found in their studies a stimulatory 

effect of the oil-degrading microbial community for 150 days, as they increased the 

concentration of added nutrients. These studies support the need for the use of the encapsulated 

material as a source of slow release to the environment to be treated, allowing a reduction in 

the cost of bioremediation and increased effectiveness. 
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The encapsulates produced from freeze-dried polymer matrixes of 

Carboxymethylcellulose and Osmocote provided good bacterial estimation when compared to 

other systems. The use of immobilized CMC presents a great potential in the release of nutrients 

with a better cost / benefit ratio, as it provided a good use of the nutrients and produced lower 

residual quantities in the system. 

5. CONCLUSION 

Polymer matrices containing nitrogen and phosphorus proved to be effective in releasing 

nutrients to promote microbial growth, and became a good solution for the treatment of 

environmental areas with lower eutrophication risk. 

Compounds immobilized with 1% (w v-1) carboxymethylcellulose formed good structures 

for nutrient release, producing biostimulation comparable to the commercial Osmocote® 

product. 
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RESUMO 
Algumas áreas de Terra Preta Arqueológica na Amazônia vêm sendo utilizadas com 

pastagem o que tem gerado grande preocupação quanto às alterações dos atributos físicos e o 

estado de agregação do solo. O objetivo deste estudo foi avaliar a variabilidade espacial e as 

possíveis modificações dos atributos físicos e agregados do solo em terra preta arqueológica 

sob pastagem. Uma grade de 80 x 56m foi usada e a amostragem realizada em 88 pontos em 

disposição de 8 x 8m. Nas camadas de 0-0,05, 0,05-0,10 e 0,10-0,20m foram avaliados: a 

densidade do solo (Ds), carbono orgânico total (COT), estoque de carbono (Est C), diâmetro 

médio ponderado (DMP), macroporosidade (Macro), microporosidade (Micro) e volume total 

de poros (VTP). Pelo exame de semivariogramas constatou-se a ocorrência de dependência 

espacial. Mesmo a área de estudo sendo em pastagem observou-se que os valores de Ds, Macro 

e VTP, estiveram acima ou abaixo dos valores de referências que podem causar restrição ao 

crescimento radicular de plantas e à infiltração de água no solo. O DMP e Ds foram dependentes 

do COT, pois os valores de ambos aumentam ou diminuem de acordo com a camada. Com o 

aumento da camada do solo, houve o acréscimo do estoque de carbono. 

Palavras-chave: estrutura do solo, geoestatística, manejo. 

Spatial variability of physical attributes and soil aggregates in 

archaeological dark dirt under pasture 

ABSTRACT 
Some areas of archaeological dark dirt in the Amazon have been used with pasture that has 

generated great concern regarding changes in soil physical attributes and its aggregation state. 

The objective of this study was to evaluate the spatial variability and possible modifications of 

soil physical and aggregate attributes in archaeological black dirt under pasture. A grid of 80 x 
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56m with 88 sampling points distributed in 8 x 8m were marked.  Soil layers at 0-0.05, 0.05-

0.10, and 0.10-0.20m were analyzed for: soil density (SD), total organic carbon (TOC), carbon 

stock (C stock), meanweight diameter (MWD), macroporosity (Macro), microporosity (Micro), 

and total porosity (TP). From semivariograms tests it was verified the occurrence of spatial 

dependence. Even with major pasture cover in the study area it was observed that the values of 

Ds, Macro, and VTP were above or below the reference values, which may cause restriction for 

root growth of plants and water infiltration  in the soil. The DMP and Ds were COT-dependent 

because values of both increase or decrease depending on the soil layer. When higher the soil 

layer there was an increase in carbon stock. 

Keywords: geostatistics, management, soil structure.  

1. INTRODUÇÃO 

A diversidade geológica existente na Amazônia, aliada ao relevo diferenciado e sob a 

influência de fortes temperaturas e precipitações, resultaram na formação das mais variadas 

classes de solo. Uma das principais características dos solos da Amazônia é sua baixa 

fertilidade, no entanto, os solos denominados de terras pretas arqueológicas (TPAs) ocorrentes 

nessa região têm se destacado por sua elevada fertilidade natural. 

As terras pretas arqueológicas são solos com características de coloração escura, com 

presença de fragmentos cerâmicos e/ou líticos incorporados aos seus horizontes mais 

superficiais (Kämpf e Kern, 2005) e apresentam teor alto a muito alto de fósforo disponível 

(Campos et al., 2011). Esses solos ocorrem em manchas descontínuas por toda a Amazônia e 

tem como destinação principal o plantio de subsistência pelas populações locais. Devido ao 

pouco conhecimento do potencial agrícola, essas áreas vêm sendo convertidas de áreas de 

pastagens, principalmente na região sul do Amazonas, por sistemas extrativistas rudimentares 

que promovem modificações nos atributos físicos do solo.  

Dentre os atributos físicos mais sensíveis a essas mudanças, destacam-se: a estabilidade de 

agregados, densidade do solo, a macroporosidade e teor de carbono orgânico. Tais atributos são 

indicadores utilizados para verificar as alterações no solo (Vasconcelos et al., 2010; Vieira et 

al., 2011). Dentre as diversas maneiras de verificar mudanças nos atributos do solo, a análise 

geoestatística é uma das mais eficazes (Alho et al., 2014). O comportamento dos atributos 

físicos pode ser monitorado pela distribuição espacial. Segundo Souza et al. (2004), os atributos 

físicos variam entre pontos relativamente próximos em área de mesma unidade taxonômica, 

muitas vezes de forma significativa. 

Dado à necessidade de entender a variabilidade espacial dos atributos físicos e o carbono 

orgânico do solo, vários estudos já foram realizados enfatizando variações causadas pelo 

próprio uso e manejo em áreas de TPAs (Aquino et al., 2014b; Oliveira et al., 2013), porém o 

conhecimento ainda é escasso e não há informações que tratam a variabilidade espacial dessas 

áreas sob pastagem.  

Dessa forma, o objetivo desse trabalho foi verificar a variabilidade espacial dos atributos 

físicos e o estado de agregação do solo em área de terra preta arqueológica sob pastagem na 

região de Manicoré, AM. 

2. MATERIAL E MÉTODOS 

A área de estudo está situada no sul do Estado do Amazonas, nas mediações da comunidade 

de Santo Antônio do Matupi, às margens da BR 230, Transamazônica, na região de Manicoré, 

AM. As coordenadas geográficas são 07º53’36,84” de latitude Sul e 61º23’54,49” de longitude 

Oeste e com altitude média de 83m. De acordo com a classificação de Köppen, o clima da 
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região é do tipo tropical chuvoso, apresentando um período seco de pequena duração (Am), 

temperaturas variando entre 25 e 27°C e precipitação média varia entre de 2.500 e 2.750mm ao 

ano (Brasil, 1978). 

O material de origem é proveniente da Formação Içá, caracterizada com produto de 

sedimentação pleistocênica, coberta por depósitos eólicos. O relevo é constituído por platôs 

com superfícies planas, sendo a zona de borda marcada por colinas e cristas alinhadas e 

localmente escarpadas (CPRM, 2001). A pastagem foi implantada há sete anos sob pastejo 

extensivo com o cultivo de Brachiaria brizanta. A identificação dos horizontes, a descrição 

morfológica e coleta de amostras dos horizontes dos solos foram realizadas conforme Dos 

Santos et al. (2013) e o solo foi classificado como Argissolo Vermelho Amarelo Distrofico 

típico segundo critérios estabelecidos pelo SiBCS (EMBRAPA, 2013). 

Estabeleceu-se uma malha amostral de 80 x 56m que continham 88 pontos de amostragem 

georreferenciados dispostos em malha de 8 x 8m. Em cada ponto realizou-se a coleta de solo 

para as amostras deformadas e indeformadas nas camadas: 0-0,05; 0,05-0,010 e 0,10-0,20m 

(Figura 1). 

 
Figura 1. Mapa de localização da área de estudo e malha amostral. 

O estado de agregação das amostras de solo foi avaliado pelo índice de diâmetro médio 

ponderado (DMP), por via úmida, conforme metodologia descrita por Kemper e Chepil (1965). 

As amostras de solos foram retiradas em forma de blocos, as quais foram secas ao ar e passadas 

em peneiras de 9,52mm e 4,76mm. Em seguida, os agregados retidos na peneira de 4,76mm 

foram empregados na análise da estabilidade de agregados via úmida, colocadas sobre um jogo 

de peneiras com tamisagem de 2,0mm; 1,0mm; 0,5mm; 0,25mm; 0,105mm; e 0,063mm e 

submetendo-os a oscilações verticais. Transcorridos 15 minutos, as porções retidas em cada 

peneira foram transferidas para potes de alumínio com auxílio de jatos de água e secas em 

estuda a 105ºC por um período de 24 h para posterior pesagem.  

O carbono orgânico total (COT) foi determinado pelo método de Walkley-Black 

modificado por Yeomans e Bremner (1988). O estoque de carbono (Est C) foi determinado pela 

expressão proposta por Veldkamp (1994): Est C = (CO x Ds x e)/10, em que Est C = estoque 

de carbono orgânico (Mg ha-1); COT = teor de carbono orgânico total (g kg-1); Ds = densidade 

do solo (kg dm-3); e = espessura da camada (cm). 

As amostras de solo indeformadas foram saturadas por meio da elevação gradual de uma 

lâmina de água até atingir cerca de 2/3 da altura do anel. O volume total de poros (VTP) foi 

obtida pela diferença entre a massa do solo saturado e a massa do solo seco em estufa a 105ºC 

durante 24 h. A microporosidade (Micro) do solo foi determinada pelo método da mesa de 
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tensão a 6 kPa, conforme Embrapa (1997). Pela diferença entre a VTP e a Micro, obteve-se a 

macroporosidade (Macro). A densidade do solo (Ds) foi calculada pela relação entre a massa 

seca a 105°C durante 24 h da amostra de solo do cilindro volumétrico e o volume do mesmo. 

Para caracterização da variabilidade espacial, foi utilizada a análise geoestatística. O 

semivariograma experimental foi estimado pela Equação 1.  

𝛾
^
(ℎ) =

1

2𝑁(ℎ)
∑ [𝑍(𝑥𝑖) − 𝑍(𝑥𝑖 + ℎ)]2
𝑁(ℎ)
𝑖=1                                                                                 (1) 

em que: 

γ (h) - semivariância estimada a partir dos dados experimentais; 

Z - valores medidos nos pontos xi e xi + h; 

N(h) - número de pares de valores medidos separados por uma distância h; 

Com os dados obtidos foram efetuadas a estatística descritiva dos dados e a hipótese de 

normalidade avaliada pelo teste de Kolmogorov-Smirnov por meio do software Minitab 14. Os 

semivariogramas foram ajustados ao melhor modelo matemático por meio da validação cruzada 

(VC) “cross-validation” e coeficiente de terminação (R2) pelo software GS+. Para a confecção 

dos mapas espaciais utilizou-se o software Surfer versão 8.0. 

O grau de variabilidade foi estimado pelo coeficiente de variação (CV) dos atributos, 

conforme sugerido por Warrick e Nielsen (1980) que consideram baixa variabilidade quando 

CV < 12%; média para o intervalo 12-60% e alta variabilidade quando CV > 60%. A análise 

do grau de dependência espacial (GDE) foi realizada segundo Cambardella et al. (1994) que 

preconizam a proporção em porcentagem do efeito pepita (C0) em relação ao patamar (C0+C1) 

e apresentam: (a) dependência forte < 25%; (b) dependência moderada entre 25 e 75% e (c) 

dependência fraca > 75%. 

3. RESULTADOS E DISCUSSÃO 

Os resultados da análise descritiva dos dados indicaram ajuste a uma distribuição normal 

(Tabela 1). Os índices de assimetria e curtose foram próximos de zero, com exceção do DMP 

e Micro na camada 0,05-0,10m. A média e a mediana para todos dos atributos foram próximos. 

De acordo com Campos et al. (2013), quando uma distribuição é simétrica, os valores da média 

e mediana são coincidentes. Em todos os casos, com exceção para o DMP, os atributos 

ajustaram-se à distribuição normal determinada por meio do teste de Kolmogorov-Smirnov. 

Os valores médios de densidade do solo variaram entre 1,27 a 1,29 kg m-3, estes resultados 

estão de acordo com os obtidos por Dos Santos et al. (2013) em estudos com caracterização de 

TPA’s no Sul do Amazonas. Segundo Steinbeiss et al. (2009), a baixa Ds está relaciona aos 

altos teores de carbono orgânico e a intensa atividade biológica. Mesmo sob pastagem, as 

menores Ds são típicos em áreas de TPA. De modo geral, esses resultados estão abaixo do valor 

crítico para Ds, conforme Blaiski et al. (2008), os quais afirmam que valores de Ds acima de                 

1,5 kg m-3 promovem significativas restrições ao desenvolvimento radicular das plantas. 

Quanto a agregação do solo, observou-se que os agregados estáveis e de maior diâmetro 

(DMP) foram encontrados de forma contínua nas camadas de 0,0-0,05 e 0,05-0,10m. Os 

menores valores foram verificados na camada 0,10-0,20m. Em estudos realizados com variação 

espacial dos agregados em terra preta arqueológica, Rocha Silva et al. (2011) observaram que 

a variação do DMP por camada é reduzida à medida que aumenta a camada avaliada. Para 

Campos et al. (2012), como esses solos são de origem antrópica, a alta concentração de matéria 

orgânica derivada da queima parcial do carvão vegetal pode deixar este solo mais solto e, 

consequentemente, com a predominância de formação de microagregados. Rozane et al. (2010), 
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avaliando os agregados em diversos manejos, verificaram os maiores valores de DMP na 

camada superficial de área de pastagem. 

Tabela 1. Medidas descritivas dos dados do diâmetro médio ponderado 

(DMP), densidade do solo (Ds), carbono orgânico total (COT), 

macroporosidade (Macro), microporosidade (Micro), volume total de poros 

(VTP) em diferentes camadas. 

 DMP Ds Est C COT Macro Micro VTP 

(mm) kg cm-3 Mg há-1 g kg-1 m m-3 

0,00-0,05m 

Média 3,14 1,29 88,92 137,06 0,11 0,24 0,39 

Mediana 3,16 1,30 89,05 136,93 0,12 0,23 0,38 

CV1 3,14 9,13 8,75 4,06 23,47 11,74 8,81 

Curtose 0,71 -0,01 -0,10 1,49 0,55 2,98 1,52 

Assimetria 1,03 0,37 -0,33 -0,72 0,47 0,05 0,37 

d2 0,03ns 0,15* 0,15* 0,15* 0,08* 0,08* 0,09* 

 0,05-0,10m 

Média 3,12 1,27 86,16 135,28 0,18 0,24 0,42 

Mediana 3,19 1,29 86,75 135,56 0,17 0,23 0,40 

CV1 5,52 8,05 7,22 1,68 21,43 11,08 9,09 

Curtose 7,74 -0,74 -0,67 0,41 1,07 4,78 0,59 

Assimetria -2,49 0,17 -0,15 -0,68 0,57 1,18 0,10 

d2 0,01ns 0,15* 0,15* 0,15* 0,15* 0,15* 0,15* 

 0,10-0,20m 

Média 3,01 1,27 164,19 133,91 0,22 0,21 0,43 

Mediana 3,07 1,23 163,9 134,1 0,23 0,21 0,44 

CV1 6,55 8,39 7,69 1,56 15,07 11,84 7,67 

Curtose 0,59 0,10 0,20 1,18 0,03 1,26 -0,16 

Assimetria -1,01 0,22 0,16 0,50 0,07 0,69 0,17 

d2 0,01ns 0,15* 0,15* 0,15* 0,15* 0,09* 0,15* 

¹CV: coeficiente de variação; 2d: teste de normalidade Kolmogorov-Smirnov, 

*significativo a 5% de probabilidade. 

Menores valores do estoque de carbono foram obtidos nas duas camadas superficiais, o 

que foi influenciado, principalmente, pelos maiores valores de densidade do solo. 

Provavelmente a maior densidade do solo na camada superficial é decorrente do pisoteio do 

gado. O maior valor do estoque de carbono foi encontrado na última camada. Em estudos com 

alguns atributos físicos em diversas áreas, entre elas, pastagem, Coutinho et al. (2017) afirmam 

que há influência do carbono orgânico do solo sobre a Ds, uma vez que onde foram obtidos os 

maiores valores de carbono orgânico foi onde se quantificou os menores valores de Ds e vice-

versa. 

Os coeficientes de variação (CV) indicaram homogeneidade dos dados (CV<12) segundo 

Warrick e Nielsen (1980). Como exceção, a macroporosidade teve valores de CV medianos 

(23,47%, 21,4% e 15,07% respectivamente) em concordância com os resultados obtidos por 

Aquino et al. (2014b) em estudo com área de pastagem e Aquino et al. (2014a) em área com 

TPA. 

Constatou-se que os valores médios da Micro permaneceram praticamente constantes nas 

duas primeiras camadas, com pequena diminuição na última camada. Já a Macro e a porosidade 

total mostraram comportamento inverso a Micro, com isso, o aumento da Ds pode reduzir a 
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macroporosidade e elevar a Micro. Para Santos et al. (2012), o crescimento das raízes pode ser 

prejudicado quando a macroporosidade do solo é reduzida a valor inferior a 0,15 m3m-3. No 

entanto, os resultados ficaram acima do valor de referência. 

Os parâmetros dos modelos ajustados aos semivariogramas para os diferentes atributos são 

apresentados na Tabela 2. Os valores da validação cruzada (VC) oscilaram entre 0,61 e 1,01. 

De acordo com Alho et al. (2014) quanto mais próximos de 1 a VC maior a confiabilidade e 

mais eficiente o modelo para representar o estudo. O coeficiente de determinação (r2) dos 

semivariogramas revelam ótimos ajustes, oscilando entre 0,52 e 0,97. Todavia, é válido 

considerar que os atributos tiveram os menores valores de C0 indicando uma maior 

representatividade da variabilidade espacial destes atributos na área de estudo. 

A variação da razão de dependência (RD) foi de 3 a 50 indicando que os atributos 

apresentam um máximo de 50% de aleatoriedade nos dados de amostragem. Todos os atributos 

apresentaram dependência espacial. Segundo Cambardella et al. (1994) a RD foi classificada 

como forte e moderada. Lima et al. (2010) afirmam que quanto maior a dependência espacial 

da variável melhor estrutura espacial e maior precisão podem ser obtidas na estimativa em 

locais não amostrados.   

Tabela 2. Modelos e parâmetros estimados dos semivariogramas 

experimentais em área dos atributos do solo em diferentes camadas. 

Parâmetros DMP Ds Est C COT Macro Micro VTP 

0-0,05m 

Modelo Esf. Esf. Exp. Exp. Exp. Exp. Esf. 

C0 0,0035 0,0003 5,4000 6,4100 0,9100 0,9000 0,30 

C0+C1 0,0073 0,0123 48.84 20,5900 8,5410 7,7080 8,11 
1RD 49 3 11 31 11 12 11 

a (m) 53 14 17 28 19 15 13 

r2 0,85 0,92 0,94 0,80 0,88 0,52 0,70 
3VC 0,89 0,82 0,78 0,83 0,70 0,76 0,96 

 0,05-0,10m 

Modelo Esf. Exp. Exp. Exp. Exp. Exp. Exp. 

C0 0,0013 0,00127 4.10 0,4600 1,2400 1,2100 1,46 

C0+C1 0,0275 0,0099 36.57 4,4690 11,7900 6,0080 12,07 
1RD 5 13 11 10 11 20 12 

a (m) 21 24 15 17 19 34 17 

r2 0,90 0,97 0,91 0,74 0,90 0,61 0,84 
2VC 0,69 0,88 0,72 0,82 0,67 1,01 0,65 

 0,10-0,20m 

Modelo Exp. Exp. Esf. Esf. Exp. Exp. Exp. 

C0 0,0040 0,0011 5,70 2,251 1,0500 0,5200 5,7700 

C0+C1 0,0354 0,0088 130,3 4,5030 9,5500 4,2670 11,550 
1RD 11 12 4 50 11 12 50 

a (m) 17 21 14 43 19 19 53 

r2 0,69 0,85 0,75 0,91 0,88 0,94 0,94 
2VC 0,99 0,98 0,95 0,81 0,61 0,80 0,72 

DMP: diâmetro médio ponderado; Ds: Densidade do solo; COT: carbono 

orgânico total; Esf.: Esférico; Exp.: Exponencial; C0: efeito pepita; C0+C1: 

patamar; 1RD: razão de dependência espacial; r²: coeficiente de determinação; 
2VC: validação cruzada. 



 

 

7 Variabilidade espacial do estoque de carbono … 

Rev. Ambient. Água vol. 13 n. 6, e2002 - Taubaté 2018 

 

Os atributos DMP, Ds, Est C, COT, Macro, Micro e VTP apresentaram estruturas de 

dependência espacial conforme demonstrado pelos ajustes ao modelo esférico e exponencial. 

De maneira geral os atributos que mostraram maior e menor continuidade espacial foi o DMP 

e Ds na camada superficial. O DMP se ajustou ao modelo esférico com um raio de dependência 

espacial de 53m (alcance) e um RD de 49% de aleatoriedade nos dados; para a Ds, o modelo 

foi o esférico com um raio de dependência espacial de 14m e uma razão de aleatoriedade de 

3%.  

Observando os mapas de krigagem para o COT e DMP (Figura 2) pode-se afirmar que há 

relação espacial, visto que as escalas de solo que apresentam os maiores valores do DMP nas 

camadas de 0-0,05 e 0,05-0,10m coincidem onde há predominância dos maiores valores do 

COT. O que enfatiza a importância do COT para a agregação do solo (Rozane et al., 2010).  Em 

estudo realizado em diferentes manejos, Wendling et al. (2012) observou que o COT em área 

de pastagem apresentou maior teor de carbono quando comparado com outros manejos. Para 

Dos Santos et al. (2013) os elevados teores de COT são características de TPAs. É válido 

ressaltar que a agregação do solo pode ser alterada de forma direta pelo manejo e indireta por 

fatores bióticos e abióticos, sendo considerado como indicador físico da qualidade dos solos. 

Observa-se que os menores valores de Est C ocorreram nas camadas 0-0,05 e 0,05-0,10m, 

havendo um acréscimo na camada de 0,20-0,30m influenciado pelos maiores valores de Ds. 

Provavelmente os maiores valores de Ds na camada superficial são atribuídos ao pisoteio 

animal, uma vez que é notória a sua influência nas áreas periféricas, ou seja, nas bordas do 

mapa. Em estudos realizado por Alho et al. (2014), com agregados e estoque de carbono em 

campo natural e floresta, relataram que o conteúdo de COT foi determinante para os resultados 

de Est C. 

 
Figura 2. Mapas de distribuição espacial nas camadas 0-0,05, 0,05-0,10 e 0,10-

0,20 m, respectivamente para o carbono orgânico total (COT:  A, B e C); estoque 

de carbono (Est C.: D, E e F); densidade do solo (Ds: G, H e I); diâmetro médio 

ponderado (DMP: J, M e N). 
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O VTP apresentou correlação positiva com a Macro, o qual é verificado nos mapas destes 

atributos (Figura 3). A Macro é um atributo inteiramente ligado ao crescimento das plantas e 

seus valores ficaram acima de 0,10m3m-3. Segundo Kiehl (1979), valores abaixo de                               

0,10 m3 m-3 prejudicam o desenvolvimento das raízes, a infiltração de água e aeração do solo. 

Observa-se que os maiores valores da Micro se concentram na camada superficial                                  

(0,32 m3 m-3) indicando uma forte relação com a Ds (Figura 2). Já o VTP, apresentou seus 

valores quase contínuos nas primeiras camadas com acréscimo considerável na última camada 

(Figuras 4 e 5). 

 
Figura 3. Mapas de distribuição espacial nas camadas 0-0,05, 0,05-0,10 e 0,10-0,20 m, 

respectivamente para a macroporosidade (Macro: A, B e C), microporosidade (Micro: D, E e 

F) e volume total de poros (VTP: G, H e I). 
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Figura 4. Semivariogramas experimentais nas camadas 0-0,05, 0,05-0,10 e 0,10-0,20m, 

respectivamente para o Carbono Orgânico Total (COT: A, B e C), Estoque de Carbono (Est. C:  D, E e 

F) e densidade do solo (Ds: G, H e I). 

4. CONCLUSÕES 

De modo geral, mesmo estando inserida em área de pastagem, as variáveis Ds, Micro, 

Macro e VPT estiveram dentro dos valores de referências, os quais poderiam vir a restringir o 

desenvolvimento das plantas e a infiltração de água no solo.  

O DMP e a Ds mostraram dependência de COT, pois os valores de ambos atributos 

aumentam ou diminuem de acordo com a camada. 

Em camadas, os estoques de carbono estiveram mais relacionados à densidade do solo do 

que propriamente aos teores de carbono orgânico. 
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Figura 5. Semivariogramas experimentais nas camadas 0-0,05, 0,05-0,10 e 0,10-0,20m, 

respectivamente para o diâmetro médio ponderado (DMP: J, L e M), macroporosidade (Macro:  N, O 

e P), microporosidade (Micro: G, H e I) e volume total de poros (VTP: T, U e V). 
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