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ABSTRACT  
This study assessed the direct impacts of Cachoeira Caldeirão Hydropower Plant (before 

and during its construction) on the eating habits (fish and wild meat consumption) of the 

residents in Porto Grande City, Amapá State, Brazil. The study was conducted in 2015, based 

on a questionnaire for data collection (Sample size = 53) and on comparative analysis for 

significance (Wilcoxon test, p < 0.05) and correlation (Pearson’s test) assessment. Results 

suggested significant changes in families’ eating habits. The Wilcoxon test detected three 

significant variables (p < 0.05): family income, number of species (fish and wild meat 

consumption) and rate of wild meat consumption per family. Both the Wilcoxon and the 

Pearson’s correlation tests confirmed two variables (p < 0.05 and r > 0.7): family income versus 

wild meat consumption before (p value = 0.045; r = - 0.75) and family income versus fish 

consumption during (p value = 0.0029; r = - 0.83) hydropower plant construction. It can be 

inferred that the decrease in family fish consumption may be related to changes in the families' 

eating habits. Changes in diet may have led families to a growing consumption of industrialized 

and/or ultra-processed foods, very common in geographically isolated Amazon riverside 

regions with limited access to electricity. Furthermore, families were forced to adapt to a new 

reality due to environmental changes in their territories. 

Keywords: fish, socio-environmental impacts, wildlife species. 

Usina hidrelétrica na Amazônia Oriental e seus impactos nos hábitos 

alimentares da população local 

RESUMO 
O presente estudo avaliou os impactos diretos da Usina Hidrelétrica Cachoeira Caldeirão 

(antes e durante sua construção) sobre os hábitos alimentares (consumo de peixes e carnes 

silvestres) de residentes na cidade de Porto Grande, Estado do Amapá, Brasil. O estudo foi 

realizado em 2015, com base na aplicação de questionário para coleta de dados (tamanho da 

amostra = 53) e na análise comparativa para significância (teste de Wilcoxon, p <0,05) e 

avaliação de correlação (teste de Pearson). Os resultados sugeriram mudanças significativas nos 

hábitos alimentares das famílias. O teste de Wilcoxon detectou três variáveis significativas (p 
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<0,05): renda familiar, número de espécies (consumo de peixes e carnes silvestres) e taxa de 

consumo de carnes silvestres por família. Os testes de correlação de Wilcoxon e Pearson 

confirmaram duas variáveis (p < 0,05 er > 0,7): renda familiar versus consumo de carne 

selvagem antes (valor p = 0,045; r = - 0,75) e renda familiar versus consumo de peixe durante 

(valor p = 0,0029; r = - 0,83) construção de usina hidrelétrica. Pode-se inferir que a queda no 

consumo familiar de peixe pode estar relacionada à mudança de hábito alimentar das famílias. 

As mudanças na dieta alimentar podem ter levado as famílias ao consumo crescente de 

alimentos industrializados e/ou ultraprocessados, muito comuns em regiões ribeirinhas 

amazônicas isoladas geograficamente e com dificuldades de acesso a energia elétrica. Além 

disso, as famílias foram obrigadas a se adaptar a uma nova realidade devido às mudanças 

ambientais em seus territórios. 

Palavras-chave: espécies silvestres, impactos socioambientais, peixes. 

1. INTRODUCTION 

Economic growth planning in developing countries is usually based on major infrastructure 

projects, which highly worsens environmental impacts at the local scale. Economic growth and 

policies in Brazil have been based on large businesses — such as hydropower plants — 

throughout the last fifty years (Guimarães, 2003; Moretto et al., 2012). 

This infrastructure-project type leads to the following main impacts: downstream and 

upstream activity impairments, water quality decrease, water body silting, waterborne disease 

increase, natural resource loss around reservoir areas and, mainly, local population and 

economic activities’ compulsory displacement from affected areas (Acselrad, 2004; Giusti, 

2005; Bermann, 2007; Araújo and Belo, 2009; Santos et al., 2017). 

Therefore, building hydropower plants is one of the most controversial activities affecting 

development rates in tropical countries, as well as the leading cause of environmental and social 

issues. For example, the 79 planned Amazon dams are likely to flood approximately 3% of the 

forest and cause irreversible damage to local biodiversity and to traditional local populations 

(Zhouri and Oliveira, 2007; Sieben and Cleps Junior, 2012; Fearnside, 2013). Amazonian river 

basins have been overexploited in order to meet energy demands, and this accelerates the socio-

environmental degradation process and disregards appropriate environmental management 

(Filizola et al., 2002; Holanda et al., 2011). 

Although hydropower plants are acknowledged for their advanced environmental 

protection policy, they remain controversial due to their impacts, namely: physical effects, 

socio-environmental changes in territories where they are installed and insufficient corrective 

and/or mitigation measures (Richter et al., 2010; Cavalcante and Santos, 2012). 

The Araguari River is the most economically exploited basin for power generation in the 

Amapá State. Nowadays, it has three hydro power plants: Coaracy Nunes (UHECN), Ferreira 

Gomes (UHEFG) and Cachoeira Caldeirão (CCHPP) (Oliveira et al., 2010; Silva et al., 2016; 

Moreno et al., 2018). 

Accordingly, hydropower plants have been the leading cause of significant socio-

environmental impacts on the Araguari River. The local population has been the most affected 

segment during the building and installation processes (Sousa, 2000; Sá-Oliveira et al., 2016; 

Santos et al., 2017).  

The local population is mainly affected by negative effects on aquatic and terrestrial fauna 

dynamics — mainly on the riversides — due to hydropower plants, since they are 

socioeconomically, nutritionally and environmentally dependent on rivers (Begossi, 2004; 

Marques et al., 2018). Diagnoses on food sources and the social vulnerability of these 

populations can indicate the degree of dependence on, and the level of relationship with, local 

http://2700.docx/#mkp_ref_066
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natural resources (Begossi, 1993; Zagallo and Ertzogue, 2018).  

The relationship between populations and enterprises is asymmetrical, as popular access 

to the environment depends on other social strata. Thus, conflicts arise when natural resources 

from biodiverse systems are appropriated (Martinez- Alier, 1999; Acselrad, 2004). 

Accordingly, the eating habits of local Amazonian residents are essential to assess natural 

resource sustainability and to measure the potential impacts of hydropower plants’ construction, 

installation and operation (Lekwot et al., 2016; Zagallo and Ertzogue, 2018). 

The present study assessed the factors affected by the construction of Cachoeira Caldeirão 

Hydropower Plant, as follows: family income in Porto Grande City (Amapá State, Brazil) 

residents, number of consumed fish and wildlife species, food consumption rate. 

2. MATERIALS AND METHODS 

2.1. Study site 

Cachoeira Caldeirão Hydropower Plant (CCHPP) is located in Porto Grande City, 

Southern Amapá State, Brazil. Porto Grande City is 130 km away from Macapá (the capital 

city). It has a territorial area of 4.428.013 km2, estimated population of 21.484 inhabitants and 

demographic density of 3.82 inhabitants/km2 (IBGE, 2018). 

Porto Grande City is bathed by the Araguari River, whose extensive water network is 

approximately 617 km in length and records 0.955/km drainage rate (Cunha et al., 2011). 

According to the new Brazilian river basin classification by the National Water Agency (ANA), 

the Araguari River Basin is entirely located within the Amazon Basin region, most precisely 

within Amapá State’s hinterlands (Figure 1). 

 
Figure 1. Cachoeira Caldeirão Hydropower Plant (CCHPP) location - Amapá State. 
Source: Amapá (2003, org. Authors, 2020). 

Porto Grande City’s urban zone was the site for the study, most precisely the residential 

area on the Araguari River’s banks, since it was the most affected by the CCHPP installation. 
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2.2. Data collection and analysis procedures 

The survey was conducted in 2015, based on questionnaires assigned to 53 families 

affected by Cachoeira Caldeirão HPP installation. The questionnaires held open- and closed-

ended questions, as follows: 

a) What was your family income before and during the hydropower plant’s installation? 

The currency rate (converted into dollars) was R$ 3.12, by June 2015. 

b) Which were the wildlife species consumed by you and your family, and how often were 

they consumed per month, before and during the hydropower plant’s installation? 

c) Which were the fish species consumed by you and your family, and how often were they 

consumed per month, before and during the hydropower plant’s installation? 

The questions referred to food consumption prior to the hydropower plant’s installation 

(August 2013) and during its effective construction (October 2013 to June 2015). 

Respondents reported the vernacular names of fish and wildlife species, so they could be 

gathered and used for data analysis. The families or genera that the fish species mentioned by 

respondents belonged to were assessed for taxonomic identification, based on the following 

studies: Ethnoecology of fishermen in the Amapá National Forest (FLONA), by Brandão and 

Silva (2008); Observation of the lifestyle of FLONA residents, by Costa (2013); Fishery 

classification in Coaracy Nunes (Amapá State) HPP Reservoir, by Sá-Oliveira et al. (2013). 

These surveys were carried out near the study site, since they addressed local families 

affected by Cachoeira Caldeirão HPP. The International Union for Conservation of Nature’s 

(IUCN, 2018) Red list of Threatened Species was used as reference to identify and audit the 

scientific names of fish and wildlife species. 

Data surveys were carried out from April to June 2015. Residents were contacted prior to 

the survey in order to assess the number of households affected by the hydropower plant’s 

construction. The total of 224 households was identified. Sampling at 90% confidence level 

and 10% sampling error indicated 53 affected families, as shown in the Equation 1 below.  

𝑛 =
𝑧 𝑋 𝑝(1−𝑝)

𝑒²

1+
(𝑧2𝑋 𝑝(1−𝑝)

𝑒²𝑁

               (1) 

Where in: 

n = sample; e = margin of error; z = z score; N = sample size. 

Respondents were randomized through the snowball sampling method for questionnaire 

application, since the affected families were not residing in the affected areas. “Catalyst” 

participants were identified, so that they could successively indicate new participants. 

Interviews were conducted in the respondents’ respective households and interviewees 

were preferably the heads of the family. Family members who had information on the assessed 

subject were interviewed in their absence.  

Data collected and recorded in the field survey were systematically arranged in Microsoft 

Excel 2010 and analyzed in BioEstat 5.3. software (Ayres et al., 2005).  

The number of consumed fish and wild meat species, as well as consumption periodicity 

(before and during the hydropower plant construction) were assessed through Wilcoxon test for 

paired samples, since it measures and identifies differences between ordinal and numerical 

variables observed in a given timeframe, after an event. Correlations between variables were 

assessed through Pearson’s correlation test. 
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3. RESULTS AND DISCUSSION 

3.1. Family income data 

Although an expropriation program was conducted in directly affected areas, 20% (11) of 

the families were not expropriated, whereas 80% (42) of them were expropriated and received 

compensation for their properties.  

Family income changed throughout the assessed periods: Although mean monthly family 

income was R$ 1.824,79 (586.56 USD) before the hydropower plant’s construction, it 

decreased to R$ 1.087,54 (349.57 USD) during its construction — mean decrease by 40.40% 

(Figure 2). The Wilcoxon test for paired samples detected a significant difference (p value = 

0.002) among family incomes before and during the hydropower plant’s construction. 

 
Figure 2. Monthly family income before and during the 

construction of Cachoeira Caldeirão Hydropower Plant in 

Amapá State. 
Source: Authors (2020). 

Cities surrounding hydropower plants, or affected by them, experience changes in their 

socioeconomic dynamics over time (Tetteh et al., 2004). These socioeconomic changes can 

have different effects on each social stratum. In essence, dam projects strongly affect the 

economy of families living near them (Filizola et al., 2002; Holanda et al., 2011).  

Other studies have shown similar impacts on the income of families affected by dams. The 

hydrological cycle of the São Francisco River was altered due to Xingó HPP construction, 

which compromised traditional fishing and agriculture activities (Holanda et al., 2005). 

Fishermen from Amapá State experienced negative change in their income due to Araguari 

River’s damming during Ferreira Gomes Hydropower Plant’s installation (Santos et al., 2017). 

Family income of São Paulo State’s population affected by Tijuco Alto Dam was substantially 

altered because of the forced displacement from fertile areas (Jeronymo et al., 2012). 

Changes in economy and health experienced by communities living near dams are some 

of the impacts of these projects; those living farther away from them do not experience such a 

reality (Tetteh et al., 2004). Accordingly, interviewed families showed substantial income 
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deficits, and it was indicative of a negative relationship among dams’ projects, local 

population’s activities and income sources. 

Although changes in family income have been evidenced by other surveys, it is worth 

noting that socioeconomic impacts depend on the following factors: dams’ projects region and 

the interaction of different social groups with it; social production conditions; dams’ projects 

conduction. Several case studies on the socioeconomic effects of hydropower plant installation 

have allowed some generalizations about the constancy and intensity of its effects on the 

affected population (Reis et al., 2003). 

3.2. Animal protein consumption 

Family fish consumption decreased during the assessed period: 96.2% (51) of surveyed 

families consumed fish before the hydropower plant’s construction, but this rate dropped to 

73.6% (39) during its construction. The most consumed fish species were: Hoplias sp. (trairão), 

Tometes sp. (curupeté) and Myleus sp. (pacu-branco) (Table 1). 

Table 1. Number of fish species consumed by families before and during Cachoeira Caldeirão 

Hydropower Plant’s construction. 

Vernacular Name Scientific Name N. Before N. During Studies 

Trairão 
Hoplias 

macrophthalmus 
49 36 

Soares et al. (2012); Sá-Oliveira 

et al. (2013); Morales (2018); 

Oliveira et al. (2018); Costa et 

al. (2020). 

Curupeté Tometes SP 42 26 
Soares et al. (2012); Sá-Oliveira 

et al. (2013); Morales (2018). 

Pacú-branco Myleus micans 41 24 

IBAMA (2007); Soares et al. 

(2012); Sá-Oliveira et al. 

(2013); Morales (2018); 

Oliveira et al. (2018); Costa et 

al. (2020). 

Tucunaré Cichla SP 26 16 

IBAMA (2007); Soares et al. 

(2012); Sá-Oliveira et al. 

(2013); Morales (2018); 

Oliveira et al. (2018); Costa et 

al. (2020). 

Aracú Leporinus SP 22 13 

Soares et al. (2012); Sá-Oliveira 

et al. (2013); Morales (2018); 

Oliveira et al. (2018); Costa et 

al. (2020). 

Mafurá 
Metynnis 

lippincottianus 
20 10 

Soares et al. (2012); Sá-Oliveira 

et al. (2013); Costa et al. 

(2020). 

Mandubé Ageneiosus SP 20 14 

IBAMA (2007); Soares et al. 

(2012); Sá-Oliveira et al. 

(2013); Morales (2018); 

Oliveira et al. (2018); Costa et 

al. (2020). 

Branquinha Curimatidae (Family) 12 7 

IBAMA (2007); Soares et al. 

(2012); Sá-Oliveira et al. 

(2013); Morales (2018); 

Oliveira et al. (2018); Costa et 

al. (2020). 

Continue... 
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Continued... 

Acará 

PERCIFORMES 

(Family); Cichlidae 

(Subfamily) 

8 4 

IBAMA (2007); Soares et al. 

(2012); Sá-Oliveira et al. 

(2013); Morales (2018). 

Piranha 

Characidae (Family); 

Serrasalminae 

(Subfamily) 

8 5 

IBAMA (2007); Soares et al. 

(2012); Sá-Oliveira et al. 

(2013); Morales (2018); 

Oliveira et al. (2018); Costa et 

al. (2020). 

Jiju 
Hoplerythrinus 

unitaeniatus 
5 3 

IBAMA (2007); Soares et al. 

(2012); Morales (2018). 

Uéua Boulengerella cuvieri 4 3 

Soares et al. (2012); Sá-Oliveira 

et al. (2013); Morales (2018); 

Oliveira et al. (2018); Costa et 

al. (2020). 

Cumarú Família Characidae 3 2 Morales (2018). 

Tamboatá Callichthys callichthys 2 1 
Soares et al. (2012); Morales 

(2018). 

Acari 

SILURIFORMES 

(Family); Loricariidae 

(Subfamily) 

1 0 
Soares et al. (2012); Morales 

(2018); Costa et al. (2020). 

Anuja Not Identified 1 1 
Soares et al. (2012); Morales 

(2018). 

Piramutaba Brachyplatystoma 1 1 
Morales (2018); Costa et al. 

(2020). 

Flaviano Characidae (Family) 1 1 
Soares et al. (2012); Costa et al. 

(2020). 

Ituí 

GYMNOTIFORMES 

(Family); Gymnotidae 

(Subfamily) 

1 1 Costa et al. (2020). 

Jacundá 

PERCIFORMES 

(Family); Cichlidae 

(Subfamily) 

1 1 Soares et al. (2012). 

Pirapucú Not Identified 1 1 
Soares et al. (2012); Morales 

(2018); Costa et al. (2020). 

Sarda 

CLUPEIFORMES 

(Family); 

Pristigasteridae 

(Subfamily) 

1 1 

Soares et al. (2012); Sá-Oliveira 

et al. (2013); Morales (2018); 

Costa et al. (2020). 

Accordingly, family wild-meat consumption has sharply decreased: 96.2% (51) of 

surveyed families consumed this protein before the hydropower plant’s consumption, but this 

rate dropped to 35.8% (19) during its construction. The most consumed wildlife species were 

Cuniculus paca, Priodontes maximus and Mazama americana (Table 2). 

The aforementioned fish species are compatible with those found in the Araguari River 

and with the ones consumed by riverside communities in the Araguari River Basin (Brandão 

and Silva, 2008; Sá-Oliveira et al., 2013; Oliveira et al., 2018). This finding proves that fishing 

is an essential part of the diet of the interviewed families. The consumed species in both 

assessed periods showed significant difference (p value = 0.007) in the Wilcoxon test for paired 

samples. 

Results of species diversity and abundance reduction around dam reservoirs corroborate 

those in similar studies (Nascimento et al., 2011; Sá-Oliveira et al., 2013; Santana et al., 2014; 

Oliveira et al., 2018). Yet, the association between qualitative and quantitative decrease in 
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fishery resources facing environmental changes, and uncontrolled fishing, is common around 

hydropower reservoirs (Agostinho et al., 1999; Garavello et al., 2010). 

Table 2. Number of wildlife species consumed by families before and during 

Cachoeira Caldeirão Hydropower Plant’s construction. 

Vernacular Name Scientific Name N. Before N. During 

Paca Cuniculus paca 44 19 

Giant armadillo Priodontes maximus 34 15 

Deer Mazama americana 24 12 

Collared peccary Tayassu tajacu 18 6 

Tapir Tapirus terrestris 12 3 

Cotia Dasyprocta aguti 10 1 

Alligator Caiman sp. 6 3 

Queixada Tayassu pecari 9 0 

Capybara Hydrochoerus hydrochoeris 2 1 

Red-footed tortoise Platemys platycephala 1 1 

Guariba Alouatta caraya 1 0 

Tracajá Podocnemis unifilis 1 0 

Source: Authors (2020). 

We Biological surveys of the ichtofauna, carried out before the construction of the 

Cachoeira Caldeirão HPP (IBAMA, 2007; Soares et al., 2012; Sá-Oliveira et al., 2013), showed 

the occurrence of fish species similar to those mentioned by the interviewees, and studies 

carried out after its construction (Morales, 2018; Oliveira et al., 2018; Costa et al., 2020) also 

found the presence of the mentioned species. Thus, it is possible to state that the diversity of 

fish species was not negatively impacted; however, the abundance may have been influenced 

by the construction of the Cachoeira Caldeirão HPP, as reported by the interviewees and 

statistically confirmed with the species consumption frequency data. 

The Wilcoxon test for paired samples reported statistically significant difference (p value 

= 0.0037) in wild meat consumption between both periods (before and during the hydropower 

plant’s construction). This outcome is indicative of the hydropower plants’ impacts on the 

availability of animal species. Such impacts could be attributed to deforestation at the 

reservoir’s surrounding areas, since it affects the local fauna. 

Although wild meat consumption is common in the assessed region, none of the consumed 

species is on the IUCN Red List of Threatened Species (2018). All listed animals are widely 

spread and can be easily found throughout the Amazon Rainforest and Amapá State’s 

territories. 

The interviewed families described hunting and wild animals’ sales as common daily 

activities for local populations — a fact evidenced in similar studies —, although these practices 

are illegal in Brazil (Dias Junior et al., 2014; Figueiredo and Barros, 2016). 

The diet of Amazonian families culturally consists of fish and wild meat. Hunting is most 

common in the rainy season, since increased river levels hinder access to fish due to their 

dispersion in flooded areas. Thus, game meat is one of their main food alternatives and plays a 

vital role in their subsistence (Murrieta and Dufour, 2004; Murrieta et al., 2004; Adams et al., 

2005; Silva, 2007; Figueiredo and Barros, 2016). 

It is worth noting that hunting and wild meat consumption are related to food choice and 

consumption. These activities are influenced by ecological, economic and cultural features that 

shape the sociocultural context of populations that consume this protein type. However, few 

studies specify the different aspects of wild fauna management, mainly that in the Amazon 

Rainforest (Richards, 1939; Firth, 1961; De Garine, 1994; Descola, 1998; Viveiros De Castro, 
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2002; Ziober and Zanirato, 2014; Figueiredo and Barros, 2016).  

3.3. Animal consumption periodicity 

Fish consumption did not significantly change between months. Although there was drastic 

decrease in fish consumption from 30 (-84.62%) to 12 times a month (-69.23%), the Wilcoxon 

test for paired samples did not show significant difference (p value = 0.5136) between the 

periods before and during the hydropower plant’s construction. Such a result indicates that 

family consumption may be associated with fish purchase rather than with subsistence fishing 

in the area directly affected by the hydropower plant (Table 3). 

Table 3. Monthly animal protein consumption by families 

before and during Cachoeira Caldeirão Hydropower Plant’s 

construction (F = Fish, WM = Wild Meat). 

Consumption Protein Source Before During 

1 time / 2 months F 0 3 

1 time / month F 3 13 

2 times / month F 1 4 

3 times / month F 1 1 

4 times / month F 7 8 

8 times / month F 7 3 

12 times / month F 13 4 

16 times / month F 5 1 

20 times / month F 1 0 

30 times / month F 13 2 

1 time /6 months WM 7 5 

1 time /5 months WM 1 0 

1 time /4 months WM 0 2 

1 time /3 months WM 8 4 

1 time /2 months WM 6 1 

1 time / month WM 18 5 

2 times / month WM 3 2 

4 times / month WM 6 0 

8 times / month WM 2 0 

Source: Authors (2020). 

The results suggest that the decreased fish consumption may be related to changes in the 

eating habits of families that may have partially replaced it with other industrialized and/or 

ultra-processed foods, such as frozen chicken, canned food, sausages and bologna — which are 

very common foods in geographically isolated Amazonian riverside areas lacking access to 

electricity. However, the hydropower plant prevented access to some fishing areas, mainly the 

surrounding ones. According to respondents, fish became scarce in traditional fishing areas due 

to increased flow of ships and progressive riverside deforestation.  

River seasonality is yet another variable (not herein assessed) that can influence fish 

consumption. Fish availability can be high or low depending on the water level in both wet and 

dry periods (Pezzuti and Chaves, 2009).  

It should be noticed that fish is one of the main cultural protein sources of the Brazilian 

people. Mean consumption in urban areas is 3.3 kg/year, whereas it ranges from 4 to 7.6 kg/year 

in rural areas and Amazonian towns (IBGE, 2010). Drastic and sudden decrease in protein 

consumption can aggravate local populations’ vulnerability, mainly in low-income families that 

depend on fishing for socioeconomic and food subsistence. 
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With respect to wild meat consumption periodically, there was a drastic decrease in the 

regular consumption: 1, 4 and 8 times per month. The Wilcoxon test for paired samples showed 

significant difference (p value = 0.00322) in consumption between periods before and during 

the hydropower plant’s construction (Table 3). 

Hunting by other communities near the study site must also be taken into consideration 

when it comes to assessing decreased wild meat consumption, since this activity may have 

influenced the abundance of consumed species in the assessed period. However, data gathered 

so far is insufficient to test this hypothesis. 

Therefore, animal-consumption changes depend on the environmental context of a given 

population, since access to alternative protein sources depends on resource availability. Thus, 

ecological and geographical conditions are key in determining protein source (Torres et al., 

2018). In addition to these variables, forest coverage and distance from downtown can influence 

wildlife distribution (Foerster et al., 2012; Mgawe et al., 2012). 

Hunting and wild meat consumption are basic conditions to ensure food provision and 

family income supplementation (Cymerys et al., 1995). Thus, identifying the eating habits of a 

given population is key to understanding the relationship between man and biological changes 

in the environment (Dufour and Teufel, 1995). 

The correlation matrix showed significant difference and negative correlation for “family 

income” association with variables “wild meat consumption before the hydropower plant’s 

installation” (p value = 0.045 and r = - 0.75) and “fish consumption during the hydropower 

plant’s installation” (p value = 0.029 and r = - 0.83) (Figure 3). 

 
Figure 3. Correlation matrix between variables “family income” and 

“fish and wild meat consumption before and during Cachoeira 

Caldeirão Hydropower Plant’s construction” (IB = Income Before, IA 

= Income After, WM_B = Wild Meat before, WM_A = Wild Meat 

after, F_B = Fish before, F_A = Fish after). 
Source: Authors (2020). 
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Results can indicate that families have prioritized other protein sources — such as fish — 

over wild meat in the period before the hydropower plant’s installation, since their income was 

higher in this period than during the installation process. On the other hand, families have 

seemingly prioritized the consumption of industrialized and/or ultra-processed food throughout 

the installation process, as the wild meat supply decreased. It is noteworthy that most fish and 

wild meat can be purchased in local markets, a very common practice in Amapá’s cities, rather 

than obtained through hunting and subsistence fishing.  

4. CONCLUSIONS 

The impacts of the hydropower plant on families’ fish and wild meat consumption is 

attributed to changes in the local environment, which affected species’ distribution and 

abundance. These facts were identified in studies on environmental impacts caused by the 

hydropower plant and confirmed by interviewed families. Moreover, these impacts have 

seemingly affected local businesses and the consumption of some species by the local 

population.  

Therefore, family eating habits have significantly changed. In addition to family income, 

the frequency of some fish and wild meat consumption and monthly wild meat consumption by 

families were also affected. Correlation significance between family income and protein 

consumption before and during the hydropower plant’s construction indicates that families have 

changed their eating habits due the environmental transformations caused by the hydropower 

plant’s construction in their territories, which imposed diet adaptation on them. 

Although the hydropower plant has affected the diversity and abundance of local aquatic 

and terrestrial fauna, fish and wild meat consumption may have been partially compensated by 

products sold in neighboring cities. Therefore, the assessed variables could be completed by 

assessments of the intensity and extent of socio-environmental impacts on the local population. 
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ABSTRACT  
A process-based model was used to simulate a hindcast based on the worst historical water 

quality condition of a tropical urban reservoir. Paranoá Lake is located in Brasília-DF, Brazil, 

and went through intense eutrophication in the 70s and 90s, with an important cyanobacterial 

bloom event in 1978. The parameters of phytoplankton were calibrated, focusing on the group 

of Chlorophyta (green algae) and Cyanobacteria (blue-green algae) at four depths (1, 10, 15 and 

20m). The results indicated that the model was able to reproduce the Cyanobacteria biomass in 

comparison with the observations (RMSE=22-29.10-3 mgC L-1). On the other hand, the 

simulated Chlorophyta biomass showed good agreement with the observed data only in the 

bottom layer (RMSE=29. 10-3 mgC L-1 at 20m). In the hindcast simulation, the model was able 

to predict a significant increase in cyanobacterial biomass facing a water quality deterioration. 

In the meantime, the simulated Chlorophyta biomass decreased, which may indicate the 

phytoplankton group succession in response to the environmental conditions.  

Keywords: Paranoá Lake, phytoplankton, process-based model. 

Abordagem quantitativa para simulação das biomassas de 

Chlorophyta e Cyanobacteria com base em dados históricos de um 

reservatório urbano brasileiro 

RESUMO 
Um modelo baseado em processos foi usado para simular um hindcast com base na pior 

condição histórica de qualidade da água de um reservatório urbano tropical. O Lago Paranoá 

está localizado em Brasília-DF, Brasil, e passou por intensa eutrofização entre as décadas de 70 

e 90, com um importante evento de floração de cianobactérias em 1978. Os parâmetros do 

fitoplâncton foram calibrados, com foco no grupo das clorófitas (algas verdes) e cianobactérias 

(algas azuis) em quatro profundidades (1, 10, 15 e 20m). Os resultados indicaram que o modelo 
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foi capaz de reproduzir a biomassa de cianobactérias quando comparado ao dado observado 

(RMSE= 2-29. 10-3 mgC L-1). Por outro lado, a biomassa simulada de clorófitas mostrou-se em 

boa concordância com os dados do lago apenas na camada mais profunda                                    

(RMSE=29. 10-3 mgC L-1 a 20m da superfície). Na simulação de hindcast, o modelo foi capaz 

de prever um aumento significativo na biomassa de cianobactérias diante de uma deterioração 

da qualidade da água, ao mesmo tempo que a biomassa simulada de clorófitas diminuiu, o que 

pode indicar a sucessão do grupo fitoplanctônico em resposta às condições ambientais. 

Palavras-chave: fitoplâncton, lago Paranoá, modelo baseado em processos. 

1. INTRODUCTION 

Water bodies in urban areas play an important role in providing water for multiple uses, 

especially drinking water supply and recreational activities. The deterioration of water quality 

in these environments is the result of several factors, mainly the increase in nutrient loadings 

due to anthropogenic activities and higher sewage release in those watersheds. Therefore, 

extended eutrophication is frequently observed, as well as the intensification of cyanobacterial 

blooms (Wells et al., 2015; Reynolds and Walsby, 1975).  

Ecological modeling is the result of the demand to comprehend biotic responses to 

environmental impacts, as abiotic criteria are not sufficient to represent the full complexity of 

aquatic systems. In recent decades, technological advances, as well as conceptual 

improvements and increased access for different social actors in the modeling process (Robson, 

2014) have allowed the expansion of these tools (Ulańczyk et al., 2018; van der Linden et al., 

2015). 

The ecological models have been applied, mainly, coupled with hydrological models on a 

basin scale (Munar et al., 2018; Tambara et al., 2017; Silva et al., 2016), for the understanding 

of the spatial-temporal distribution of cyanobacteria and climate change (Fadel et al., 2019; 

Rigosi et al., 2014), as well as to understand the succession of toxic cyanobacteria (Chia et al., 

2018; Fadel et al., 2017; Vinçon-Leite et al., 2017; Burford et al., 2016). 

Paranoá Lake is located in the urban area of Brasília, Federal District, Brazil. During the 

1970s-‘90s the reservoir underwent extended eutrophication with water quality improvement 

only at the end of the 90's. Until 2017, some of the multiple uses of the reservoir were dilution 

of effluents, recreation and power generation. Nunes et al. (2020) evaluated land use changes 

in the Paranoá watershed and, together with changes in the uses of the lake, performed 

calculation of the water balance in the period between 1982 and 2017. The study pointed out 

the effects on the lake related to the increasing urbanization and the consequent changes in land 

use in affluent basins. On October 2, 2017, the reservoir also started to provide drinking water 

supply (700 L s-1, Lacerda, 2017) for Brazilian Federal District.  

Considering the importance of the uses of Paranoá Lake and its history of eutrophication, 

studies to understand the distribution and dynamics of phytoplankton, with special attention to 

the group of potentially toxic cyanobacteria, have become important. Thus, this work aimed to 

simulate a hindcast based on the worst year of water quality in Paranoá Lake using historical 

monitoring data as input. The initial conditions and meteorological forcing data were not 

altered. Our hypotheses were: 1) The ecological model would be able to represent the water 

quality deterioration with focus on the dynamics of two groups of phytoplankton based only on 

altered inflow concentrations; 2) This simple approach would also be able to predict the 

responses of phytoplankton groups to water quality deterioration in order to understand 

reservoir management trends and directions. 
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2. MATERIAL AND METHODS 

2.1. Study Area 

Paranoá Lake Basin is located in the Brazilian Federal District – DF (15°47′ S, 47°49′ W) 

and is formed by the hydrographic units: Bananal, Riacho Fundo, Gama and Torto Streams and 

Paranoá Lake. With a basin drainage area of 1034 km², the reservoir has a surface area of 37.5 

km² and total volume of 498.106 m³. 

According to the Köppen climate classification, a tropical climate with dry winter (Aw) 

predominates in the DF. The Aw climate is characterized by a wet season in summer, from 

October to April, and a well-defined dry season in winter, generally from May to September. 

The historical data from the Brazilian National Institute of Meteorology (INMET) shows that 

between 2000 and 2018, the annual average rainfall was 1498 mm and the average air 

temperature was 21.5ºC. The water residence time is ~300 days (Nunes et al., 2020). 

Paranoá Lake water quality is susceptible to degradation because its use for the dilution of 

sewage from two treatment plants (ETE Brasília Norte and ETE Brasília Sul), discharges from 

the rainwater drainage system of Brasília and also different sources of diffuse pollution (Franz 

et al., 2014; Machado e Baptista, 2016). Regarding affluent basins, the greatest pollution load 

comes from the Riacho Fundo tributary. Its sub-basin presents a high rate of urbanization and 

soil quality degradation and has the highest average daily flow (~4.04 m³ s-1) compared to the 

other tributaries.  

Between 1976 and 1998, Paranoá Lake showed a eutrophic pattern, when the maximum 

chlorophyll concentration reached 166.8 µg.l-1 near the dam. In 1993 and 1994, after the 

expansion and inclusion of tertiary treatment in the two sewage treatment plants, and the 

interconnection of the sewage systems of the Riacho Fundo Basin, water quality improved. 

Chlorophyll-a concentrations decreased about 10 times between 1999 and 2011 (Souza, 2013). 

During the worst water-quality period, mainly in the 70's, studies focusing on phytoplankton 

characteristics and distribution in Paranoá Lake highlighted the cyanobacteria dominance 

(Giani and Pinto-Coelho, 1986; Branco and Senna, 1994; 1996). Recently, Paranoá Lake has 

shown an increase of trophic status (Machado and Baptista, 2016) and water quality 

degradation, resulting in new cyanobacterial blooms (Batista and Fonseca, 2018). The monthly 

average chlorophyll-a concentration was 21 µg. l-1 and the monthly average of total phosphorus 

and total nitrogen was 25 µg. l-1 and 1.4 mg. l-1, respectively, from 1976 and 2010, according 

to monitoring performed by the Environmental Sanitation Company of the Federal District – 

CAESB. 

2.2. Data Availability  

The database for this study included measurements from 12 monitoring stations in the 

Paranoá Lake Basin (Figure 1, Table 1). The boundary conditions for the simulations include 

inflows, outflows, meteorological and morphometric data, as well as water quality and 

phytoplankton time-series. The inflows and bathymetry data were provided by the 

Environmental Sanitation Company of the Federal District – CAESB. Outflows were made 

available by the Brasilia Energy Company (CEB) and meteorological forcing data by the 

INMET for the Brasilia Meteorological Station, located 15 km from the reservoir. 

The water quality data corresponded to surface measurements of the four tributaries 

(Riacho Fundo, Gama, Bananal and Torto), sampling stations in the arms of the reservoir (A; 

B; D; E) and the effluents of the sewage treatment plants, “ETE Norte” and “ETE Sul”. Near 

to the dam, the monitoring station “C” had available measurements in six depths along the water 

column: surface, 1, 10, 15 and 20 meters from the surface, and 1 meter from the bottom. The 

data measured at the surface and 1m from the bottom corresponded to only 40% of the entire 

period from 1976 to 2010.Therefore, those depths were not considered in the calibration. 
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Table 1. Available inputs and their respective monitoring stations, boundary conditions and data source. 

Available input 
Monitoring Station/ 

Boundary condition 

Data 

source 

Tributaries discharges 
Riacho Fundo, Gama, Bananal, 

Torto 

CAESB 
Water temperature (°C); Salinity (mg L-1); Dissolved oxygen 

(mg L-1);  

P-PO4 (mg L-1); Total phosphorus (mg L-1); N-NO3 (mg L-1); 

N-NH+4 (mg L-1); Chlorophyta biomass (mg L-1); 

Cyanobacteria biomass (mg L-1); 

A, B, C, D, E 

ETE Norte 

ETE Sul (Inflows) 

Dam discharge (m³. s-1) Dam (Outflow) CEB 

Shortwave radiation (W. m-2) Long-wave radiation (W. m-2) 

Air temperature (°C) Air relative humidity (%) Wind speed 

(m.s-1) Rainfall (m.d-1) 

INMET Brasília (Meteorology) INMET 

Depth (m); Area (m²); Volume (m³) Morphology 
CAESB 

(2003) 

 

 
Figure 1. Paranoá Lake location: a. Distrito Federal; b. Paranoá Lake Basin; c. Paranoá Lake, its 

drainage network and monitoring stations. 

2.3. Model Description 

The General Lake Model-(GLM v.2.2) is a one-dimensional hydrodynamic model that 

calculates vertical profiles of temperature, salinity and density by representing the effects of 

inflows and outflows, mixing, heating and cooling of water bodies (Hipsey et al., 2019). The 

Aquatic Ecodynamics Model Library (AED v.1.0) is composed of biogeochemical and 

ecological modules coupled with GLM through the Framework for Aquatic Biogeochemical 

Modelling (FABM) (Hipsey et al., 2013). The modules include the components of the carbon, 

nitrogen and phosphorus cycling and others like oxygen, organic matter and organisms such as 

the different groups of phytoplankton and zooplankton. 

The parameters related to phytoplankton dynamics are based on the processes of 

photosynthesis and nutrient uptake, respiration, excretion and mortality of the community. The 



 

 

5 A modelling approach to simulate Chlorophyta and … 

Rev. Ambient. Água vol. 16 n. 5, e2713 - Taubaté 2021 

 

module includes up to three phytoplankton taxa: Bacillariophycea, Chlorophyta and 

Cyanobacteria. The phytoplankton biomass of a given group is simulated in carbon units (mmol 

C.m³) and the group can be configured to have a constant C:N:P ratio or variable ratios and 

uptake dynamic in response to water column changes and intracellular processes. In the present 

study, we have set up the model to simulate constant C:N:P ratio. It is also possible to configure 

equations that consider or not photoinhibition as limiting the growth of each group.  

2.4. Modelling Setup 

The sensitivity analysis and hydrodynamic calibration of the GLM for Paranoá Lake were 

performed in a previous study (Barbosa et al., 2015). Due to the presence of gaps in the 

meteorological forcing data, the period in which continuously monitored data were available 

was from 2007-03-01 to 2009-03-31 (762 days). This was the period selected in this study for 

model calibration. 

The AED boundary conditions include biogeochemical and ecological time-series from 

the tributaries and the reservoir for the first day of simulation. Linear interpolation was 

performed through the software MATLAB, Version 2011 to downscale the monthly forcing 

data into a daily time step.  

Calibration was performed using the observed data from Station “C”, chosen for data 

availability along the water column (at 1, 10, 15 and 20 meters from the surface) and for being 

located in the deepest region of the reservoir (~29m). The data from the other sampling stations 

and effluents from the sewage treatment plants were considered as inputs in the model. The 

nutrient concentrations measured in the reservoir arms were also considered as input data for 

the simulations since the Paranoá arms have independent water quality features in comparison 

with the main body of the reservoir where monitoring Station C is located. Thus, we used as 

input variables dissolved oxygen, nitrate, ammonium and soluble reactive phosphorus.  

Once the hydrodynamic model was calibrated, the sensitivity analysis of the phytoplankton 

parameters was started in the same period (762 days). To simulate the phytoplankton module, 

it was necessary to initialize each biogeochemical module (C, N, P), assuming their original 

configurations and default parameters. The sensitivity analysis and calibration focused on the 

biomass and distribution of Chlorophyta and Cyanobacteria along the water column. These two 

groups were chosen for their dominance in the reservoir. For the simulations, the total biomass 

data of the two groups were used.  

The subgroups of parameters related to growth, light, respiration, nitrogen and phosphorus 

of the phytoplankton were tested to observe the sensitivity of Chlorophyta and Cyanobacteria 

biomass to variations of 20% around their default values. The model was configured without 

considering phytoplankton photoinhibition. Likewise, since data on the zooplankton have not 

been included, grazing was not considered. Mortality due to grazing was considered in the 

phytoplankton mass balance equation. Phytoplankton mortality was related to parameters that 

represented losses by excretion and respiration.  

The sensitivity analysis was performed by manual adjustment, searching for parameter 

values close to the range suggested by Hipsey et al. (2013) and checking their influence on the 

results of phytoplankton biomass. After the sensitivity analysis, the calibration process was 

begun, considering the sensitivity parameters individually and also the ensemble for the 

calculation of the Root Mean Squared Error (RMSE) and Mean Absolute Error (MAE) metrics. 

The target of calibration was to reduce the difference between observed and simulated biomass 

of Chlorophyta and Cyanobacteria at the four depths, using these metrics. 

2.5. Hindcast Simulation 

The hindcast simulation was based on water quality data from the most critical period 

during the eutrophication process of Paranoá Lake, corresponding to 1978. At that moment, 

there was a cyanobacterial biomass increase with the occurrence of blooms in monitoring 
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Station "A" between September and October 1978. At the same time, an increase in 

cyanobacterial biomass was registered in Station "C" at the one-meter depth (369. 10-3 mg L-1) 

at 1m), more than twice the average recorded value between 1976 and 2010 at the same depth 

of station C (183. 10-3 mg L-1). It should be noticed that in this work the total biomass was 

analyzed, with the response of the different cyanobacteria species not being considered. No 

records of Chlorophyta were reported in Station C that year. Another eutrophication 

consequence, also in 1978, was an anoxia at the bottom of Station C. The average dissolved 

oxygen concentrations (DO) were 7.71 mg L-1 at 1 meter from the surface and, 3.36 mg L-1, 

1.56 mg L-1 and 0.56 mg L-1 for the depths of 10, 15 and 20 meters from the surface, 

respectively.  

The hindcast simulation was performed changing the input water quality time-series into 

the historical values recorded in the critical year (1978). The reservoir initial conditions and 

meteorological forcing data remained unchanged based on the year 2008. Due to the absence 

of measurements in 1978, the nutrient loads of “ETE Norte” and “ETE Sul” were not considered 

as inputs in the hindcast simulation. This absence is not considered a major uncertainty factor 

to the simulation results because of the low historical observed average flow at both stations 

(approximately 1.5 m³ s-1 between 2000 and 2010). The main drivers of water quality 

deterioration in this period were non-point source sewage discharges and insufficient treatment 

of sewage systems in the Riacho Fundo Basin. Input data based on historical inflows 

concentrations were intended to represent those drivers in the hindcast simulation. 

3. RESULTS AND DISCUSSION 

3.1. Sensitivity Analysis and Calibration  

The most sensitive parameters in the calibration of Chlorophyta and Cyanobacteria were 

those related to phytoplankton growth, light uptake and respiration: phytoplankton growth rate 

at 20°C (𝑅𝐺𝑅𝑂𝑊𝑇𝐻
𝑃𝐻𝑌 ) optimum temperature (Topt), light ½ saturation constant for algal limitation 

(IK) and phytoplankton respiration rate at 20°C (𝑅𝑅𝐸𝑆𝑃
𝑃𝐻𝑌 ). The influence of growth and 

respiration parameters on phytoplankton simulations was also highlighted by other authors 

(Huang et al., 2012; Fragoso Jr., 2008). The possibility of simulating functional groups of 

phytoplankton has been an opportunity recently explored (Shimoda and Arhonditsis, 2016). 

Most studies applying one-dimensional ecological models to phytoplankton simulations are still 

based on chlorophyll-a concentrations to represent phytoplankton biomass (Vinçon-Leite et al., 

2017; Fadel et al., 2017; Cavalcanti et al., 2016).  

Overall, the model underestimated the Chlorophyta and Cyanobacteria biomasses (Table 

2, Figure 2). The calibration showed satisfactory performance for Cyanobacteria biomass at the 

top layers, even though the model overestimated the results at 1m and underestimated at 10, 15 

and 20 m. On the other hand, even after the calibration the model performance was 

unsatisfactory for Chlorophyta along the water column (Table 2), except for the bottom layer. 

However, the model was able to represent some of the seasonal variations of the Chlorophyta 

biomass in Paranoá Lake, especially in the wet season.  

The simultaneous calibration of the two phytoplankton groups’ parameters was a challenge 

due to their different physiological, morphological and adaptive characteristics. C. raciborski 

and Monoraphidium sp showed dominance in the reservoir during the period of study. 

However, the GLM-AED calibration showed satisfactory results for Chlorophyta biomass 

at 20 meters depth (RMSE=28.8 10-3mgC L-1) and Cyanobacteria biomass at four depths 

(RMSE=22.1-29.210-3mgC L-1) when compared to the values found by Fadel et al. (2019) for 

Microcystis aeruginosa  (RMSE=21.9-28.48 10-3mgC L-1) and Chrysosporum ovalisporum 

(RMSE=14-25.9 10-3mgC L-1) at Karaoun Reservoir. Even though the model had weak 

performance to predict the Chlorophyta biomass at the top layers (Table 2), it was able to predict 
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the biomass increase, generally observed in the summer.  

Table 2. RMSE and MAE between observed and simulated Chlorophyta and Cyanobacteria 

biomasses. 

 Chlorophyta Cyanobacteria 

 1m 10m 15m 20m 1m 10m 15m 20m 

RMSE (10-3mgC L-1) 62.3 82.78 74.15 28.85 26.04 22.14 27.63 29.21 

MAE -23.48 -52.11 -49.26 -12.12 7.37 -4.89 -11.37 -13.00 

 
Figure 2. Density distributions of biomass residuals (observed - 

simulated) for each phytoplankton group. 

Although we have used the DO and nutrients concentrations of the reservoir as initial 

conditions, we didn’t perform calibration of the aquatic biogeochemistry parameters due to data 

unavailability at the four depths. Despite the absence of biogeochemical calibration and the 

likely uncertainties added to the modelling framework, the phytoplankton parameters and 

processes also consider the uptake of C, N and P to simulate the biomass of the groups. Previous 

studies performed calibration of DO, nitrogen and phosphorus parameters before the simulation 

of phytoplankton organisms to improve the simulation results (Bucak et al., 2018; Fenocchi et 

al., 2019) and that can be an alternative to improve the current modeling approach. 

3.2. Water Quality Decline 

The hindcast simulation was able to represent the higher presence of Cyanobacteria in the 

top layers of Paranoá Lake in the wet season (Figure 3b), as described by Batista and Fonseca 

(2018), except for November and December. On the other hand, the model represented a 

Chlorophyta biomass decrease (Figure 3a). We suggest that a plankton succession may be in 

response to environmental conditions related to poor water quality, such as increased turbidity. 

The predominance of Cyanobacteria is attributed to their adaptive characteristics, such as the 

capacity of migration in the water column, tolerance to low light, ability to fix atmospheric 

nitrogen and resistance to herbivores (WHO, 2003). Such adaptations reinforce the role of 

Cyanobacteria as indicators and the dominance tendency under eutrophic conditions, which 

may, in the future, lead to an increase in their distribution related to the deterioration of water 

quality and climate warming (Huisman et al., 2018). 
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Figure 3. Comparison between a. Chlorophyta and b. Cyanobacteria biomasses 

(10-3 mgC L-1) at 1, 10, 15 and 20m depths in the hindcast simulation. 

The present study provides a first attempt to simulate two groups of phytoplankton in 

Paranoá Lake using a one-dimensional ecological model. Despite the simple approach, the 

results of the proposed hindcast were satisfactory and allowed predictions of the behavior of 

phytoplankton groups in the case of water quality deterioration in the Paranoá Lake.  

The biotic community’s representation is still a challenge, due to the difficulties of 

systematizing their complex behavior. However, improvements in monitoring efforts to 

generate long-term ecological data are needed for the use of more complex ecological models. 

Such tools can generate important answers for water quality management, incorporating climate 

and socioeconomic scenarios, contributions of the watershed and also lake characteristics and 

inputs of its main tributaries (Janssen et al., 2019). 

4. CONCLUSIONS 

The sensitivity analysis and calibration of phytoplankton identified the parameters related 

to growth, light, and respiration as being the most important for the simulation of Chlorophyta 

and Cyanobacteria in Paranoá Lake. Despite the challenge of two phytoplankton group 

calibrations, the model was able to represent the Cyanobacteria biomass and the Chlorophyta 

biomass at the bottom layer in comparison with the observed time-series. 

Although only prospective, the hindcast showed that the GLM-AED coupled 

model responded adequately to the changes in the input data for the representation of water 

quality deterioration, with a predominance of the cyanobacteria.  

The model was able to represent the increase in cyanobacteria biomass and the consequent 

reduction of Chlorophyta in a situation of poor water quality at Paranoá Lake, as occurred in 

the eutrophication period in 1978. These results may be useful to predict the responses of 

phytoplankton groups to further processes of water quality deterioration in Lake Paranoá, as 

well as provide information for the environmental management of the reservoir.  

Despite the complexity regarding the required field data, the calibration of each 

ecological/biogeochemical module is recommended when using the GLM-AED coupled model 

in phytoplankton simulations, to reduce the uncertainties associated with the modeling process. 

We also suggest further studies on the succession of cyanobacteria and other phytoplankton 

groups in lakes, to better understand the prevalence of cyanobacteria in aquatic environments 

under eutrophication conditions. 
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ABSTRACT  
Brazilian soybean has undergone considerable economic growth. Its production depends 

on the demand for some inputs. One of these inputs is the soil water supply, which can be made 

artificially or obtained by natural rainfall. Knowledge of available water capacity (AWC), 

which depends on total water availability (TWA), is poorly accessible and difficult to measure 

in the field. This study aimed to map the AWC of the state of Tocantins, based on pedotransfer 

functions (PTFs), to evaluate the water availability of the soils of the microregions of that state. 

We used the Arya and Paris model, aided by a computer program, Qualisolo, made by Embrapa 

Instrumentação. One hundred fifty-seven tropical soil samples were extracted from the 

Embrapa Solos portal. Preliminarily, the soil water retention curve (SWRC) was obtained and, 

subsequently, the TWA and AWC for this oilseed were estimated. Multiple linear regressions 

show the correlation between TWA and clay (CL), Silt (ST) and total sand (TS) contents. The 

correlation established was TWA = 3.2993 – 0.0028TS – 0.0034CL. This main conclusion 

reflects a fruitful AWC for decision-making by the soybean agribusiness and exposes the 

regional weaknesses for this crop under a rainfed regime in some regions of Tocantins. We 

could observe that, in terms of water availability, agribusiness is a potential threat to the 

environment protection area (APA) of the Ilha do Bananal/Cantão, Formoso River microregion. 

Keywords: available water capacity, conservation units, pedotransfer. 

Espacialização da capacidade de água disponível em solos tropicais om 

cultura soja (Glycine max) no Estado do Tocantins-Brasil 

RESUMO 
A soja brasileira tem crescido consideravelmente em termos econômicos. Sua produção 

depende da demanda de alguns insumos. Um desses insumos é o suprimento de água pelo solo, 

que pode ser feito artificialmente ou obtido pela pluviometria natural. O conhecimento da 

capacidade de água disponível (CAD), que depende da disponibilidade total de água (DTA), é 

pouco acessível e de difícil medição e aferição no campo. Esse trabalho teve o objetivo de 

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.2718
https://orcid.org/0000-0002-2063-2457
https://orcid.org/0000-0001-6020-5479
https://orcid.org/0000-0003-3452-6249


 

 

Rev. Ambient. Água vol. 16 n. 5, e2718 - Taubaté 2021 

 

2 André de Moura Andrade et al. 

mapear a CAD do Estado do Tocantins, a partir de funções de pedotransferência (FTPs), para 

fins de se avaliar a disponibilidade hídrica dos solos das microrregiões desse estado. O modelo 

utilizado foi o de Arya & Paris com auxílio de um programa de computador, Qualisolo, 

confeccionado pela EMBRAPA Instrumentação. 157 amostras de solos tropicais foram 

extraídas do portal da EMBRAPA Solos. Preliminarmente, obteve-se a curva característica de 

retenção de água (CRA) e, ulteriormente, estimou-se a DTA e a CAD para essa oleaginosa. Por 

regressões lineares múltiplas fez-se a correlação entre a DTA e os teores de argila (Ag), Silte 

(Si), areia total (AT) e carbono orgânico (CO). A correlação selecionada devido à sua 

simplicidade foi DTA = 3,2993 – 0,0028AT – 0,0034Ag. Esta principal conclusão reflete uma 

CAD profícua para tomadas de decisão por parte da agroindústria da soja e expõe as fragilidades 

regionais para esta cultura sob regime de sequeiro em algumas regiões tocantinenses. Observou-

se uma possível ameaça do agronegócio a APA da Ilha do Bananal/Cantão, microrregião do 

Rio Formoso, que aparece em termos de disponibilidade hídrica. 

Palavras-chave: água disponível, pedotransferência, unidades de conservação. 

1. INTRODUCTION 

Production chains tend to adapt to the growing demands for energy resources, which 

inevitably implies sustainably expanding their production systems. One of the criteria expected 

for rural expansion is the search for environmental compartments that parameterise low-risk 

climatic conditions and physical factors favourable to their productive performance (Santos and 

Martins, 2016).  

Among these various agribusiness segments, soybean farming stands out, an energy crop 

with a more significant market predominance due to the manufacture of biodiesel, cosmetics, 

food, fertilisers, animal nutrition, among other industrial destinations (Lemos et al., 2017). 

The production of soybeans at their reproductive stage, from flowering to filling of the 

grains, is highly dependent on soil water availability. It is estimated that variations in those 

stages of development induce fluctuations proportional to yields in different harvest years 

(Morando et al., 2014). 

Water deficiency can affect some physiological aspects of the plant, such as its leaf area 

indices, metabolism, and photosynthetic performance and shortening plant life cycles (Zanon 

et al., 2018). Grain quality, the difference between oil and protein contents, can also be affected 

by this variation in available water, which is not currently desirable when the focus is on 

increasing biofuel generation (Lima et al., 2017). 

The soil water retention curve (SWRC) has been widely used for different management 

practices in crops in general. The SWRC is a hydraulic property of the soil, and its graphical 

representation is made by associating the water content in volume () retained by the soil to its 

retention energy represented by the modulus of soil water tension (h). Van Genuchten's (1980) 

is one of the most widely used models in soil science. 

The procedures to obtain SWRC at the field level are costly and time-consuming, require 

much work and have significant spatiotemporal variability. To overcome these difficulties, we 

bring the pedotransfer functions (PTFs) concept, which describes the physical relationships 

between soil attributes (soil and particle densities, particle size distribution and organic matter), 

which are easy to determine, and the hydraulic properties of soils, such as volumetric 

humidities, the corresponding matric potential and soil saturated hydraulic conductivity, which 

are complex measurements, at the laboratory or field level (Prevedello and Armindo, 2015). 

The PTFs are empirical and mathematical. 

However, several PTFs have been created in different climatological contexts over the last 

few years to estimate the parameters of the SWRC. Because of this, some authors noticed 
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inconsistencies between saturation humidities, for example, obtained from the relationships 

constructed from data from temperate regions. Statistical dispersions and root mean square 

errors were observed, relatively lower between the sampled and predicted values when using 

SWRCs from tropical environments. Therefore, the SWRC behaves very differently in different 

climatic zones, reflecting the choice for PTFs. The minimum requirement is that they should be 

applied only in areas of interest of the same textural domain of their conception (Tomasella et 

al., 2000). 

Another way to achieve the hydraulic function of soil WRC is through computer programs. 

Qualisolo was developed by Embrapa Instrumentação 

(http://www.cnpdia.Embrapa.br/downloads/qualisolo/), and is useful in obtaining the graphical 

forms of soil particle-size distribution, in modelling the SWRC, in obtaining unsaturated 

hydraulic conductivity and moisture ranges practised in the management of irrigated crops or 

rainfed areas. This software uses the semi-empirical Arya-Paris method, tested and validated 

by Vaz et al. (2004) for soils in the state of São Paulo, using the similarity between the 

sigmoidal curves of soil particle size distribution and water retention of that soil, which 

validates its use in tropical soils. Their input data can be summarised as Clay (CL), Silt (ST), 

Total Sand (TS) and Organic Carbon (OC) contents and soil or global (Ds) and particle (Dp) 

densities. 

The overall soil density (Ds), which is easier to obtain at laboratory level, expresses the 

relationship between the dry soil mass and the total or apparent volume given by the 

conglomerate formed by solids, water, and air. Particle density Dp refers to the volume 

effectively occupied by solid matter, disregarding soil porosity (Viana et al., 2017). 

SWRC can be exploited for estimates of available water (AW), available water capacity 

(AWC), and aeration porosity in soils of different textures. AW, and consequently AWC, 

require other soil characteristics, also difficult to measure at the field level, which are the field 

capacity (cc) and permanent wilting point (pmp), both commonly based on volume. 

The difficulty in obtaining information on the ideal water for soybean cultivation can be 

overcome by using pedotransfer equations or functions (PTFs). PTFs are used when the 

unfeasibility of the cost of laboratory execution in short-term projects is perceived (Prevedello, 

2015). 

This study recognises the few records of technical data of physical and hydraulic 

characteristics of the soils that make up a Brazilian macroregion, called Matopiba, whose 

initials refer to the part of areas of the states of Maranhão (MA), Piauí (PI), Bahia (BA) and the 

entire area of the state of Tocantins (TO). This region is poor in soil density (Ds), particle density 

(Dp) and organic carbon (OC) or organic matter data, and there are no studies on some 

characteristics of its soils, such as field capacity (cc) and permanent wilting point (pmp). 

The primary objective of this study was to map the AWC for soybean cultivation in the 

state of Tocantins based on PTFs that considered TWA as a dependent variable and Clay (CL), 

Silt (ST), Total Sand (TS) and organic carbon (OC) fractions as independent variables, 

extracted in spreadsheets of Embrapa Solos portal (Embrapa, 2020). 

2. MATERIALS AND METHODS 

The study area is the federal unit of Tocantins, which is located southeast of the great North 

region of the country, defined between latitudes 05°10' and 06'' and 13°27' and 69'' and 

longitudes 45°41'46'' and 50°44'33''. According to the pedological survey made available by the 

updating base of the State Planning Secretariat - Seplan (Tocantins, 2012), the state of Tocantins 

is composed mostly of Plinthosols (about 35% of its territory). The state of Tocantins is 

dominated by the Cerrado biome and is entirely in the Matopiba region. Its federative unit, its 

main Conservation Units and its microregions are illustrated by Figure 1. 

Initially, the source code of the Qualisolo program developed by Embrapa and available to the 
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scientific community was reworked through the Python language. Its interface was not used for 

this discussion, only its method of adjusting the water retention characteristic curve (SWRC) 

of van Genuchten (1980) by an iterative routine and through the physical-hydric Arya and Paris 

model (1981).  

 
Figure 1. Main Conservation Units (A) and microregions (B) of Tocantins. 

The program has been optimised to process various soil samples. For each of these inputs, 

the Equation 1 by van Genuchten (1980) was adjusted according to the algorithmic routine used 

for the indirect estimation of the SWRCs (Bruning et al., 2019). 

𝜃 = (𝜃𝑠 − 𝜃𝑟)[1 + (𝛼ℎ)𝑛]−𝑚 + 𝜃𝑟            (1) 

Where: α, n, and m are form parameters of the SWRC; θr and θs are the residual moisture 

and saturation in m3 m-3 and h is the modulus of the independent variable of the soil matric 

potential, given in hPa. 

Through Embrapa's Brazilian Soil Information System platform (Embrapa, 2018), particle 

size tests of 327 points were collected in the states that compose Matopiba. Of these 

experiments, only 157 had soil bulk density (Ds) data in kg m-3 and particle density (Dp) data 

in kg m-3. For the latter samples, the coefficients of the SWRC were determined. TWA 

quantification is given by Equation 2. 

𝑇𝑊𝐴 = 10(𝜃𝐹𝐶 − 𝜃𝑊𝑃)             (2) 

Where: TWA is the total water availability in the soil (in mm cm-1 of soil); cc is the 

moisture in the field capacity (m3 m -3 of soil); pmp is the moisture at the permanent wilting 

point (m3 m-3 of soil). Volumetric humidities cc and pmp were considered, respectively, as 

equivalent to soil matric potentials 100 hPa and 15000 hPa (Gomes, 2013). 
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There was a linear correlation between TWA and CL, TS, and OC contents. Multiple linear 

regression TWA (CL, TS) was chosen, due to its simplicity and which also expressed adequate 

statistical indices in the analysis of variance. 

The AWC is the product of the TWA by the effective depth (Z) of the soybean root system, 

the latter being considered equal to 50 cm, since it is in the range between 0.43 and 0.54 m 

defined by Bordin et al. (2008), evaluating different soil management systems and is below the 

depth attributed by Luján (1989). The soil AWC was mapped according to the Spline 

interpolator for Potential Regularisation. 

3. RESULTS 

The clay loam soils had a TWA of approximately 1.11 mm cm-1, with a coefficient of 

variation (CV) around 15.14%, while the TWA of the clay loam was around 1.53 mm cm-1 of 

soil, for a CV of 10.98%. These coefficients are considered small, according to the literature of 

Warrick and Nielsen (1980). For this same physical characteristic, Pereira et al. (2010) 

speculate a TWA between 1.2 and 1.6 mm cm-1. The other error measures can be found in 

Table 1. This table also shows that CVs become relatively higher for the lowest averages of 

TWA. This finding agrees with several authors' estimates of moisture in different soils (Cichota 

and Lier, 2004). 

Table 1. Analysis of variance of 157 samples made available by Embrapa in the Matopiba 

region. 

Class (Name) Class (abbr.) TWA (Mean) CV (%) Maximum Minimum 

Clay Cl 0.69 42.25 1.36 0.35 

Clay Loam ClLo 1.11 15.14 1.29 0.93 

Loam Lo 1.26 8.14 1.40 1.15 

Loamy Sand LoSa 0.56 66.25 1.07 0.09 

Sand Sa 0.47 43.49 0.72 0.19 

Sandy Clay SaCl 0.49 30.43 0.73 0.21 

Sandy Clay Loam SaClLo 0.73 24.83 1.08 0.21 

Sandy Loam SaLo 0.86 37.02 1.49 0.12 

Silty Clay SiCl 1.28 9.96 1.37 1.14 

Silty Clay Loam SiClLo 1.53 10.98 1.68 1.35 

The most recurrent texture in Embrapa’s inventory of physical properties in the Matopiba 

complex (about 33.12% of the sample) is sandy loam (Lumbreras, 2015). This textural 

taxonomy had 0.9 mm cm-1 as the average available water. This class falls within the lower 

limit defined by Bernardo et al. (2006), in which the AW oscillates between 0.9 and 1.5 mm 

cm-1 in Brazilian soils.  

These results induced the perception of a trend of linear increase of the TWA towards 

pedological classes with more concentrations of silt, as observed by Figure 2, where the isolates 

of water depths (mm) per centimetre of soil grew in the direction of the vertex to the right of 

the textural triangle, which is significant for the silty textural class. Andrade and Stone (2011) 

found a positive correlation between the field capacity and the variables of silt and clay, which 

confirms the possibility of this graphical representation. 

Equation A of the TWA (Table 2) with clay and sand obtained a mean error of 0.106 mm 

cm-1 and a Root Mean Square Error (RMSE) of 0.145 mm cm-1. These values reflect 

pedotransference functions with mean accuracy, since the coefficient of determination R2 was 

lower than 0.85, according to the classification proposed by Reichert et al. (2020). Equation B 

had the advantage of prospecting the structural element organic carbon (OC). However, this 

variable under discussion did not correlate significantly with TWA. 
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The RMSE (equivalent to 0.015 m³m-³) is below some studies that estimated AW through 

parametric and non-parametric equations, such as PTF, based on neural networks, described by 

Haghverdi et al. (2018). They noticed a root mean square error of 0.033 m3 m-3, when 

evaluating as dependent variables the soil density, particle size, organic matter, and initial water 

content of the soils studied. 

 
Figure 2. Textural triangles of 157 samples collected by Embrapa (A) and the water gradient 

available in the soil of Matopiba (B). 

Table 2. Descriptive statistics of pedotransfer functions found for Matopiba that 

relate Total Water Availability (TWA) to the variables of Sand (TS), Clay (CL), 

Silt (ST), and Organic Carbon (OC). 

Equations Variables Coefficients Test t R2 EM RMSE 

Equation A 

Independent 3.2993 32.4685** 

0.80 0.106 0.145 TS -0.0028 -24.8135** 

CL -0.0034 -23.0388** 

Equation B 

Independent 3.2589 30.9354** 

0.81 0.105 0.144 
TS -0.0027 -24.0780** 

CL -0.0034 -22.3672** 

OC 0.0019 1.4023 

Equation C 

Independent -0.1400 -2.1747* 

0.80 0.106 0.145 TS 0.0007 8.7822** 

ST 0.0034 23.0388** 

ME: Mean Error in mm cm-1; RMSE: Root Mean Squared Error in mm cm-1; **: 

Significance at 1% by Student's t-test; *: 5% Significance at 5% by Student's t-test. 

Equation A, in which TWA = 3.2993 – 0.0028TS – 0.0034CL, was chosen for the 

mapping of the AWC in the state of Tocantins (Figure 3). 
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Figure 3. Distribution map of the values of 

Available Water Capacity (in mm) for the 

soybean crop in the microregions of the state of 

Tocantins. 

4. DISCUSSION 

With the mapping of Figure 3, it was possible to observe a range of higher AWC values in 

the southwest of the state of Tocantins, in the Formoso River microregion, where part of the 

Environmental Protection Area (Área de Proteção Ambiental - APA) of Ilha do Bananal/Cantão 

is located. Based on this information, higher pressure from agribusiness around this 

Conservation Unit is expected in the near future. Currently, there are significant soybean 

occupancy rates in this protection area (Moreira and Collicchio, 2017). 

However, according to the pedological survey, this region is composed of Plinthosols 

(Tocantins, 2012). Thus, the microregion of the Formoso River, with a plastic horizon, is a 

region of soils with low rainwater percolation and with a high probability of low growth of 

aerial and root mass in the vegetative development of soybeans in relation to other areas that 

do not have petroplintite concretions (Nikkel and Lima, 2019). 

Various techniques can be used to favour the dynamics of water in the soil, such as 

scarification, to redefine the soil structure, its density and total porosity, as specified by Freitas 

et al. (2017). This can also be done with the control of organic matter used to stabilise soil 

architecture, as reported by Anjos et al. (2017), which justifies notable productions for this 

region due to the increase in water availability. 

The map in detail thematises in the southern centre of the state a range of AWC values 

exceeding 60 mm. Based on this elaborated matrix product alone, we believe that the State 
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Environmental Protection Area Lago de Peixe-Angical may suffer pressure from the 

agricultural sector shortly, mainly exerted by soybean cultivation. However, the average annual 

rainfall distribution is 1,552.49 mm, below the state average of 1,677 mm (Collicchio et al., 

2015). 

These rainfall indices indicate a likely lower relationship between actual and maximum 

evapotranspiration of a culture, despite an above-average AWC (greater than 50 mm). Silva et 

al. (2020) ratify that water deficiency can affect leaf gas exchange (stomatal conductance, 

transpiration, etc.) and, consequently, the internal concentration of CO2 in plants, thus reducing 

the conditions necessary for root growth. We know that ten-year water balances could better 

validate this information. 

It is noteworthy that Neosols are recurrent in the microregion of Jalapão (58.3% of its 

area), located to the east of the state, in which 25,782 km² of AWC were quantified, varying 

below the average between 30 and 40 mm, more precisely in the municipality of Mateiros. The 

production and planted area of this municipality in 2019 allocated it as the third largest producer 

in the state (IBGE, 2019). In the same region and with the most extensive state productions, the 

municipality of Campos Lindos had a relatively regular AWC, between 40 and 50 mm.  

This latter situation may portray that water availability was higher due to management 

techniques adopted or because the arable areas of these units obtained a higher natural water 

supply. However, Melo et al. (2020) mapped the climatic risks for soybeans in the Brazilian 

Cerrado, considering the planting date on November 15 and AWC equal to 75 mm, 

characterising only the municipal management of Campos Lindos as having a medium 

probability of water deficiency, that is, with higher chances of water deficit. 

The regionalisation of the AWC indicates a development potential for the Dianópolis 

region, which is a strategic warehouse, given the logistics between the states of Bahia and 

Tocantins. It is also noteworthy that the municipality of Arraias, with no production history 

(IBGE, 2019), and Taguatinga obtained AWC values of approximately 65 mm. 

The AWC is a physical parameter that enhances, from a favourable rainfall regime, the 

water availability. Nevertheless, there are situations in which there are probabilities of water 

deficiency in precipitation above 800 mm, which are optimal for their development, and with 

significant AWC. The range of moisture to be extracted by the species is dependent on the 

difference between cc and pmp when the soil has a favourable structure. However, soils with a 

density above 1.43 Mg m- ³ can be considered limiting factors for growth, aeration, and 

resistance to root penetration, as opposed to the favourable AWC (Rodrigues et al., 2017), 

which may explain the absence of productions in Dianópolis. 

The microregion of Araguaína, especially the municipalities of Xambioá, Araguanã, 

Aragominas, Muricilândia, Santa Fé do Araguaia and Araguaína, obtained averages of available 

water from 50 to 60 mm, higher than the state average. In some territories of these 

municipalities, these values exceeded 60 mm. This political subdivision belongs to the Amazon 

biome and is entirely composed of Argisols. Prado (2018) noted that this soil taxonomy belongs 

to the class of available water greater than a range of soils studied, among them, the Neosols. 

Regarding the mapping, Barca et al. (2019) evaluated the predictive efficiency of water 

content in the soil using the Ordinary Kriging (OK) and Kriging with External Drift (KED) 

methods in an experimental field in southeastern Italy. However, the pedotransfer functions 

correlated the soils' electrical conductivities, obtained by geophysical sensors, with the 

available water. KDE presented the best approximations between the estimated and observed 

values, which were subject to cross-validation. Therefore, we can assume that other methods 

may configure a better predictive capacity in areas not sampled in relation to the Linear Spline 

for Potential Regularisation, adopted in this study, provided that they take spatial variations into 

account as stochastic variables (Barca et al., 2019).  
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This study emphasises the relevance of validating these sample data if there is any work 

that requires better state geographical detailing, municipal strategic planning that requires this 

variable (AWC) on more detailed scales, among other specific studies that contribute to the 

sustainable development of agribusiness. 

5. CONCLUSIONS 

The lowest averages of TWA meant higher CV values when statistically analysing 157 

granulometric samples, a result measured by other authors. The pedotransference function 

selected, which related the clay and sand contents with the TWA, was Equation A in Table 2. 

From this parameterisation, the mapping of the AWC suggested a scenario of possible evasion 

of soybeans in the Jalapão microregion, especially in the municipality of Campos Lindos, one 

of the protagonists of agroindustrial logistics of Matopiba. 

In the state of Tocantins, we identified that the Formoso River microregion, which 

produces soybeans, had the highest amount of water available per centimetre of soil for 

agricultural consumption and annual average rainfall above the state average. This scenario 

may consolidate the threats diagnosed by other authors to the APA of Ilha do Bananal/Cantão. 

The pressure exerted by soybean cultivation on the agricultural sector in this CU was validated 

by the high grain production found in the region. 

To verify this last hypothesis, further studies could measure the water balance of this 

oilseed to estimate the distribution of relative water deficiencies in a given time interval 

numerically, with a minimum of 15 years of rainfall and temperature data observed. The 

experimental validation of Equation A in Table 2 is also necessary for local technical studies 

of this variable. 
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ABSTRACT  
Hydrological behavior in reforested watersheds is different from that under other forms of 

cover. The variation may be related to aspects intrinsic to species, planting density, 

physiological maturity, management system and climatic conditions. Periodically, climatic 

anomalies such as the case of La Ninã are observed, and these are responsible for the alteration 

of the rainfall regime and consequently generate water deficits in the southern region of Brazil. 

Water deficit is responsible for reducing growth and productivity for the Eucalyptus genus, in 

addition to causing changes in hydrological behavior in reforested watersheds. Accordingly, 

this study compared the partition of rainfall in throughfall, stemflow and canopy interception 

of eucalyptus trees submitted or not to partial exclusion of precipitation. In the open field, 3 

rainfall collectors were installed, and in the stand, for each rain exclusion treatment, 9 

throughfall collectors and 9 stemflow collectors were installed. Every two weeks for 12 months, 

the volume of the collectors was measured. The quantified precipitation was 1627 mm over a 

year. In the treatment without exclusion, 84.8, 2.9 and 12.3% referred to throughfall, stemflow 

and canopy interception, respectively, while in the treatment excluding rainfall 80.6, 2.3 and 

17.2% referred to throughfall, stemflow and canopy interception. The regression adjustments 

for throughfall and stemflow showed satisfactory R2 coefficients. 

Keywords: hydrology, sustainability, watershed. 

Exclusão parcial da precipitação pluviométrica: precipitação interna, 
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formas de cobertura. A variação pode estar relacionada tanto à aspectos intrínsecos à espécie, 

densidade de plantio, maturidade fisiológica, sistema de manejo e às condições climáticas. 

Periodicamente anomalias climáticas como o caso do La Ninã são constatadas e essas, são 

responsáveis pela alteração do regime pluviométrico e consequentemente geram déficits 

hídricos na região sul do Brasil. O déficit hídrico é responsável pela redução do crescimento e 

da produtividade para o gênero Eucalyptus, além de provocar alterações no comportamento 

hidrológico em bacias hidrográficas reflorestadas. Por conta disso, o objetivo do estudo foi 

comparar a partição da precipitação pluviométrica em precipitação interna, escoamento pelo 

tronco e interceptação pela copa das árvores de eucalipto submetidas ou não à exclusão parcial 

da precipitação. Foram instalados 3 coletores de precipitação em área aberta, e no interior do 

povoamento, para cada tratamento de exclusão de chuva, 9 coletores de precipitação interna e 

9 coletores de escoamento pelo tronco foram instalados. Ao longo de 12 meses, 

quinzenalmente, o volume dos coletores era aferido. A precipitação quantificada foi de 1627 

mm ao longo de um ano. No tratamento sem exclusão, 84.8, 2.9 e 12.3% referiram-se à 

precipitação interna, escoamento pelo tronco e interceptação pela copa respectivamente, 

enquanto que no tratamento com exclusão da precipitação 80.6, 2.3 e 17.2% referiram-se à 

precipitação interna, escoamento pelo tronco e interceptação. Os ajustes da regressão para 

precipitação interna e escoamento pelo tronco mostraram bons coeficientes R2. 

Palavras-chave: bacia hidrográfica, hidrologia, sustentabilidade. 

1. INTRODUCTION 

The forestry sector holds a prominent position in the Brazilian economy. Planted forests 

occupy 7.83 million hectares of the country, and the genus Eucalyptus represents 72% of this 

area. Even with the large area occupied, industrial forest plantations cover about 0.92% of the 

Brazilian territory. Paper and cellulose commodities are the second-most exported products of 

Brazil (IBÁ, 2019). 

Extensive areas occupied by forest plantations are able to modify the hydrological balance 

(Ferraz et al., 2019). In addition to the interception of rainfall through the canopy of trees, the 

rapid growth of the Eucalyptus genus increases water consumption, losing it to the atmosphere 

through transpiration (Rodríguez Suarez et al., 2014; Jackson et al., 2005). Comparing two 

paired watersheds, Reichert et al. (2017) concluded that the interception in a Eucalyptus 

plantation is greater when compared to an area of pasture or natural grassland. 

The partition of the rainfall in the area covered by vegetation is very dynamic. During 

precipitation, a portion of the water is intercepted by the canopy and immediately evaporated 

to the atmosphere (Llorens and Domingo, 2007). Part of the precipitation crosses the canopy 

and drips into the stand, being called “throughfall” (Navar, 2011). A portion flows from the 

leaves to the branches and trunk reaching the base of the tree, being called stemflow (Zhang et 

al., 2016; Johnson and Lehmann, 2006). Knowledge of the partition of precipitation is 

important in studies of modeling the water balance of a watershed (Chaffe et al., 2010), 

however, the percentage of interception by canopy varies according to characteristics inherent 

to the species and the site and, in the absence of this information, the interception is often 

neglected in hydrological-modeling studies (Savenije, 2004). 

Considering the species in the present study, Eucalyptus urophylla, Arcova et al. (2018) 

reported 89.0%, 5.4% and 5.6% for throughfall, stemflow and canopy interception for a stand 

at 30-year-old, respectively. Souza et al. (2019) for the same species but at 1-year-old found 

95.3; 1.3 and 4.3% for treatment with less fertilizer applied and 91.7; 3.2 and 6.2% for treatment 

with greater amount of fertilizers applied. 

The importance of the partition of precipitation is discussed in several studies (Staelens et 
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al., 2006; Fan et al., 2015); however, the difficulty in assessing the stemflow has caused great 

variations and still needs studies. Although it represents less relative contribution, the stemflow 

is responsible for supplying water and nutrients directly to the roots of the trees (Momolli et al., 

2019a; Zhang et al., 2013; Bouillet et al., 2002; Levia et al., 2010). The precipitation event 

carries particles suspended in the atmosphere to the ground (Navar et al., 2009). These particles, 

added to the interaction with the canopy (throughfall and stemflow), leach the different tissues 

of the plant, increasing the nutritional contribution (Bhat et al., 2011; Schrumpf et al., 2006). 

In addition, in areas of low natural fertility, nutrient input through precipitation may be the only 

source of nutrients (Dawoe et al., 2018; Lu et al., 2017). 

Canopy interception is determined by biotic factors such as population age, 

morphophysiological aspects, height, contact surface of different plant species (Keim et al., 

2006) and by abiotic factors such as intensity and amount of precipitation, drop size, 

temperature and wind speed (Sulínski et al., 2001; Momolli et al., 2019b; Gerrits and Savenije, 

2011; Bulcock and Jewitt, 2012). For Savenije (2004), in warm regions the percentage of water 

intercepted and returned to the atmosphere is more significant than in other climates. For the 

authors Crockford and Richardson (2000), high intercept values are the result of long rain 

events with low intensity, while small intercept values are the result of shorter and more intense 

rainfall indexes. In addition, the higher temperature favors evaporation and, consequently, the 

higher interception rates. Moderate wind contributes to the removal of water from the canopy 

and evaporation to the atmosphere; however, high winds provide the waterfall which initially 

was in the treetops. Figure 1 shows the scheme of the dynamic partition of rainfall in forested 

areas. 

 
Figure 1. Scheme of the dynamic partition of rainfall in a 

reforested area. 

The water regime in southern Brazil is determined by the atmospheric-oceanic 

phenomenon. When the cooling of ocean waters occurs in the equatorial Pacific, there is the 

phenomenon of “La Niña” that is responsible for the significant decrease in rainfall in this 

region. As a consequence, there is a loss of productivity of several crops, including Eucalyptus 

plantations. The reduction in precipitation can cause even greater impacts on the hydrological 

cycle of the watersheds considering that a greater part of the precipitation will be intercepted 

by the canopy without reaching the soil surface. Therefore, the present study evaluated the 

partition of precipitation in Eucalyptus stands with and without partial exclusion of throughfall. 
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2. MATERIALS AND METHODS 

2.1. Characterization of the experimental area 

The experimental area is located in a Cfb climate (temperate climate), with an average 

annual temperature of 18.8ºC and an average annual precipitation of 1,646 mm, according to 

the Köppen classification (Alvares et al., 2014). According to Flores et al. (2016) the species 

E. urophylla is classified as having a low climatic suitability for the study region. 

Figure 2 shows meteorological data for the period from July 2017 to June 2018, obtained 

from the meteorological station located at the company Klabin SA in Telêmaco Borba – PR – 

Brazil at 880 m altitude, 24°12'40.6" S and 50°33'29.2" W. The distance between the 

experimental area and the weather station is approximately 3.4 km in a straight line. 

 
Figure 2. Meteorological data for the municipality of Telêmaco Borba, PR, 

from the planting of seedlings to the study period. 

In March 2017, dendrometric characterization was performed, measuring the height and 

diameter at breast height (DBH) of all trees. According to Table 1, the mean DBH and the total 

height in the Excluding (E) treatment were 16.80 cm and 28.60 m, respectively. For the Without 

exclusion (WE) treatment, the mean DBH was 17.30 cm and the total height 28.80 m. The 

volume per hectare in the E and WE treatment was 346.17 and 365.07 m³ ha-1, respectively. 

Table 1. Characterization of the dendrometric variables of the hybrid stand of Eucalyptus 

urophylla x E. sp., at 62 months of age, established in Telêmaco Borba, PR. 

Variables Excluding (E) Without exclusion (WE) 

Average diameter (cm) 16.78 ± 1.38 b* 17.34 ± 1.81a 

Average height (m) 28.57 ± 1.09 a 28.35 ± 1.67 a 

Basal plot (m²) 1.74 ± 0.02b 1.84 ± 0.02a 

Plot volume (m³) 24.92 ± 0.32 a 26.29 ± 0.34 a 

Basal area (m² ha-1) 24.13 b 25.52 a 

Volume (m³ ha-1) 346.17 a 365.08 a 

Leaf area index (LAI) 2.95 2.82 

2.2. Experimental design 

The study belongs to the TECHS project (Tolerance of Eucalyptus Clones to Hydric, 

Thermal and Biotic Stresses). The experiment was carried out in a completely randomized 

design, with 720 m² plots of eight lines with ten plants each in spacing of 3 m x 3 m (1,111 

trees ha-1). For the hybrid E. urophylla x E. sp. two treatments of the water regime were defined: 
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one receiving 100% of the throughfall (WE) and the other receiving only 70% of the throughfall 

(E). For the treatment (E), that received 70% of the precipitation, a system of partial exclusion 

of the throughfall was used with plastic gutters that prevent the precipitation reaching the 

ground. A schematic representation of the precipitation exclusion treatment (E) can be seen in 

Figure 3. This technique is based on the coverage between the planting lines covering 216 m² 

of the area of each treatment, being the equivalent to 30% of the plot area (Binkley et al., 2017).  

 
Figure 3. Representative scheme of the partial precipitation exclusion treatment (E), with 

dimensions and spacing. 

The monitoring of the partition of precipitation under the two rainfall regimes occurred 

from July 2017 to June 2018. The sampling of this experiment was started when the stand was 

66 months old. For the (E) treatment, a partial exclusion system of throughfall was used, 

installed when the stand completed one year of age. 

2.3. Measurement of rainfall, throughfall and stemflow  

To quantify the rainfall (R), three collectors with a 20 cm catchment diameter were 

installed in an area adjacent to the eucalyptus stand at a height of 1.5 m above ground level. 

Straps with steel wires were placed in order to prevent birds from using the collectors as 

perches. 

For the evaluation of throughfall (Tf), nine collectors per treatment were installed, with a 

collection diameter of 20 cm and height of 1 m from the ground level, systematically distributed 

along the line, between the lines and diagonally between four trees. Collections were started at 

66 months of age. 

The stemflow quantification (Sf) occurred with the installation of nine sets formed by a 

plastic hose with a diameter of one inch and a reservoir for water storage. The hose was cut 

longitudinally and then it was installed in a spiral shape on the tree trunk. This configuration 

allowed the water to drain through the trunk and be stored in the reservoir. Fortnightly, the 

values of rainfall (R), throughfall (Tf) and stemflow (Sf) were measured. To obtain the values 

of precipitation and throughfall in millimeters, the following Equation 1 was used: 

𝑅 = 𝑉/𝑎               (1) 

Where: 

0
,7

 m

0
,7

 m

0
,7

 m

0
,4

5
 m

0
,4

5
 m

3 m

3 m

L 1

L 2

L 3

L 4

L 5

L 6

L 7

L 8

1 2 3 4 5 6 7 8 9 10

Legend

Experiment area Tree

Plastic gutters



 

 

Rev. Ambient. Água vol. 16 n. 5, e2645 - Taubaté 2021 

 

6 Gian Carlos Poleto et al. 

R = rainfall (mm); 

V = volume collected (L); 

a = collector area (m2). 

The values of stemflow were obtained using the following expression, used by Preuhsler 

et al. (2006) Equation 2: 

𝑆𝑓 = (
𝑉

𝑔
) ∗ (

𝐺

𝐴
)              (2) 

Where: 

Sf = stemflow (mm); 

V = volume collected (L); 

g = basal area of the tree (m2); 

G = basal area of the plot (m2); 

A = plot area (m2). 

For the canopy interception calculation, the expression was used Equation 3: 

𝐼 =
𝑅−(𝑇𝑓+𝑆𝑓)

𝑅
∗ 100              (3) 

Where: 

I = canopy interception (%); 

R = rainfall (mm); 

Tf = throughfall (mm); 

Sf = stemflow (mm). 

The rainfall and throughfall collectors were composed of plastic bottles with a capacity of 

2 liters, and the collections were carried out every 15 days. The throughfall collectors were 

arranged on the line, between the lines and diagonally between four trees.  

2.4. Statistics and Data Analysis 

Descriptive statistics are presented as the mean, percentage and coefficient of variation (%) 

for the quantities in each rainfall regime and each partition of precipitation. Statistical analysis 

was performed using IBM SPSS 20.0 (IBM, 2011). Regression equations were adjusted for 

throughfall, stemflow and canopy interception as a function of the incident precipitation 

variable. 

The distribution of the regression residues was then analyzed in order to validate the 

homogeneity of variance. The residues were presented in graphic form as a function of the 

variable analyzed. 

3. RESULTS AND DISCUSSION 

3.1. Rainfall partitioning 

According to the results obtained, the total rainfall (R), during the study period, was 
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1,627.25 mm. The month of December 2017 had the highest volume of R 371 mm, while the 

months of July 2017 and April 2018 registered the lowest volumes (0.00 and 21 mm) (Table 

2). 

Table 2. Values in (mm) of rainfall (R), throughfall (Tf), stemflow (Sf), canopy interception (I) and 

their respective variation coefficients (±) in (%) in the experimental area of the hybrid stand of 

Eucalyptus urophylla x E. sp. 

Year Month 
R Tf WE Tf E Sf WE Sf E I WE I E 

mm % 

2017 

Jul 0 ± 0.0 0 ± 0.0 0 ± 0.0 0 ± 0.0 0 ± 0.0 0 ± 0.0 0± 0.0 

Aug 122 ± 1.8 100 ± 4.5 97 ± 3.1 4 ± 21.5 4 ± 14.7 18 ± 17.1 19 ± 7.2 

Sep 35 ± 0.5 28 ± 9.8 26 ± 4.4 2 ± 57.7 2 ± 33.8 16 ± 68.1 21 ± 6.6 

Oct 295 ± 0.7 262 ± 1.4 228 ± 1.6 11 ± 4.7 7 ± 25.0 11 ± 29.5 21 ± 5.4 

Nov 180 ± 5.4 157 ± 3.0 139 ± 6.0 8 ± 24.5 6 ± 15.4 9 ± 32.6 20 ± 13.3 

Dec 371 ± 2.5 320 ± 5.4 321 ± 1.7 8 ± 5.0 5 ± 8.3 12 ± 60.7 13 ± 7.9 

2018 

Jan 274 ± 1.2 218 ± 1.1 219 ± 2.0 5 ± 6.4 4 ± 10.8 22 ± 11.9 22 ± 0.6 

Feb 117 ± 0.9 105 ± 3.6 101 ± 3.1 3 ± 31.9 3 ± 4.0 15 ± 71.4 21 ± 4.7 

Mar 102 ± 0.9 83 ± 3.3 79 ± 1.5 4 ± 34.3 3 ± 37.0 15 ± 31.4 19 ± 7.1 

Apr 21 ± 5.8 17 ± 3.8 17 ± 5.1 1 ± 30.5 0 ± 17.3 13 ± 72.8 18 ± 7.9 

May 56 ± 0.7 44 ± 9.0 43 ± 0.4 2 ± 30.9 2 ± 33.1 28 ± 37.5 31 ± 3.7 

Jun 54 ± 1.5 43 ± 1.3 42 ± 5.2 1 ± 19.6 1 ± 41.7 22 ± 10.5 25 ± 7.0 

Total (mm) 1627 ± 2.0 1379 ± 4.2 1311 ± 3.1 48 ± 24.3 37 ± 21.9 200 ± 40.3 280 ± 6.5 

% 100 84.8 80.6 2,9 2,3 12.3 17.2 

Where: ± variation coefficients (%); R = rainfall, Sf WE = throughfall in the treatment without 

exclusion; Sf E = throughfall in the treatment with partial exclusion; Tf WE = stemflow in the treatment 

without exclusion; Tf E = stemflow in the treatment with partial exclusion; I WE = canopy interception 

in treatment without exclusion; I E = canopy interception in treatment with partial exclusion.  

Regarding throughfall, the WE treatment showed 1379 mm, equivalent to 84.8% of the 

precipitation. In contrast, the E treatment showed a lower value (1311 mm), corresponding to 

80.6% of the precipitation. The volume collected for the Sf WE treatment was 48.40 mm, 

representing 2.9% of the rainfall. For the Sf E treatment, 37 mm was accumulated, 

corresponding to 2.3% of the rainfall. In the canopy interception, the lowest observed value was 

200 mm (12.3%) for WE treatment, while in treatment E the value was 280 mm (17.2%). 

The regression analyses for throughfall, stemflow and canopy interception as a function of 

precipitation in the WE treatment showed an adjustment R = 0.97; 0.73 and 0.34, respectively 

(Figure 4). For E treatment, the adjustment was R = 0.96; 0.67 and 0.59, for throughfall, 

stemflow and canopy interception, respectively. 

Evaluating forest formations of Eucalyptus cloeziana, Pinus sp. and Seasonal 

Semideciduous Forest in Iperó, SP, Gasparoto et al. (2014) found that throughfall represents 

76.2%, 85.1% and 84% of precipitation, respectively. Almeida et al. (2013), evaluating an E. 

grandis x E. urophylla stand in Minas Gerais, found that the canopy interception was 9%, this 

value being lower than that found in this work. Momolli et al. (2019b) studied the distribution 

of rainfall in an E. dunnii Maiden stand, aged 72 months in Alegrete, RS, and found an average 

canopy interception of 8.9% in one year of evaluation (1903 mm). Supangat et al. (2012) 

evaluating the behavior of rainwater after interaction with the canopy of six-year-old 

Eucalyptus pellita found an interception of 15.4%. 



 

 

Rev. Ambient. Água vol. 16 n. 5, e2645 - Taubaté 2021 

 

8 Gian Carlos Poleto et al. 

 
Figure 4. Relationship of throughfall (A); stemflow (B) and canopy interception (C), as 

function on precipitation and graphical distribution of the regression residuals. 

Corrêa et al. (2019) evaluating a stand of Eucalyptus dunnii in Alegrete, RS at 16.5 months 

of age observed that the precipitation was 1,586 mm, with 7% being intercepted by the canopy 

of the stand. The throughfall corresponded to 98% of the effective precipitation, the remaining 

2% referring to stemflow. For the same species, Dick et al. (2018) studied a four-year-old stand 

and for the first year of assessment found that the throughfall was 91.08% (1,033.29 mm) and 

the stemflow 0.91% (10.40 mm). In the second year, the throughfall corresponded to 91.48% 

(1,497.46 mm) and the stemflow 1.28% (20.98 mm). The authors associated these results with 

the leaf area index of the stand, since the canopy cover allowed greater passage of rainfall. 

For the same species, Dick et al. (2018) studying a four-year-old stand, the throughfall was 

91.08% (1033 mm) and the stemflow was 0.91% (10.4 mm). In the second year, the same 

authors found that the throughfall corresponded to 91.48% (1497 mm) and the stemflow of 

1.28% (21 mm). The authors associated these results with the leaf area index of the stand. The 

lower density of the canopy allowed the precipitation to reach the forest floor. 

Other works developed with the genus Eucalyptus sp. has shown high correlations between 

variables. In a stand of Eucalyptus dunni aged between 1.4 and 2.4 years, Corrêa et al. (2019) 

found correlations between rainfall and throughfall, stemflow and canopy interception in the 

order of 0.99, 0.83 and 0.53%, respectively. 

In a stand of Eucalyptus grandis, Balieiro et al. (2007) found a correlation of R = 0.99 for 

throughfall and R = 0.93 for stemflow. Supangat et al. (2012) found E. pellita coefficients of 

determination (R²) of 0.99; 0.77 and 0.29 for throughfall, stemflow and canopy interception, 

respectively. Gasparoto et al. (2014) evaluated Eucalyptus cloeziana and found a linear 

adjustment of R = 0.90 in the relationship between rainfall and throughfall. 
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Studying the partition of rainfall in a stand of E. dunni at 6 years of age, Momolli (2019b) 

found adjustments of 0.99; 0.90 and 0.60 for throughfall, stemflow and canopy interception. 

Many factors are involved in the variability of the data, including the spacing of the trees, the 

degree of canopy closure and the spatial distribution of the collectors as possible factors (Xiao 

and McPherson 2011). 

According to Momolli (2019b) the volume of precipitation is an important factor of 

variability. In the precipitation, the variation coefficient was 16% and 5% in the precipitation 

volumes below 20 mm and above 180 mm. For stemflow, the increase in the volume of 

precipitation from 0.5 mm to 1.7 mm resulted in a decrease from 60% to 20% in the variation 

coefficient. The author concludes that the increase in precipitation volumes decreases CV%. 

4. CONCLUSION 

The linear regression of the throughfall and stemflow as a function of the incident 

precipitation, presented adjustments of 97% and 72% without exclusion treatment and 97% and 

55% in exclusion treatment. In addition, the analysis of the graphical distribution of the residues 

showed homogeneous behavior around the mean zero and without bias. 

The regression model of throughfall and stemflow as a function of precipitation presented 

satisfactory adjustments. The higher leaf area index in the treatment excluding partial 

precipitation explains the greater canopy interception. 

The treatment in which there is a 30% reduction in precipitation caused an increase from 

12.3% to 17.2% in the interception of trees. This is attributed to the water-holding capacity of 

the canopy. This information is important because it can be used in projections of hydrological 

models during periods of the La Ninã phenomenon or even due to climate changes. 
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ABSTRACT  
Bioconcentration and bioaccumulation levels of lead, zinc, iron and arsenic in Scirpus 

californicus of the Paca and Tragadero Lagoons, Jauja, Peru, were evaluated. Water, sediment 

and Scirpus californicus samples were collected from each lagoon, which were transported to 

the laboratory for the analytical determination of lead, iron, zinc and arsenic, which was 

performed by atomic absorption spectrophotometry based on the methodology recommended 

by FAO. The results obtained reveal the current status of the quality of the aquatic environment 

of natural wetlands in the central region of Peru in terms of heavy metals and arsenic, which 

provide an important source of water for the populations of large cities in the central region of 

Peru. The presence of heavy metals and arsenic with great impact on the quality of these water 

bodies may be due to the pressure exerted by anthropogenic activities such as mining, 

agriculture, industrial and domestic wastewater. The sediments of Paca and Tragadero Lagoons 

showed high concentrations of Fe, exceeding international standards. Aquatic vegetation 

represented by Scirpus californicus in both lagoons bio accumulated mainly Zn, without 

exceeding international standards. 

Keywords: bioaccumulation factor, bioconcentration factor, heavy metals, lagoons, Scirpus 

californicus. 

Bioconcentração e bioacumulação de metais tóxicos em Scirpus 

californicus de áreas úmidas naturais nos Andes Centrais do Peru 

RESUMO 
Foram avaliados os níveis de bioconcentração e bioacumulação de chumbo, zinco, ferro e 

arsênio em Scirpus californicus das lagoas Paca e Tragadero, Jauja, Peru. Amostras de água, 
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sedimento e Scirpus californicus foram coletadas de cada lagoa, as quais foram transportadas 

ao laboratório para a determinação analítica de chumbo, ferro, zinco e arsênio que foi realizada 

por espectrofotometria de absorção atômica com base na metodologia recomendada pela FAO. 

Os resultados obtidos revelam o estado atual da qualidade do ambiente aquático dos pântanos 

naturais da região central do Peru em termos de metais pesados e arsênio que constituem uma 

importante fonte de água para as populações de grandes cidades da região central do Peru.  A 

presença de metais pesados e arsênio com grande impacto na qualidade desses corpos d'água 

pode ser decorrente da pressão exercida por atividades antrópicas como mineração, agricultura, 

efluentes industriais e domésticos. Os sedimentos das lagoas Paca e Tragadero apresentaram 

altas concentrações de Fe, superando os padrões internacionais. A vegetação aquática 

representada por Scirpus californicus em ambas as lagoas mostra bioacumulação 

principalmente de Zn, sem ultrapassar os padrões internacionais. 

Palavras-chave: fator de bioacumulação, fator de bioconcentração, lagoas, metais pesados, Scirpus 

californicus. 

1. INTRODUCTION 

Lagoons are among the most important ecosystems in the world, but due to significant 

anthropogenic impacts there is a high degree of contamination of the aquatic environment. It is 

therefore necessary to have a permanent monitoring program to prevent further deterioration 

and the risk of people using contaminated water and consuming waters with metals that are 

harmful to health (Odjer-Bio et al., 2015). Contamination of aquatic ecosystems by heavy 

metals and metalloids has been a serious concern worldwide for many decades and has caused 

devastating effects on aquatic organisms. Consequently, frequent monitoring of these metals in 

water and fish is important to ensure the safety of fish consumers in the area (Owolabi and 

Awodele, 2019). 

Heavy metals are the group of pollutants of greatest interest due to their potential toxicity, 

persistence and bioaccumulation (Kara et al., 2017). In aquatic environments, these toxic 

elements can be released from sediment through adsorption and desorption processes, which 

prolongs the residence time of heavy metal contamination, constituting an important source of 

contamination for the water column (Hassan et al., 2015). Degradation of water quality by these 

metals leads to serious risks to human health and ecosystems, loss of biodiversity and 

deterioration of environmental quality (Hou et al., 2019). 

Several studies have been published in developed and undeveloped countries on the 

anomalous distribution of metals in water and sediments, which are very important data for 

understanding the behavior of metals in aquatic environments. It is important to identify the 

concentration of metals in biota and to consider their potential impact on the food chain and the 

risk to human health (Singh et al. 2014). 

The bioconcentration and bioaccumulation of heavy metals and metalloids (e.g., arsenic) 

in tissues is a result of the concentrations in water and sediment (Voigt et al., 2015) and are 

indicators of water and sediment contamination, becoming a useful tool to study the biological 

role of metals present in aquatic organisms that tend to accumulate contaminants in their tissues 

(Shah et al., 2009). Therefore, the determination of heavy metals in water, sediment and 

macroinvertebrate tissues are important points of natural ecological risk assessment in aquatic 

systems and to estimate the load of heavy metal contamination in biota, by means of the 

bioaccumulation factor (Santoro et al., 2009). 

It has been proven that aquatic plants known as Scirpus californicus "cattail", which are 

located in the benthic zones of the lagoons, present specific characteristics for the 

bioaccumulation of heavy metals in their roots and stems. Therefore, it is considered as a plant 

that can be used for the bioremediation of contaminated waters and soils (Rodríguez Ayala et 
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al., 2018). 

Despite the increasing impact of heavy metal pollution due to urban growth and 

agricultural and mining activities, few studies have focused on the behavior and relationships 

of these pollutants on the biotic and abiotic components of aquatic environments (Mendoza-

Carranza et al., 2016). 

In Peru, high Andean wetland water bodies continue to be the least studied and represent 

one of the most threatened ecosystems. The decline in water quality in these ecosystems is 

mainly due to inadequate management, despite the fact that they play a fundamental role in 

human well-being and are important for maintaining ecological balance and biodiversity 

(Urviola, 2009).  

In this context, the objective was to evaluate the bioconcentration and bioaccumulation 

levels of lead, zinc, iron and arsenic in water, sediment and aquatic vegetation of the Paca and 

Tragadero Lagoons in the Central Andes of Peru. 

2. MATERIAL AND METHODS 

2.1. Study area 

The Paca and Tragadero Lagoons are located in the Junín region, in the Central Andes of 

Peru, in the northeastern Mantaro Valley at 11º46'48" S and 75º30'13" N, at an altitude ranging 

from 3725 to 3750 m.a.s.l. The two lagoon systems have an area covered by emergent and 

submerged macrophytes dominated by cattails. The climate of the region is cold, with a mean 

annual temperature of 11.4°C and an annual rainfall of 649 mm, and the summer (January to 

March) is the rainy seasons (Figure 1). 

 
Figure 1. Location of sampling points in Paca and Tragadero 

Lagoons. 

2.2. Collection of water, sediment and Scirpus californicus samples  

The water, sediment and Scirpus californicus samples were collected in six sampling 

stations (with four sampling sites per station and lagoon) during 2018. 

The water samples were collected at each sampling site, making a total of 24 samples for 

each lagoon. The water samples were collected on the shore and in the middle part of each 

lagoon, in the rainy season. At each sampling site, one liter of water was collected in 1.5-liter 

plastic bottles, previously treated with a 10% nitric acid solution for 24 hours and rinsed with 

deionized water and raw water from the sampling site (Custodio et al., 2020). 
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Sediment samples were collected at the same sampling sites, making a total of 24 samples 

for each lagoon, using an Ekman-type dredge. Subsequently, they were placed in plastic buckets 

in order to facilitate the settling of sediment and to eliminate the supernatant and then be placed 

in polypropylene bags. The water and sediment samples were conditioned in a separate cooler 

under refrigerated conditions (4°C) and were sent to the laboratory for analysis. 

Scirpus californicus samples were collected at the same sampling sites, making a total of 

24 samples for each lagoon. The composite samples consisted of three simple samples of 

Scirpus californicus leaves collected on the shore and the existing islands of each lagoon, for 

which suitable gardening tools were used to facilitate collection. Each composite sample was 

labeled and placed on meshes to prevent deterioration. The determination of heavy metals in 

the water, sediment and aquatic vegetation samples was carried out at the Analytical Chemistry 

and Environment Laboratory of the Universidad Nacional del Centro del Perú.  

2.3. Analytical determination  

The water samples were filtered through 0.45 mm membrane filters. The digestion of the 

samples was carried out with 250 ml of water, brought to boiling until 100 mL were obtained. 

Then, 5 mL of nitric acid and 5 mL of concentrated hydrochloric acid were added for the 

destruction of organic matter and again it was brought to boiling (until the water was consumed 

and a residue of pasty consistency was obtained). It was allowed to cool; then 10 mL of distilled 

water were added, and the mixture was filtered and gauged in a fiola of 100 mL, with nitric acid 

to 1% (APHA et al., 2012). 

The sediment was then dewatered and sieved through a 2 mm stainless steel mesh sieve to 

remove stones and plant debris. The sieved sediment was placed in an electric oven at 60°C for 

24 h and the completely dry samples were pulverized in a windmill. Then, 1 g of each sediment 

sample was weighed into a 100 mL beaker and 10 mL of nitric acid was added and allowed to 

act for a few seconds for disintegration of the organic matter. Then 10 mL of hydrochloric acid 

was added and allowed to act for one minute to dissolve the salts. It was then boiled for five 

minutes until the sample achieved a pasty consistency, when it was removed from the stove and 

again 10 mL of hydrochloric acid was added to dissolve the remains adhered to the walls of the 

beaker. Subsequently, the sample was transferred to a 100 mL beaker, for homogenization and 

gauged with distilled water to 100 mL, then it was filtered.  

Scirpus californicus leaves were shade-dried and then pulverized in a grinder and 0.5 g of 

each sample was weighed into a 100 mL beaker. Then, 10 mL of nitric acid was added and 

made to stand for half an hour for disintegration of the organic matter. Then, it was boiled for 

five minutes until it acquired a pasty consistency, when it was gauged with distilled water and 

10 mL of hydrochloric acid was added and left to act for one minute to dissolve the remains 

adhered to the walls of the beaker. Later, it was boiled. Since the mixture included big particles, 

it was homogenized and gauged with distilled water, and it was then filtered.  

The concentration of Cu, Fe, Pb, Zn and As in water (mg L-1), sediment and Scirpus 

californicus (mg kg-1) was determined by flame atomic absorption spectrophotometry using an 

AA-6800 Atomic Absorption Spectrophotometer, Varian AA240.  

2.4. Quality control and assurance 

The quality of the analytical data was assured by the application of quality control methods 

in the laboratory, including the use of standard operating procedures (Table 1). All analyses 

were performed in triplicate and the results were expressed as the mean. Instrument calibration 

standards were prepared by diluting the 1000 ppm standard solution for Pb (1.19776.0500), Zn 

(1.19806.0500), Fe (1.19781.0500) and As (1.19773.0500) supplied by Merck (Germany) at 

the highest purity level (99.98%). All glass materials were treated with 10% nitric acid for 24 

hours, rinsed with deionized water several times and oven-dried before use.   
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Table 1. Analytical conditions for the measurement of heavy metals in a sample solution using AAS. 

Analyte 
Wavelength 

(nm) 

Slit 

(nm) 

Lamp 

current 

(mA) 

Mode 

Calibration 

range 

(mg L-1) 

Limit of 

detection 

(mg L-1) 

Deviation 

(%) 

Recovery 

(%) 

Pb 217.0 1.0 10.0 GF-AAS 0.25-10.0 0.010 4.7 99.80 

Zn 213.9 1.0 5.0 GF-AAS 0.25 – 1.5 0.001 8.2 99.60 

Fe 248.3 0.2 5.0 GF-AAS 1.0-10.0 0.006 5.8 97.70 

As 193.7 0.2 10.0 HG-AAS 0.005 – 0.1 0.001 8.52 109.39 

2.5. Statistical analysis 

The Kruskal-Wallis test was used to compare the median concentrations of heavy metals 

in water, sediment and aquatic vegetation, given the nature of the distribution of environmental 

variables (Kruskal and Wallis, 1952). 

To quantify the absorption capacity of Scirpus californicus quotient of the mean 

concentrations in relation to the sediment, the transfer or bioaccumulation factor was calculated 

as the of elements in the leaf and sediment (Peris et al., 2007) (Equation 1). 

𝐹𝐵𝐴 =
𝐶𝑝𝑙𝑎𝑛𝑡

𝐶𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡
              (1) 

The bioconcentration factor (BCF) was calculated as the ratio between the concentration 

of elements in the plant and the concentration of the element in the water (Fernández et al., 

2018) (Equation 2).  

𝐹𝐵𝐶 =
𝐶𝑝

𝐶𝐴
               (2) 

3. RESULTS AND DISCUSSION 

3.1. Concentration of Pb, Zn, Fe and As in water from Paca and Tragadero Lagoons 

Regarding the concentration of elements in water in Paca and Tragadero (Table 2), the 

results show that Pb concentrations exceeded the standards in Tragadero and were at the limit 

in Paca, according to Canadian water standards (Canadian Council of Ministers of the 

Environment, 2001) and the environmental quality standard for water (EQS) established by 

Peruvian legislation for Pb of 0.01 mg L-1 (MINAM, 2017). In the case of Zn, in both lagoons 

the values are lower than the EQS of 1 mg L-1. For Fe concentrations, the concentrations in 

both lagoons did not exceed the EQS of 0.3 mg L-1; while for As, the values found in Tragadero 

are significantly higher than the EQS of 0.01 mg L-1 and in Paca did not exceed this value. 

The high values of Pb and As, are not typical of natural waters (Altun et al., 2009), whose 

values were high during the sampling period in each lagoon presented high variability, possibly 

due to the presence of different anthropogenic sources, exceeding the EQS for water (MINAM, 

2017), especially in Tragadero. These sources usually have high impact on metal concentrations 

in the lagoons; however, surface runoff from the surrounding soil can result in the transport of 

these contaminants to water bodies (Singh, 2001).  

In the case of As, a high concentration was found, possibly determined by the effect of the 

soil around the lagoon, which retains and distributes these elements and can act as sources after 

rainfall. The mineralogical composition of the soil is a very important factor that determines 

the mobility of As, depending on the environmental conditions (Martínez-López et al., 2020). 

The high values of As entering the lagoons through the watercourses are susceptible to 

mobilization from the soil and sediment due to agricultural practices (Fayiga and Saha, 2016). 

On the other hand, domestic activities such as laundry and industrial activities operating 

in the area may represent a primary source of Zn, widely used in detergents and deodorant soaps 

in the form of zinc oxide, according to US Patent 19 (Lieberman and Ogden, 1998).
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Table 2. Descriptive statistics of heavy metals and arsenic in water from Paca and Tragadero Lagoons in the Central Andes of Peru, expressed in mg L-1.  

Element 
Descriptive 

statistic 

Lagoons WHO USEPA Environmental quality standards Peru 

Paca Tragadero 
Drinking water 

guidelines 

Drinking Water 

Standards 

Drinking 

water 

Water for fish 

culture 

Water for 

irrigation 

Pb 

Rank 0.007-0.016 0.009-0.026      

Mean±SD 0.012±0.002 0.019±0.005 2.00 1.00 2.00 0.2 0.2 

CV 18.94 24.79      

Zn 

Rank 0.074-0.086 0.064-0.092      

Mean±SD 0.008±0.004 0.079±0.008 0.01 0.00 0.01 0.0025 0.05 

CV 5.5 10.48      

Fe 

Rank 0.018-0.024 0.028-0.046      

Mean±SD 0.022±0.002 0.039±0.005 3.00 5.00 3.00 1.00 2.00 

CV 9.58 11.73      

As 

Rank 0.013-0.005 0.037-0.013      

Mean±SD 0.004±0.001 0.022±0.002 0.01 0.00 0.01 0.1 0.1 

CV 22.28 9.77      
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3.2. Concentration of Pb, Zn, Fe and As in sediment from Paca and Tragadero Lagoons 

In relation to the concentration of elements in sediment in Paca and Tragadero (Table 3), 

the results show that Pb concentrations exceeded the standards for both lagoons, according to 

the Canadian standards for freshwater sediment (Canadian Council of Ministers of the 

Environment, 2001) that evaluate their biological impacts with 35 mg kg-1 as the environmental 

quality standard (EQS). According to the sediment quality classification of Illinois in the United 

States (USEPA, 1984), the values found in the lagoons evaluated are high, in relation to the 

standard of 28 mg kg-1, especially for Tragadero, although the values for both lagoons are 

different; while for the Australian and New Zealand, and Environment and Conservation 

Council (ANZECC and ARMCANZ, 2000), the values recorded are at the limit, in relation to 

the standard of 47 mg kg-1. In the case of Zn, the Canadian and Australian standards indicate 

that in both lagoons the values are lower than the EQS of 123 and 200 mg kg-1, respectively. 

While for the US Environmental Protection Agency both lagoons are at the limit with an EQS 

of 80 mg kg-1, although in contrast to what was recorded for Pb, it is Paca that has a higher 

concentration of Zn (USEPA, 1984). 

 Table 3. Descriptive statistics of heavy metals and arsenic in sediment from Paca and Tragadero 

Lagoons in the Central Andes of Peru, expressed in mg kg-1. 

Element Descriptive statistics 
Lagoons ISQG Canadian interim 

sediment quality guideline Paca Tragadero 

 

Pb 

Rank 35.56-53.96 41.52-59.52  

Mean±SD 45.80±4.1 49.71±5.53 18.70 

CV 8.97 11.12  

Zn 

Rank 67.62-105.52 62.62-84.64  

Mean±SD 85.16±11.95 71.59±6.71 30.20 

CV 14.03 9.37  

Fe 

Rank 7784-10875 10659-21649  

Mean±SD 9531±764 17170±4340 124.00 

CV 8.02 25.28  

As 

Rank 10.35-17.53 16.21-28.83  

Mean±SD 13.67±1.98 22.99±3.64 7.24 

CV 14.50 15.83  

With respect to Fe, there are no standards reported for sediment quality. The As values 

found in Paca and Tragadero in comparison with Canadian and U.S. legislation (5.9 and 8 mg 

kg-1, respectively), indicate that the values are higher, with a higher concentration in Tragadero 

(22.99 mg kg-1) than in Paca (13.67 mg kg-1). Sediment concentrations in both lagoons showed 

that As and Pb at most points sampled exceeded Canadian, U.S. and Australian sediment quality 

standards, revealing that the concentrations of metals present in the sediments of these aquatic 

ecosystems are too high to cause adverse effects (Beiras et al., 2003).  

Anthropogenic sources include mainly industrial activities and agricultural practices, such 

as the use of areas for tourist recreation in the Paca Lagoon; while in the Tragadero Lagoon, 

anthropogenic sources include mainly cleaning activities of automotive machinery with 

consequent waste of hydrocarbons, agricultural activity and textile washing. 

3.3. Concentration of Pb, Zn, Fe and As in leaves of Scirpus californicus from Paca and 

Tragadero Lagoons 

The results obtained (Table 4), show a remarkable capacity of Scirpus californicus "totora" 
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to survive in environments with high loads of contaminating elements, especially Pb and As. In 

Tragadero, very high values of Pb and As were recorded in sediment, which, considered as a 

substrate that comes into direct contact with the plant, differs from the quality standards, as well 

as in water, with different contamination origins, mainly anthropogenic.  

Table 4. Descriptive statistics of heavy metals and arsenic in leaves of Scirpus 

californicus from Paca and Tragadero Lagoons in the Central Andes of Peru, 

expressed in mg kg-1. 

Element Descriptive statistics 
Lagoons 

NRC ANZECC 
Paca Tragadero 

Pb 

Rank 0.004-0.020 0.026-0.047   

Mean±SD 0.010±0.005 0.034±0006 0.1 0.01 

CV 50.26 17.32   

Zn 

Rank 0.083-0.177 0.121-0.356   

Mean±SD 0.125±0.032 0.192±0.068 0.5 -.- 

CV 25.85 35.34   

Fe 

Rank 0.010-0.026 0.015-0.049   

Mean±SD 0.016±0.004 0.027±0.011 0.5 -.- 

CV 27.24 392.17   

As 

Rank 0.008-0.018 0.011-0.020   

Mean±SD 0.013±0.003 0.015±0.003 0.03 0.002 

CV 20.86 17.97   

NRC: National Research Council.    

ANZECC: Australian and New Zealand, and Environment and Conservation 

Council. 

The use of cattail leaves in the study areas is linked to livestock production, as animal feed, 

since the villagers cut the leaves and process them to add them to cattle feed. According to the 

National Research Council of the United States (NRC, 2005) animal tolerance to heavy metals 

for animal feed, Pb concentrations in cattail leaves were significantly below the maximum 

permitted limit of 0.1 mg kg-1, while for the Australian and New Zealand, and Environment 

and Conservation Council (ANZECC) the concentration of Pb was within the limit for Paca, 

while Tragadero exceeded the maximum permissible value of 0.01 mg kg-1. In the case of zinc 

concentration, according to the NRC, the maximum tolerable is 0.5 mg kg-1; however, in both 

lagoons the concentration in the cattail leaves does not exceed this value, as well as in the case 

of Fe, whose maximum tolerable is 0.5 mg kg-1. Regarding As concentrations in these leaves, 

it was found that both lagoons do not exceed the maximum permissible levels according to the 

NRC of 0.03 mg kg-1; while for the ANZECC the maximum permissible level is 0.002 mg kg-

1, which is considered a high concentration. Consequently, cattail leaves should not be used in 

animal feed. 

The concentrations of elements in cattail leaves in the lagoons were similar to those 

reported in other Andean environments, especially associated with environments with 

anthropogenic disturbance of mining origin, given the ability of the plant to adapt to 

environments with high loads of toxic element concentrations (Herrera et al., 2012; Juárez et 

al., 2016). In environments highly affected by mining but with plants growing in littoral zones, 

leaf concentrations similar to those recorded in this study were reported in Lake Uru Uru, where 

concentrations of As = 0.01 mg kg-1, Pb = 0.02 mg kg-1, Zn = 0.16 mg kg-1 and Fe = 0. 02 mg 

kg-1 (Blanco, 2019), observing great similarity of concentrations of elements, considering that 

the Tragadero Lagoon has a strong agricultural pressure and polluting activities with 
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hydrocarbons, differing from Paca Lagoon, whose pressure is tourist and from the Uru Uru 

Lake, where the pressure is mining.  

The presence of toxic elements, such as As and Pb in the aquatic ecosystems of the Mantaro 

Valley, has been widely reported (Custodio et al., 2019), which implies that the natural riparian 

flora should have adapted to this circumstance over the years. On the other hand, the location 

of the lagoons increases toxicity, because they are close to urban areas and the activities of the 

populations, which pollute these aquatic ecosystems as a result of wastewater discharge, as well 

as transport vehicles with repercussions of Pb contamination in soils, due to the combustion of 

hydrocarbons (Saeedi et al., 2009; Custodio et al., 2020; Tapia, 2008).   

3.4. Bioaccumulation factor and bioconcentration of Pb, Zn, Fe and As in Paca and 

Tragadero Lagoons 

Table 5 shows the bioaccumulation factor (BAF) values for Pb, Zn, Fe and As, sediment 

and Scirpus californicus. The mean Pb concentration was 0.0002 for Paca and 0.0007 for 

Tragadero. However, in Tragadero the results show a tendency to increase the concentration of 

Pb in sediment, whose values are close to 0.001. In the case of Zn, the BAF for Paca was 0.0015, 

while for Tragadero it was 0.0027, being the sediment concentrations in Paca significantly 

higher than in Tragadero. 

Table 5. Bioaccumulation and bioconcentration factor of Pb, Zn, Fe and As from Paca and Tragadero 

Lagoons. 

Element 
Descriptive 

statistics 

Bioaccumulation Bioconcentration 

Paca Tragadero Paca Tragadero 

Pb 
Rank 0.1 x10‒3-0.5 x10‒3 0.5 x10‒3-1.0 x10‒3 0.26-1.91 1.19-3.62 

Mean±SD 0.2 x10‒3±0.1 x10‒3 0.7 x10‒3±0.1 x10‒3 0.87±0.45 1.93±0.58 

Zn 
Rank 1.0 x10‒3-1.9 x10‒3 1.7 x10‒3-5.0 x10‒3 1.00-2.37 1.35-5.55 

Mean±SD 15 x10‒3±0.2 x10‒3 2.7 x10‒3±0.8 x10‒3 1.58±0.49 2.50±1.10 

Fe 
Rank 0.11 x10‒5-0.31 x10‒5 0.09 x10‒5-0.43 x10‒5 0.45-1.27 0.36-1.42 

Mean±SD 0.18x10‒5±0.05 x10‒5 0.18 x10‒5±0.11 x10‒5 0.77±0.24 0.71±0.28 

As 
Rank 0.6 x10‒3-1.4 x10‒3 0.4 x10‒3-0.9 x10‒3 1.68-7.20 0.47-1.00 

Mean±SD 1.0 x10‒3±0.3 x10‒3 0.7 x10‒3±0.1 x10‒3 3.39±1.25 0.67±0.12 

The BAF of Fe from sediment to leaf were similar in both ponds with values of 0.18 x10-

5. The BAF of As for Paca was 1.0 x10-3, while for Tragadero it was 0.7 x10-3. The 

concentration of heavy metals and As in sediment would not be a determinant for their 

accumulation in Scirpus californicus, since the BAF is low. 

The bioconcentration factor (BCF) measures the capacity of a plant to bioconcentrate an 

element in its tissues, taking into account the concentration of that element in the water. For the 

case of Scirpus californicus, in both ponds it was found that the bioconcentration factors for Fe 

are not high (around 0.7). This result reveals that Scirpus californicus is not a good concentrator 

of Fe in relation to the concentration in water. However, the values of Pb and Zn in water are 

close to those reported in leaves, i.e., their bioconcentration level for these two elements is 

regular. On the other hand, for As, the bioconcentration factor of Scirpus californicus in Paca 

is the highest. It is three times higher than that recorded in water.  
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4. CONCLUSIONS 
The results of this study reveal the current status of the quality of the aquatic environment 

of natural wetlands in the central region of Peru in terms of heavy metals and arsenic.   

The Paca and Tragadero Lagoons provide an important source of water for the populations 

of large cities in the central region of Peru. The presence of heavy metals and arsenic with great 

impact on the quality of these water bodies may be due to the pressure exerted by anthropogenic 

activities such as mining, agriculture, industrial and domestic wastewater.  

The sediments of Paca and Tragadero Lagoons showed high concentrations of Fe, 

exceeding international standards (ISQG). Aquatic vegetation represented by Scirpus 

californicus in both lagoons bio accumulated mainly Zn, without exceeding international 

standards (NRC y ANZECC). Therefore, our findings reveal the need to control the discharge 

of pollutants, improve the treatment of industrial and domestic wastewater, as it is of great 

importance to restore the health of lake ecosystems and reduce the risk of exposure of the 

population to toxic metals. 
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ABSTRACT  
This study analyzed the occurrence of nuclear damage in the red blood cells of Gymnotus 

inaequilabiatus (Valenciennes, 1839), exposed in vivo to the herbicide glyphosate. The fish 

were distributed in four groups, namely: control (without addition of herbicide) and 

contaminated groups with application of 65 µg/L (concentration allowed by CONAMA 

Resolution), 1 mg/L (maximum limit recommended by the World Health Organization - WHO 

and Food and Agriculture Organization - FAO) and 5 mg/L (overdose, five times higher than 

that by WHO and FAO). For the analysis of cell damage, the method of Nuclear Erythrocytic 

Abnormalities (NEA) was used, containing 1000 cells for duplicate elimination. An increase in 

cell damage was observed for 144 hours (6-days) of exposure in all controls. Even under a small 

concentration, there was a clear effect on segmented, renal, lobed formation and mainly on the 

formation of micronuclei. The high damage was caused in the first 48 hours and reduced after 

144 hours, where the fish can have the herbicidal effect blocked. Studies that analyze the 

mechanisms of action of glyphosate-based herbicides are essential to determine the risks caused 

by biota, since there is a great divergence on the maximum tolerable limits in water, which 

affect quality and integrity of these ecosystems. 

Keywords: cell damage, fish, Roundup®. 

Potenciais efeitos mutagênicos do herbicida glifosato em Gymnotus 

inaequilabiatus (Valenciennes, 1839) 

RESUMO 
O objetivo desse estudo foi analisar a ocorrência de danos nucleares nas hemácias de 

Gymnotus inaequilabiatus, expostos in vivo ao herbicida glifosato. Os peixes foram distribuídos 

em quatro grupos, sendo eles: controle (sem a adição do herbicida) e os grupos contaminados 

nas concentrações de 65 µg/L (concentração permitida pela Resolução do CONAMA), 1 mg/L 

(limite máximo recomendado pela Organização Mundial de Saúde – OMS e Food and 

Agriculture Organization – FAO) e de 5 mg/L (superdose, cinco vezes maior que a estabelecida 

pela OMS e FAO). Para análise de danos celulares foi utilizado o método de Anormalidades 

Nucleares Eritrocíticas (ANE) contando 1000 células por lâmina em duplicatas. Foi observado 
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um aumento nos danos celulares durante as 144 horas de exposição (6 dias) em todos os 

tratamentos. Mesmo sob uma pequena concentração, houve um claro efeito sobre a formação 

segmentada, renal, lobada e principalmente na formação de micronúcleos. Os elevados danos 

foram causados nas primeiras 48 horas sendo reduzidos após 144 horas, onde o peixe pode ter 

bloqueado o efeito do herbicida. Estudos que analisam os mecanismos de ação de herbicidas à 

base de glifosato, são fundamentais para a determinação dos riscos causados à biota, já que há 

grande divergência sobre os limites máximos toleráveis na água, podendo causar impactos na 

qualidade e integridade desses ecossistemas. 

Palavras-chave: dano celular, peixe, Roundup®. 

1. INTRODUCTION 

Glyphosate is an organophosphate compound absorbed by the chlorophyll region of plants 

belonging to the group of “glycine”, its molecule is not perceived as a potential aggressor and 

may inhibit the synthesis of essential amino acids present only in plants (Galli and Montezuma, 

2005). For this reason, this compound can be considered as of lower risk for humans and wild 

fauna since it basically acts on physiological reactions existing only in plants (Galli and 

Montezuma, 2005; Mesnage et al., 2015). 

However, its commercial formulation is composed of 41% glyphosate in the form of 

isopropylamine salt (Modesto and Martinez, 2010) and 59% inert ingredients. The inert 

ingredients act as solvents, preservatives or surfactants such as polyoxymethylene (POEA), 

whose function is to increase the contact of the product with the leaf to aid its adhesion (Folmar 

et al., 1979). More than the effect of pure glyphosate, aggregates are reported to be 20 to 70 

times more toxic to fish and aquatic invertebrates (Modesto and Martinez, 2010). 

In the aquatic environment (the main receptor for these substances), the deposition of these 

contaminants can have short (acute), medium (sub chronic) and long-term (chronic) 

consequences, which may compromise behavior, growth, development, tissue structure, 

reproduction or even cause mass lethality in aquatic populations (Rand and Petrocelli, 1985; 

Bogoni et al., 2014; Mesnage et al., 2015). 

In fish, for example, there is an accumulation of high concentrations of this pollutant, 

because they can accumulate higher concentrations of these substances present in the water, 

since these compounds can bind to the organic matter that is ingested by them (Nimmo, 1985). 

Due to their relative sensitivity to changes in the environment, fish are frequently used in 

studies of toxicity of pesticides, and biochemical, physiological and histological changes can 

be observed (Glusczak et al., 2011; Harayashiki et al., 2013, Armiliato et al., 2014; Fiorino et 

al., 2018). In these non-target organisms, the stress caused by the accumulation of these 

contaminants promotes the development of cellular abnormalities or may even cause 

chromosome breakdown in the DNA molecules (Al-Sabti and Metcalfe, 1995), making the 

pollutant a potential genotoxic mechanism (Lushchak et al., 2009). 

Even if glyphosate is reported to have a lifespan of up to 15 days (Galli and Montezuma, 

2005), it is believed that the time of continuous exposure to this substance can increase damage 

to cell nuclei. This study therefore analyzed the nuclear damage in the red blood cells of 

Gymnotus inaequilabiatus (Valenciennes, 1839) exposed to the herbicide glyphosate. To 

conduct this research, we hypothesized that: 1) Fish exposure to the herbicide will cause 

damage to the nuclear cells of the fish, mainly after the first 48 hours; 2) Damage to the blood 

cells will appear even under low concentrations of the herbicide. 
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2. MATERIAL AND METHODS 

2.1. Fish breeding and maintenance 

For the development of this experiment, the species adults G. inaequilabiatus (n = 80; 16.5 

cm to 26.4 cm) was obtained in stores selling fish products. This species was chosen due to its 

frequent use as live bait in the Pantanal and for also being easy to maintain in confined 

environments for in vivo experimentation. 

The individuals were transported to the Ecotoxicology Laboratory, linked to the 

Limnology, Biodiversity and Ethnobiology Research Center of the Pantanal (Celbe) of the 

University of the State of Mato Grosso on the university campus of Cáceres. 

In the laboratory, in order to reduce stress and the proliferation of fungi and bacteria, the 

fish underwent an acclimatization period of four hours contained in four 200-liter polyethylene 

reservoirs. Soon after, the individuals were bathed in a solution of potassium permanganate (1 

gram/20 liters of water). 

The individuals were not fed during the entire experiment so that there was no interference 

with the treatments. It is important to note that there was no significant decrease between the 

average weights (grams) of the individuals between the beginning and the end of the 

experiment. Individuals varied between 16.5 cm to 26.4 cm in length, and their weight varied 

between 17.63 and 52.46 grams. 

The study was approved by the Animal Use Ethics Committee of the State University of 

Mato Grosso - MT, under Opinion Number: 003/2019. 

2.2. Experimental design and data collection 

The fish were distributed in four mesocosms of 200 liters, setting a density of 1 fish for 

every 4 liters of water. Each mesocosm was supplied with dechlorinated water. The parameters 

analyzed in the water were: temperature (oC), dissolved oxygen (mg/L), electrical conductivity 

(μS/cm), and pH. These parameters were monitored daily with the aid of a multiparametric 

probe (Horiba U-55). 

Each mesocosm represented a treatment with different concentrations of the herbicide 

Roundup® (Monsanto do Brazil Ltda). The following concentrations were used: 1) control 

treatment without any concentration of the herbicide; 2) 65 μg/L (maximum concentration 

allowed in freshwater, determined by CONAMA Resolution No. 357/2005); 3) 1 mg/L 

(maximum concentration recommended in waters by the World Health Organization - WHO 

and Food and Agriculture Organization - FAO); and 4) 5 mg/L (overdose, five times greater 

than that recommended by WHO and FAO) (Araujo et al., 2016).  

For fish analysis, 5 specimens and 33.33 liters of water were removed from each aquarium 

(to maintain the same density in the different treatments) in the periods of 48 h, 96 h, 144 h and 

192 h, corresponding to the 8 days on display. 

The fish were anesthetized with benzocaine (100 mg/L) (Albinati et al., 2007), biometric 

measurements (total length and total weight) were measured, and blood samples were collected 

from the gills with heparinized syringes to avoid blood clotting. 

2.3. NEA methodology (nuclear erythrocytic abnormalities) and micronucleus test 

To determine nuclear anomalies, the method of Al-Sabti and Metcalfe (1995) was used by 

means of blood smears, stained with the Rosenfeld solution for 15 minutes, then adding the 

same amount of distilled water for another 10 minutes. 

1000 cells per slide were counted in duplicates, with the aid of an optical microscope, 

analyzing the cells (Figure 1) with normal nuclei and the following anomalies: formation of 

micronuclei, kidney-shaped nuclei, lobed nuclei and segmented nuclei. The frequency of 

damage was considered as the sum of the damages, disregarding the number of normal cells. 
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Figure 1. Erythrocytes analyzed using the NEA method and micronucleus test (px1000). 

Figure A. Normal cells. Figure B. Cell showing lobed nucleus. Figure C. Cells showing 

segmented nuclei. Figure D1. Kidney-shaped cells. Figure D2. Cell containing micronucleus.  
Source: author. 

2.4. Statistical analysis 

The Kruskal-Wallis Test and Dunn's a posteriori method (1964) was used for the analysis 

between treatments according to the time of exposure and nuclear damage in the red blood cells 

(NEA). 

3. RESULTS AND DISCUSSION 

When comparing treatments according to the time of acute exposure with glyphosate 

herbicide (Figure 2), we can see that immediately after the exposure of fish to concentrations 

of 1 mg/L and 5 mg/L with the highest total nuclear damage were found: χ2 (2.3) = 17.58, p = 

0.000536 for 48 hours; χ2 (2.3) = 17.58, p = 0.0005362 for 96 hours and χ2 (2.3) = 14.31, p = 

0.002512 for 144 hours; p < 0.05 for all comparisons. After 192 hours of exposure, only the 

treatment with a concentration of 5 mg/l showed higher total cell damage (χ² (2.3) = 12.26, p = 

0.006538) for 192 hours. 

According to these results, all concentrations tested in this study caused the formation of 

some erythrocytic nuclear anomaly compared to the control, even at the lower concentration, 

which is the one allowed by the Brazilian resolution (CONAMA) and suggested by WHO and 

FAO. The mutagenic effects caused by exposure to the herbicide glyphosate can affect the 

interpretation and transmission of genetic information, which can cause the observed anomalies 

(Srinivas et al., 2019). 
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Figure 2. Boxplot showing the total cell damage within the different treatments (control 

and mesocosms contaminated with the glyphosate herbicide) and the time of exposure. 

Lines within boxes denote median fluxes. Boxes represent the 25th and 75th percentiles. 

Whiskers represent variability outside the upper and lower quartiles. Dots represent 

values outside of the range of the whiskers, but not outliers.   

The oxidative stress caused by glyphosate through the accumulation of acetylcholine in 

the synaptic clefts generates free radicals and changes in the antioxidant system. Among the 

consequences caused by the primary deleterious effects of oxidative stress is the damage to the 

ADN molecules in which these changes occur, the potential genotoxicity mechanism (Wang et 

al., 1998; Watt et al., 2007; Lushchak et al., 2009). 

The occurrence of micronuclei showed that there was no significant difference in damage 

between the periods of exposure (192 hours) (Kruskal-Wallis test; χ2 (2.3) = 1.49, p = 0.68 

(Figure 3)). 

 
Figure 3. Analysis between the different treatments (control and mesocosms contaminated 

with the glyphosate herbicide) and cell damage with micronuclei formation. 
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However, there was a significant increase between contaminated treatments compared to 

the control in the formation of nuclei with lobed damage and kidney shape (χ² (2.3) = 28.07, p 

< 0.001 and χ² (2.3) = 30.10, p < 0.001, respectively) (Figures 4 and 5, respectively); and, in 

the occurrence of segmented nuclear damage (χ² (2.3) = 10.62, p = 0.01) (Figure 6). 

 
Figure 4. Analysis between the different treatments (control and mesocosms contaminated with the 

glyphosate herbicide) and cell damage with lobed nuclei formation. 

 
Figure 5. Analysis between the different treatments (control and mesocosms contaminated with the 

glyphosate herbicide) and cell damage with kidney-shaped nuclei formation. 
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Figure 6. Analysis between the different treatments (control and mesocosms contaminated with the 

glyphosate herbicide) and cell damage with segmented nuclei formation. 

The formation of micronuclei is the result of chromosome fragmentation, which during the 

cell division process (anaphase), does not migrate to the cell poles, and can also be formed by 

apoptosis or inactivation of the spindle formation due to chemical or physical agents (Al-Sabti 

and Metcalfe, 1995). 

The ability of several glyphosate-based products to induce increased micronucleus 

formation has been found in other studies (Bolognesi et al., 1997; Clements et al., 1997; 

Williams et al., 2000; Cavas, 2011; Cavalcante et al., 2008; Mañas et al., 2009; Poletta et al., 

2011). In the present study, there was no significant increase in micronucleus formation in the 

observed treatments. According to Bonifacio and Hued (2019), the non-significant increase in 

micronuclei can be explained by the fact that concentrations and exposure periods differ. 

Formations of cells with lobed nuclei (Figure 4), on the other hand, may be associated with 

an attempt to increase the oxygen transport capacity in waters contaminated with chemical 

substances, when a direct cell division called “amitosis” occurs, also generating bilobed or even 

anucleate nuclei (Barni et al., 1995). In our study, for all the treatments including the control, 

after 48 and 96 hours there was an increase in lobed cells. After 144 hours the damages 

increased only for the 65 µg/L and 1 mg/L, but not in the 5 mg/L. A similar pattern was observed 

for the kidney-shaped nuclei formation (Figure 5). 

The morphological changes of the nuclei can be induced through the influence of cytotoxic 

compounds on the integrity of the nuclear lamina responsible for the stability and the regular 

oval shape of the nucleus (Alberts et al., 2002). However, another possible explanation would 

be the possibility due to the body's attempt to eliminate genetic damage in situations of stress 

or exposure to chemical contaminants, in which when detecting the genetic damage, the process 

of recovery or elimination of excess chromatin begins to be moved to outside the nucleus and 

eliminated by exocytosis presenting imperfections before being completed (Carrasco et al., 

1990; Fenech et al., 2011). 

This process of eliminating damage by exocytosis may be a possible explanation for the 

reduction of damage formation between the exposure periods of 144 and 192 hours only for the 

concentration of overdose, with a temporary blockage by the organism to the poisoning. 
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We also accept that in the control treatments there were similar patterns of damages, where 

the total damages showed a linear increase, for instance (Figure 2). However, the contaminated 

treatments presented 768,11% times more damage than the control.  

Greater survival of specimens at higher doses was observed, corroborating other research 

with pesticides (Storrs and Kiesecker, 2004; McMahon et al., 2013). The occurrence of these 

results in a non-linear way between concentrations and mortality can be related to chemicals 

with endocrine-disrupting action. Even if these animals survive in high concentrations of 

contaminants, this period of exposure can cause other negative consequences, some irreversible 

(Relyea, 2005; Beausoleil et al., 2013; Lagarde et al., 2015). 

According to Turek et al. (2018) more and more studies show that concentrations even 

below the limits allowed by legislation are harmful to organisms as prolonged exposure, and in 

this context studies like the present reinforce the need to analyze non-lethal concentrations of 

pesticides, whose silent effects can affect organisms on several levels. 

However, the values determined as maximum limits allowed in freshwater established by 

Brazilian Government Resolution (CONAMA resolution n.357/2005) were defined for the 

active principle, disregarding the complex formulation sold commercially with surfactants, 

solvents and preservatives which, when associated with glyphosate, makes it more toxic (Kier 

and Kirkland, 2013; De Castilhos Ghisi et al., 2016). 

In fact, scientific studies demonstrate that glyphosate acts causing hepatic, renal and 

reproductive toxicity, neurotoxicity, teratogenicity, tumorigenicity, carcinogenicity and 

endocrine disruption (Antoniou et al., 2012; Cattani et al., 2014; Greim et al., 2015); Mesnage 

et al., 2015; Kegley et al., 2016; Mesnage et al., 2017), which caused the World Health 

Organization’s in 2017 to alert the world about its use and effect (Cook, 2019). 

4. CONCLUSION 

It has been observed that the formation of cell damage increases with the period of 

exposure to glyphosate. We have hereby shown that the initial exposure of glyphosate increased 

blood-cell damage in 768, or 11%, of the exposed fish. This once more shows the effects of this 

herbicide used worldwide. This accretion of blood cells damage is seen for 144 hours (6-days), 

during which the organisms may have adapted to (blocked) the contaminant. Considering the 

Brazilian Government Resolution and the world organizations, we argue that even the lower 

concentration of the herbicide in the water causes an effect on the blood cells of fish and must 

be recognized as a toxic substance for the water. 

Studies recognizing the mechanism of action of the herbicide, mainly for the 

characterization of its acute, sub chronic and chronic effects, are essential for the risk 

assessment of the use of these contaminants. There is a considerable divergence regarding the 

consensus for the maximum acceptable limits of glyphosate in the water, but even the lower 

concentration changes the quality and integrity of ecosystems at risk. 
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ABSTRACT  
This study investigated the adsorption capacity of the elements Chromium (Cr), 

Manganese (Mn) and Zinc (Zn) to marine algae Lithothamnium calcareum by means of 

adsorption kinetics and batch adsorption tests, with a view to the development of a simple 

technique for the treatment of effluents that have a high concentration of metal ions. The algae 

was sieved, washed and subjected to treatment. In the adsorption kinetics, 0.2 g of algae was 

weighed, an amount transferred to 125 mL Erlenmeyer flasks, to which was added 15 mL of 

solution with a concentration of 5 mg L-1 of the metal ion. The flasks were stirred at 60 rpm for 

240 minutes. In batch adsorption, 0.2 g of algae was weighed, amount transferred to 125 mL 

Erlenmeyer flasks, to which was added 15 mL of solution with concentrations of 5, 10, 20, 50, 

100, 250 e 500 mg L-1 of the metal ion. The flasks were stirred at 60 rpm for 24 hours. In the 

two tests, the supernatant solutions collected were centrifuged at 2000 rpm for 5 minutes and 

the equilibrium concentrations of metal ions were determined by atomic absorption 

spectrometry. It was found that, in 240 minutes of contact, the Lithothamnium calcareum 

removed 15.5% of Cr, 33.0% of Mn and 8.0% of Zn in solution; and that in 24 hours of contact, 

at a concentration of 5 mg L-1, it removed 0.4% of Cr, 52.5% of Mn and 92.6% of Zn; and, at a 

concentration of 500 mg L-1, it removed 20.0% of Cr, 22.6% of Mn and 40.8% of Zn.  The 

results showed that the Lithothamnium calcareum submitted to thermochemical treatment 

presented potential for use in the adsorption of Cr, Mn and Zn. 

Keywords: biosorbent, isotherm, kinetics, trace elements. 

Adsorção de íons metálicos em alga marinha vermelha Lithothamnium 

calcareum no tratamento de efluentes industriais 

RESUMO 
Objetivou-se investigar a capacidade adsortiva dos elementos Cromo (Cr), Manganês (Mn) 

e Zinco (Zn) à alga marinha Lithothamnium calcareum por meio de ensaios de cinética de 
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adsorção e adsorção em batelada, tendo em vista o desenvolvimento de uma técnica simples 

para o tratamento de efluentes que apresentam elevada concentração de íons metálicos. A alga 

foi peneirada, lavada e submetida a tratamento. Na cinética de adsorção, pesou-se 0,2 g de alga, 

quantidade transferida para frascos Erlenmeyer de 125 mL, aos quais adicionou-se 15 mL de 

solução em concentração de 5 mg L-1 do íon metálico. Os frascos foram agitados a 60 rpm, por 

240 minutos. Na adsorção em batelada, pesou-se 0,2 g de alga, quantidade transferida para 

frascos Erlenmeyer de 125 mL, aos quais adicionou-se 15 mL de solução em concentrações de 

5, 10, 20, 50, 100, 250 e 500 mg L-1 do íon metálico. Os frascos foram agitados a 60 rpm, por 

24 horas. Nos dois ensaios, as soluções sobrenadantes coletadas foram centrifugadas a 2000 

rpm, por 5 minutos, e as concentrações de equilíbrio dos íons metálicos foram determinadas 

por espectrometria de absorção atômica. Verificou-se que, em 240 minutos de contato, a 

Lithothamnium calcareum removeu 15,5% do Cr, 33,0% do Mn e 8,0% do Zn em solução, e 

que, em 24 horas de contato, em concentração de 5 mg L-1, removeu 0,4% de Cr, 52,5% de Mn 

e 92,6% de Zn, e, em concentração de 500 mg L-1, removeu 20,0% de Cr, 22,6% de Mn e 40,8% 

de Zn.  Os resultados mostraram que a Lithothamnium calcareum submetida ao tratamento 

termoquímico apresentou potencial de uso na adsorção de Cr, Mn e Zn. 

Palavras-chave: biossorvente, cinética, elementos traço, isoterma. 

1. INTRODUCTION 

Increasing technological and industrial expansion has intensified the contamination of 

water bodies with metal ions (Kobielska et al., 2018; Calderón et al., 2020). Various production 

processes generate effluents with a high concentration of trace elements such as Cadmium (Cd), 

Lead (Pb), Copper (Cu), Chromium (Cr), Nickel (Ni) and Zinc (Zn) (Akpomie et al., 2018; 

Cheng et al., 2019). These elements are toxic and present risks to the environment and human 

health (Lin et al., 2016; Novaes et al., 2018). 

Metal ions are hardly removed by conventional methods of effluent treatment, they usually 

show resistance to biological degradation methods and are usually not removed effectively by 

physicochemical treatment methods such as chemical precipitation, coagulation, among others 

(Chigare et al., 2019; Salama et al., 2019). There is a clear need for the development of new 

treatment technologies for the removal of these elements present in effluents from industrial 

activities.  

The adsorption process, the focus of this study, consists of the interaction between the 

adsorbent, a material capable of retaining ions or molecules of contaminants on its surface 

(Lakherwal, 2014; Chen et al., 2016), and adsorbate, a substance present in the effluent, as trace 

elements, and which is retained on the surface of the adsorbent material (Qian, 2019).  

The study of adsorption kinetics makes it possible to predict the speed with which the 

adsorbate will be removed from the solution and the time for the balance between the amount 

of solute in solution and adsorbed on the surface of the adsorbent (Petter et al., 2016), which 

enables the proper projection of the effluent treatment plant (Wei et al., 2017).  

Another way to analyze the adsorption process is through the use of adsorption isotherms, 

which represent the distribution, in equilibrium, of the adsorbate molecules between the solid 

phase and the liquid phase, which allows us to identify how and how much of the contaminants 

the adsorbent will effectively adsorb (Nayak et al., 2017). 

The process of biosorption is similar to that of adsorption, differing only by the fact that 

the removal of compounds occurs using as adsorbent a biomaterial, such as algae biomass (He 

and Chen, 2014; Anastopoulos and Kyzas, 2015). Biosorption offers flexibility of operation, 

being recognized as an effective method for the treatment of effluents containing elements 

harmful to the environment (Beni and Esmaeili, 2020; Bulgariu and Bulgariu, 2020). 
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The red marine algae (Lithothamnium calcareum), whose main feature includes the 

presence of calcium carbonate in its cell walls, has a high adsorptive potential for metal ions 

(Veneu et al., 2016; 2018). In addition to having a porous structure, which gives it a high 

specific surface and suggests its application in the adsorption of metal ions of industrial 

effluents, advantages such as wide availability, low cost and the possibility of reuse of biomass 

have been attributed to Lithothamnium calcareum (Bilal et al., 2018; Cheng et al., 2019).  

Veneu et al. (2016) applied Lithothamnium calcareum in the treatment of aqueous 

solutions containing Cr and obtained 99.9% removal of the element. Ibrahim et al. (2016) 

evaluated the adsorption of Cd, Cr and Cu to marine algae Ulva lactuta and confirmed the 

potential use of the algae in the removal of trace elements from aqueous solutions. Mahmood 

et al. (2017) employed algae Sargassum sp. in Cd and Zn removal of synthetic wastewater and 

managed to get 95.3% and 90.1% removal. 

Using marine algae Jania rubens, Sinous Colpomenia and Ulva lactuca as adsorbents, 

Ibrahim et al. (2018) achieved, respectively, 91.0%, 89.0% and 85.0% removal of metal ions 

from synthetic wastewater. The work attested to the use of algae Jania Rubens as an economical 

and efficient alternative technology for the removal of metal ions from wastewater. 

Studies in order to know the adsorptive potential of marine algae are important, since they 

make it possible to predict the removal of a certain contaminant as a function of time, enabling 

the optimization of the process so that the desired concentration at the end of the treatment is 

obtained effectively (Zeraatkar et al., 2016; Mazur et al., 2018; Rangabhashiyam and 

Balasubramanian, 2019; Ameri et al., 2020). 

Given the above, this study investigated the adsorption capacity of the elements Chromium 

(Cr), Manganese (Mn) and Zinc (Zn) to Lithothamnium calcareum by means of adsorption 

kinetics and batch adsorption tests, with a view to the development of a simple technique for 

the treatment of effluents that have a high concentration of metal ions. 

2. MATERIAL AND METHODS 

The marine algae used in the present study (Figure 1) was provided by a company for the 

extraction and processing of products derived from the Lithothamnium calcareum, comprising 

the residue of these activities. 

 
Figure 1. Marine algae used in the study. 

The ability of Lithothamnium calcareum in adsorbing the elements Cr, Mn and Zn was 

evaluated by assays of adsorption kinetics and batch adsorption, according to the adaptation of 

the procedure performed by Oliveira et al. (2014). 

The tests were carried out in the Water Quality Laboratory of the Environmental and 
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Sanitary Engineering Nucleus, belonging to the Departmet of Environmental Engineering 

(DAM) of the Federal University of Lavras (UFLA) and in the Biomaterials Laboratory, 

belonging to the Engineering Department (DEG) of UFLA. 

2.1. Treatment of marine algae Lithothamnium calcareum 

Initially, the marine algae was sieved in a 0.5 mm sieve and the material retained in the 

sieve was washed with distilled water until the observation of the stabilization of the electrical 

conductivity of the washing water. After this step, the algae was subjected to heat treatment. 

The thermochemical treatment of the algae consisted of weighing, in a Petri dish, 50 g of 

the previously sieved and washed algae placed in a stove at a temperature of 100ºC for a period 

of 24 hours. After this step, the algae was cooled to room temperature and subjected to agitation 

in a solution of 1 L of citric acid 0.001 Molar, with the aid of a magnetic stirrer for the period 

of 1 hour, as performed by Almeida (2018). 

This treatment aimed to remove the outer layer of the algae by citric acid, leaving its 

cavities exposed, as verified by Almeida (2018) in scanning electron microscopy. In addition, 

the author found, by infrared spectroscopy with Fourier transform, that the treatment, although 

mild, was sufficient to promote the opening of new pores and increase the surface area for 

adsorption, since he observed an increase of 3.0478 mg2 g-1 on its specific surface. 

The apparent specific mass (1.20 g cm-3) and the specific mass of particles (2.15 g cm-3) 

of the algae were obtained by the tube and pycnometer methods, respectively, according to 

Teixeira et al. (2017) and, in possession of these values, its total porosity was determined 

(0.4419 cm3 cm-3).    

2.2. Adsorption kinetics 

In the adsorption kinetics assay, 0.2 g of treated marine algae were weighed on an 

analytical balance, an amount that was transferred to 125 mL Erlenmeyer flasks, to which 15 

mL of solution was added at a concentration corresponding to 5 mg L-1 of the metal ion under 

study. For this purpose, these salts were used: Potassium Chromate (K2CrO4), Manganese 

Chloride (MnCl2) and Zinc Chloride (ZnCl2). The concentration applied in the study was based 

on Resolution No. 430 of the National Environment Council (Conama, 2011), which establishes 

maximum levels of contaminants for the disposal of industrial effluents. 

The solutions were individually subjected to contact with marine algae. During the test, 

the temperature and pH of the solutions were measured using, respectively, an infrared 

thermometer and a bench pH meter. The tests were conducted at mean temperature of 25.0ºC ± 

1.0ºC and mean pH of 7.5 ± 1.0. 

The Erlenmeyer flasks containing the solutions and marine algae were stirred at 60 rpm on 

a stirring table for 2, 5, 10, 20, 60, 120, 180 and 240 minutes, in triplicate for each stirring time. 

The collected supernatant solutions were centrifuged at 2000 rpm for 5 minutes and the 

supernatants were packaged in glass vials.  

The equilibrium concentrations of the elements were determined by atomic absorption 

spectrometry, by direct acetylene air flame method, in the Laboratory of Foliar Analysis of the 

Department of Chemistry (DQI) of UFLA, according to APHA et al. (2012). The current of the 

hollow cathode lamps, the height of the burner and the wavelength used in the determination 

were: 6 mA, 9 cm and 357.9 nm for the Cr, 5 mA, 7 cm and 279.5 nm for the Mn and 5 mA, 7 

cm and 213.9 nm for the Zn.  

The adsorbed quantities were calculated using Equation 1. The removal percentages were 

obtained by applying Equation 2. 

𝑆 = (𝐶𝑖 − 𝐶𝑓)
𝑉𝑜𝑙

𝑚
                                                                                                                       (1) 
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𝑅𝑒𝑚𝑜çã𝑜 =
(𝐶𝑖−𝐶𝑓)

𝐶𝑖
× 100                                                                                                        (2) 

Where: S = concentration of the adsorbed element by adsorbent mass (mg g-1); Ci e Cf = 

initial and final concentration of the element in solution (mg L-1); m = mass of algae (g); Vol = 

volume of solution (L). 

The results of the adsorption kinetics assay were adjusted by the models of Pseudo-first 

order (Equation 3), Pseudo-second order (Equation 4) and Elovich (Equation 5). To estimate 

the parameters, the method of minimizing the sum of the squares of the deviations was used, 

using the Solver® package of Microsoft Excel. 

𝑄𝑡 = 𝑄𝑒(1 − 𝑒−𝐾1𝑡)                                                                                                                 (3) 

𝑄𝑡 =
𝑄𝑒

2𝐾2𝑡

1+𝑄𝑒𝐾2𝑡
                                                                                                                             (4) 

𝑄𝑡 =
1

𝛽
𝑙𝑛 𝑙𝑛 (1 + 𝛼𝛽𝑡)                                                                                                                    (5) 

Where: Qt = concentration of the adsorbed element by adsorbent mass in time (mg g-1);                 

Qe = amount adsorbed on balance (mg g-1); t = equilibrium time (minutes); K1 (min-1) and K2 

(mg g-1 min-1) = constants of the models of Pseudo-first order and Pseudo-second order, 

respectively; α = initial adsorption rate (mg g-1 min-1); β = desorption constant (mg g-1). 

2.3. Batch adsorption 

In the adsorption kinetics assay, 0.2 g of treated marine algae was weighed on an analytical 

balance, an amount that was transferred to 125 mL Erlenmeyer flasks, to which 15 mL of 

solution was added at concentrations corresponding to 5, 10, 20, 50, 100, 250 and 500 mg L-1 

of the metal ion under study. For this purpose, these salts were used: Potassium Chromate 

(K2CrO4), Manganese Chloride (MnCl2) and Zinc Chloride (ZnCl2). 

The solutions were individually subjected to contact with marine algae. During the test, 

the temperature and pH of the solutions were measured using, respectively, an infrared 

thermometer and a bench pH meter. The tests were conducted at mean temperature of 25.0ºC ± 

1.0ºC and mean pH of 7.5 ± 1.0. 

The Erlenmeyer flasks containing the solutions and the marine algae were stirred at 60 rpm 

in a bench incubator with orbital stirring for 24 hours, in triplicate for each concentration. The 

collected supernatant solutions were centrifuged at 2000 rpm for 5 minutes and the supernatants 

were packaged in glass vials.  

The equilibrium concentrations of the elements were determined by atomic absorption 

spectrometry, by direct acetylene air flame method, in the Laboratory of Foliar Analysis of the 

Department of Chemistry (DQI) of UFLA, according to APHA et al. (2012). The current of the 

hollow cathode lamps, the height of the burner and the wavelength used in the determination 

were: 6 mA, 9 cm and 357.9 nm for the Cr, 5 mA, 7 cm and 279.5 nm for the Mn and 5 mA, 7 

cm and 213.9 nm for the Zn. The adsorbed quantities were calculated using Equation 1. 

The batch adsorption assay results were adjusted by the models of linear Freundlich 

(Equation 6), potential Freundlich (Equation 7), Langmuir (Equation 8) and Sips (Equation 9). 

To estimate the parameters, the method of minimizing the sum of the squares of the deviations 

was used, using the Solver® package of Microsoft Excel. 

 

𝑄𝑒 = 𝐾𝑑𝐶𝑒                                                                                                                                (6) 
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𝑄𝑒 = 𝐾𝑓𝐶𝑒

1

𝑛                                                                                                                                (7) 

𝑄𝑒 =
𝐾𝐿𝐶𝑒𝑄𝑚

1+𝐾𝐿𝐶𝑒
                                                                                                                             (8) 

𝑄𝑒 =
𝑄𝑚(𝐾𝑠𝐶𝑒)

1
𝑛𝑠

1+(𝐾𝑠𝐶𝑒)
1

𝑛𝑠

                                                                                                                        (9) 

Where: Qe = amount of adsorbed solute (mg g-1); Ce = equilibrium concentration in the 

supernatant (mg L-1); Kd = Freundlich partition coefficient (L g-1); Kf = Freundlich model 

constant potential (mg1-1 / n kg-1 L1 / n); KL = Langmuir model constant (L mg-1); Qm = maximum 

adsorption (mg g-1); Ks = sips model constant (L mg-1)1 / n; n and ns = empirical coefficients of 

the models of potential Freundlich and Sips, respectively. 

Based on the Freundlich partition coefficient (Kd), the determination of the retardation factors 

of the metal ion under study was carried out, applying Equation 10. 

𝑅 = 1 +
𝐷𝑠

𝑃
𝐾𝑑                                                                                                                         (10) 

Where: Kd = Freundlich partition coefficient (L g-1); P = total porosity (0.4419 cm3 cm-3); 

Ds = apparent specific mass (1.20 g cm-3). 

3. RESULTS AND DISCUSSION 

By analyzing the results of the adsorption kinetics test, an increase in the percentage of 

removal was found of Cr, Mn and Zn elements by marine algae Lithothamnium calcareum 

subjected to thermochemical treatment as a function of contact time (Figure 2). 

 
Figure 2. Removal of Cr, Mn 

and Zn as a function of contact 

time with marine algae 

Lithothamnium calcareum. 
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In the first 2 minutes of contact, a high adsorption rate was observed of Mn to 

Lithothamnium calcareum, a situation represented by the high slope of the curve at the 

beginning of the process. Due to the high availability of active sites at the beginning of the 

adsorption process, the Mn ions in solution were able to interact with the marine algae, resulting 

in removal of 13.0% of the Mn ions in solution. After 5 minutes of contact, there was a reduction 

in the adsorption rate of Mn to the marine algae. 

For the Cr and Zn elements, a high adsorption rate was observed in the first 10 minutes of 

contact to Lithothamnium calcareum, a situation represented by the high slope of the curve at 

the beginning of the process. Due to the high availability of active sites at the beginning of the 

adsorption process, the Cr and Zn ions in solution were able to interact with the marine algae, 

resulting in removal of 6.4% of the Cr ions and 2.0% of the Zn ions in solution. After 10 minutes 

of contact, the adsorption rate of Cr and Zn to marine algae was reduced. 

As the contact time progressed, the active sites present on the surface of the Lithothamnium 

calcareum were being occupied until its saturation, which resulted in a reduction in the 

adsorption rate of the ions Cr, Mn and Zn to marine algae.  

According to Lin et al. (2020), in just 20 min of contact the algae can adsorb more than 

90% of the metal ions in solution. The high adsorption rate in the initial minutes of contact can 

be attributed to the greater number of active sites available on the surface of the algae. Over 

time, due to the saturation of active sites, the adsorption rate decreases (Ibrahim et al., 2016). 

When the solution is put in contact with the algae, metal ions tend to flow from the aqueous 

medium to the surface of the algae until the solute concentration in the liquid phase remains 

constant. At this time, the adsorption rate reaches equilibrium (Ferreira et al., 2017). The 

equilibrium time corresponds to a certain moment after which significant additional amounts 

of adsorbate will no longer be adsorbed. 

Usually the adsorption rate reaches equilibrium after 3 hours of contact (Sari and Tuzen, 

2009; Jacinto et al., 2009). In general, it was observed that the adsorption of the elements Cr, 

Mn and Zn to Lithothamnium calcareum did not reach equilibrium, because, as seen in Figure 

2, it was found that the percentages of removal of the elements continued increasing.  

The models of Pseudo-first order, Pseudo-second order and Elovich were adjusted to the 

results obtained in the adsorption kinetics assays of Cr, Mn and Zn elements to marine algae 

Lithothamnium calcareum subjected to thermochemical treatment (Figure 3). 

 
Figure 3. Adsorption kinetics 

of Cr, Mn and Zn elements to 

Lithothamnium calcareum. 
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Table 1 presents the adjustment parameters of the adsorption kinetics models for the 

elements under study. 

Table 1. Setting parameters of adsorption kinetics models. 

Element 
Model 

Pseudo-first order Pseudo-second order Elovich 

Chrome 

Qe 0.0376 Qe 0.0455 β 3.8632 

K1 0.0622 K2 1.0541 α 0.0003 

R2 0.7547 R2 0.8401 R2 0.8811 

Manganese 

Qe 0.1051 Qe 0.1120 β 3.8790 

K1 0.2019 K2 2.6231 α 0.0009 

R2 0.6418 R2 0.7870 R2 0.8870 

Zinc 

Qe 0.0146 Qe 0.0225 β 3.8627 

K1 0.0717 K2 0.8220 α 0.0001 

R2 0.8143 R2 0.9326 R2 0.8980 

The Pseudo-second order model, which is based on the assumption that the adsorption 

capacity corresponds to the number of active sites available on the surface of the adsorbent 

(Vijayaraghavan et al., 2017; Wang et al., 2018), presented better adjustment for the Zn, with 

coefficient of determination equal to 0.9326. 

The results obtained in the present study corroborate the results obtained in similar studies, 

in which the authors also observed that the Pseudo-second order model presented a better fit 

for the Zn (Table 2).  

Table 2. Kinetic modeling of Zn adsorption in marine algae. 

Seaweed 
Contact 

time (min) 

Qe  

(mg g-1) 

K2  

(g mg-1 min-1) 
R2 Reference 

Eucheuma denticulatum 120 1.22 0.0867 0.9999 
Rahman and 

Sathasivam (2016)   

Chara aculeolata  
360 

4.60 0.1080 1.0000 Sooksawat et al. 

(2016)  Nitella opaque  2.98 6.7930 1.0000 

Ulva sp. 120 7.55 0.0917 0.9998 
Bădescu et al. 

(2017)  

 Chaetomorpha sp., Polysiphonia 

sp., Ulva sp., Cystoseira sp. 
120 127.12 0.0006 0.9978 

Deniz and Karabulut 

(2017)  

Note: The differences between the adsorbed quantities in equilibrium are related to the different 

experimental conditions, such as the initial concentration of the studied element, the contact time, the 

stirring speed, the structure and the surface area of the adsorbent material, among others. 

As the kinetic modeling showed that the experimental results were better described by the 

Pseudo-second order model, it is inferred that the adsorption of Zn to Lithothamnium calcareum 

involved, predominantly, mechanisms of chemical interactions between metal ions present in 

the solution and functional groups present on the surface of the seaweed. 

Thus, it was found that the adsorption of Zn to Lithothamnium calcareum occurred mainly 

by ion exchange. Similar behavior was reported by Ji et al. (2012) and Pozdniakova et al. (2016) 

in Zn adsorption studies in different marine algae.  
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Elovich's model, which assumes that in an adsorption process, without taking into account 

the desorption, the adsorption rate decreases exponentially with the reduction of available active 

sites (Qiu et al., 2011), presented better adjustment for Cr and Mn, with determination 

coefficients equal to 0.8811 and 0.8870, respectively. This indicates that over time, due to the 

increased coverage of the surface of the Lithothamnium calcareum, there was a decrease in the 

adsorption of Cr and Mn. 

Many studies seeking to develop a theoretical basis for Elovich's model assume that 

adsorption occurs on the surface of highly heterogeneous adsorbents (Piasecki and Rudziński, 

2007), this being one of the most used models to describe chemical adsorption (Lim and Lee, 

2015; Largitte and Pasquier, 2016). 

The Freundlich linear, Freundlich potential, Langmuir and sips models were adjusted to 

the results obtained in batch adsorption tests of Cr, Mn and Zn elements to marine algae 

Lithothamnium calcareum subjected to thermochemical treatment (Figure 4). 

 
Figure 4. Adsorption isotherms of the elements Cr, Mn and 

Zn to Lithothamnium calcareum. 

The initial concentration of the compound plays an important role in the adsorption 

process, since at high concentrations large amounts of metal ions are available to compete for 

binding sites (Al-Homaidan et al., 2014). 

By increasing the initial concentration of the metal ions under study, the adsorption rate 

per marine algae mass increased. This was because the increase in the initial concentration of 

the metal ions increased the mass transfer force, thereby increasing the rate at which the metal 
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ions were adsorbed (Rangabhashiyam et al., 2016; Bădescu et al., 2017).  

However, although the adsorption rate increases with the increase in the concentration of 

metal ions, due to the saturation of the Lithothamnium calcareum, the adsorption showed 

greater efficiency in lower concentrations of metal ions Mn and Zn, corroborating with the 

result obtained by Tangjuank et al. (2009). 

In a similar study, Ghasemi et al. (2016) found that the increase in the initial concentration 

of the compound resulted in a reduction in the efficiency of Mn removal by the marine algae 

used, Sargassum hystrixalgae. The author concluded that, due to the probable saturation of the 

active sites present on the surface of the alga, the percentage of Mn removal was reduced. 

Table 3 presents the adjustment parameters of the adsorption isotherm models for the 

elements under study. 

Table 3. Setting parameters of adsorption kinetics models. 

Element 
Model 

Freundlich Freundlich potential Langmuir Sips 

Chrome 

Kd 0.0100 
Kf 0.4500 Qm 30.0000 Qm 5.0000 

n 0.7500 KL 0.0005 Ks 0.0100 

R2 0.9415 R2 0.9905 R2 0.9176 
ns 1.0000 

R2 0.6557 

Manganese 

Kd 0.0129 
Kf 0.4104 Qm 8.3007 Qm 8.0000 

n 2.2378 KL 0.0085 Ks 0.0200 

R2 0.6832 R2 0.8574 R2 0.9292 
ns 1.5000 

R2 0.8639 

Zinc 

Kd 0.0588 
Kf 1.0000 Qm 19.1232 Qm 24.5867 

n 1.0000 KL 0.0130 Ks 0.0066 

R2 0.8811 R2 1.0000 R2 0.9966 
ns 1.2973 

R2 0.9979 

The potential Freundlich model, which assumes the heterogeneity of the surface of the 

adsorbent and provides for an exponential distribution of several adsorption sites with different 

energies (Barquilla et al., 2017), presented better adjustment for Cr and Zn, with determination 

coefficients equal to 0.9905 and 1.0000, respectively. This indicates that the adsorption of Cr 

and Zn to Lithothamnium calcareum occurred with the formation of multilayers on a 

heterogeneous surface, corroborating with the results obtained by Akpomie et al. (2018). 

The results obtained in the present study corroborate the results obtained in similar works, 

in which the authors also observed that the model of Freundlich potential presented better fit 

for Cr (Rangabhashiyam et al., 2016) and to the Zn (Rahman and Sathasivam, 2016). 

The Langmuir model, which considers that adsorption sites on the surface of the adsorbent 

is finite, presented a better fit for the Mn, with coefficient of determination equal to 0.9292. 

This indicates that the Mn ions in solution did not undergo mutual interaction and did not 

change from one active site to another, and that the adsorption of the Mn to Lithothamnium 

calcareum ceased when all active sites were occupied by Mn ions, promoting the formation of 

a monolayer on the surface of the algae, corroborating the result obtained by Ghasemi et al. 

(2016). 

The determination of the retardation factors (R) allowed us to infer on the adsorption of 

the metal ions evaluated by the values obtained: Cr 1.0272, Mn 1.0350 and Zn 1.1597. A 

predominance of adsorption of the bivalent elements was verified and an order of preference in 
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the adsorption of the elements: Zn > Mn > Cr. was observed. The Freundlich partition 

coefficient (Kd) (Table 3), which expressed the binding energy between the metal ions studied 

and the active sites present on the surface of the Lithothamnium calcareum (Nascimento et al., 

2014), was a determining factor in this sequence. 

By the results obtained in the present study, it was found that the removal of the elements 

Cr, Mn and Zn occurred mainly by ion exchange. The active sites present on the surface of the 

Lithothamnium calcareum were occupied by cations such as Ca2+ and Mg2+ (Ahmad et al., 

2018); however, when in contact with the solutions containing Cr, Mn and Zn, the alkaline earth 

metals were exchanged for the transition metals, being these adsorbed to the surface of the 

Lithothamnium calcareum. 

In view of the results obtained in the present study and in the studies consulted, it was 

found that marine algae has been shown to be a good adsorbent material, presenting high 

adsorption capacity of metal ions, suggesting its use in the treatment of effluents that have a 

high concentration of these elements. 

It is emphasized that factors such as algae treatment, pH, temperature and contact time can 

be modified to maximize the adsorption capacity of metal ions by seaweed. 

4. CONCLUSIONS 

The adjustment models identified in this study as having the best representation of the 

observed data were, for the most part, the same models verified in the literature related to the 

subject of this study.  

In 240 minutes of contact, the marine algae Lithothamnium calcareum subjected to 

thermochemical treatment was able to remove 15.5% of Cr, 33.0% of Mn and 8.0% of Zn in 

solution. 

In 24 hours of contact, the marine algae Lithothamnium calcareum subjected to 

thermochemical treatment was able to remove, in concentration of 5 mg L-1, 0.4% Cr, 52.5% 

Mn and 92.6% Zn, and, at a concentration of 500 mg L-1, 20.0% Cr, 22.6% Mn and 40.8% Zn.  

The results showed that marine algae Lithothamnium calcareum submitted to 

thermochemical treatment presented potential for use in the adsorption of Cr, Mn and Zn, 

indicating its application in the treatment of effluents that have a high concentration of metal 

ions. 

It is recommended that further studies be conducted in different experimental conditions, 

since it is important to observe the variation in the adsorption capacity of marine algae 

Lithothamnium calcareum depending on the variation of pH, temperature, contact time and 

other factors that may interfere with the adsorption process. 
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ABSTRACT  
The sludge generated at drinking water treatment plants (WTPs) is a high-moisture content 

residue, and therefore difficult to handle, transport, dispose of or recover. During the last 

decades, geotextile tubes have been successfully applied to reduce the residue volume, facilitate 

its handling and subsequent reuse. This study aimed to understand the factors that interfere in 

the filtration and dewatering efficiencies and to experimentally analyze the dewatering process 

of WTPs sludge, evaluating different test procedures and investigating the influence of the type 

and dosage of polymeric additives on dewatering performance. Geotextile cone dewatering 

tests and geotextile bag dewatering tests were performed, using four different woven geotextile 

samples and an aluminum sulfate WTP sludge sample. The results showed that the use of 

geotextile cone dewatering tests for geotextile selection and for additive selection and dosage 

was representative for the dewatering process intended, reflecting the results verified in the 

geotextile bag dewatering tests. Sludge chemical conditioning increased dewatering rate and 

solids retention during the tests’ early stages, but it did not result in a higher final solids content 

sludge cake. 

Keywords: dewatering systems, geosynthetics, waste management. 

Utilização de polieletrólitos para melhorar o desempenho de 

desaguamento de lodos de ETA em tubos geotêxteis 

RESUMO 
O lodo gerado em estações de tratamento de água (ETAs) é um resíduo com alto teor de 

umidade e, portanto, de difícil manuseio, transporte, disposição final e valoração. Nas últimas 

décadas, tubos geotêxteis vêm sido utilizados com sucesso para o desaguamento deste resíduo, 

reduzindo seu volume, facilitando seu manuseio e possível reuso. O presente estudo foca no 

entendimento dos fatores que influenciam nas eficiências de filtração e desaguamento, através 

de ensaios de desaguamento com lodo de ETA, avaliando diferentes procedimentos de ensaio 

e investigando a influência do tipo e dosagem de condicionante químico no desempenho 

sistema de desaguamento em geotêxtil. Ensaios de cone e de bolsa foram realizados utilizando 

quatro tipos de geotêxteis tecidos e lodo com sulfato de alumínio. Os resultados demostraram 

que os ensaios de cone para a escolha do geotêxtil e condicionante químico foram satisfatórios, 

e que refletiram os resultados observados nos ensaios de bolsa de desaguamento de pequenas 
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dimensões. Concluiu-se que o uso de condicionante químico acelera o desaguamento e a 

retenção de sólidos no início do ensaio, porém não resultou em maiores teores de sólidos finais. 

Palavras-chave: geossintéticos, gestão de resíduos, sistema de desaguamento.  

1. INTRODUCTION 

Sludge generated at WTPs is often discharged to nearby hydric bodies and this practice 

affects water quality and aquatic life, increasing water turbidity, contaminating the water with 

the chemicals used in the treatment, and silting up the receiving streams. Frequently, WTP 

sludge is sent to a sewage treatment plant, transferring the problem and overwhelming the 

sewage treatment plant. Sludge disposal in landfills can also be a problem, as it involves high 

costs. Moreover, because of its high moisture content, WTP sludge is a difficult residue to 

handle and transport, and if not properly treated it may cause destabilization of the landfill. 

Commonly used low-cost dewatering methods such as drying beds and evaporation 

lagoons may present difficulties involving climate variation susceptibility and land availability. 

In contrast, the high cost of mechanical methods such as filter-press and centrifuges leads to a 

growing concern about the optimization of the sludge treatment process and sludge cake future 

disposal. Regarding that, a preeminent dewatering method is the geotextile tube, holding both 

the advantages of the conventional and mechanical dewatering techniques. Several researchers 

have studied this dewatering technique, using geotextile tubes to reduce WTP sludge moisture 

content (Fowler et al., 1997; Guimarães et al., 2014; Avancini and Vidal, 2018). 

The sludge generated by WTPs consists of water, the suspended solids present in raw water 

(organic and inorganic impurities), and part of the chemicals used during the water treatment 

process, such as chlorine, coagulants, flocculant aids, lime, caustic soda, and activated carbon. 

Water treatment facilities generated two types of residues: the sludge that results from the 

removal of the settled flocs from the bottom of the sedimentation basin, and the filters’ 

backwash water. The amount of sludge generated by WTPs depends on the quality of the raw 

water and on the chemicals used in its treatment (Cornwell and Roth, 2011). 

Different procedures applied to remove sludge from settling basins result in variable 

residue volumes and concentrations. For example, periodic manual cleaning requires a 

considerable amount of water to facilitate the removal of the sludge, using hoses and squeegees 

to direct the residue towards the discharge well, affecting the final volume and total solids 

content of the residue. Usually, settling basins are manually cleaned 3 to 12 times a year (Di 

Bernardo and Dantas, 2005). 

Several authors have reported that the processes (coagulation mechanisms, flocculation 

velocity gradient) and chemicals (coagulants, flocculation aids) used during raw water 

treatment influence the sludge dewaterability and filterability. Those processes and chemicals 

will determine the sludge characteristics, such as the bound water content (interstitial, surface, 

and chemically bonded water) and the floc structure (Turchiuli and Fargues, 2004; Li et al., 

2007). Muthukumaran and Ilamparuthi (2006) have related the dewatering performance of 

geotextile closed dewatering systems to the slurry particle-size distribution. 

Knocke et al. (1987) examined the influence of the coagulation mechanism on the 

dewatering behavior of iron and aluminum hydroxide sludge samples. They reported that the 

sweep coagulation mechanism produces larger flocs with a greater amount of water 

incorporated in their structure. That is, flocs formed by sweep coagulation generate less dense 

flocs that will present lower total solids content after being submitted to the dewatering process. 

Whereas flocs produced by adsorption-charge neutralization are smaller, but denser and 

therefore have higher rates of water removal. However, the total water content of the floc should 

not be the main concern, but rather the bound water content, which is the water that cannot be 

easily removed mechanically. Also, in conventional WTP, the coagulation mechanism is 
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usually sweep coagulation because of its efficiency in turbidity removal, precisely because 

sweep coagulation produces larger flocs that settle faster on the settling basin. 

Using chemical accelerants may be necessary to enhance the efficiency of sludge 

dewatering. The choice of the most appropriate type and dosage of flocculant and its mixing 

conditions is based on empiric procedures (Oliveira and Vidal, 2020). During sludge 

dewatering, it is critical to understand the interactions between sludge particles and polymers 

to achieve maximum dewatering performance with minimum conditioning polymer 

requirements. Flocculation is considered a key step in dewatering processes, but because of the 

chemicals added during the purification of water, the sludge from WTPs is already composed 

of flocs (and water), and thus the need for additional use of chemical accelerants before the 

dewatering process must be carefully evaluated. 

Several field and laboratory testing methods have been developed to access the dewatering 

performance of geotextile tubes. Small-scale tests are performed using a small representative 

sample of the sludge and provide initial evidence of the system’s filtration and dewatering 

behavior. These tests can also be useful to verify the need for sludge chemical conditioning and 

to determine the additive optimal dose (Avancini and Vidal, 2018; Driscoll et al., 2016). 

Due to its simplicity and speed of obtaining results, the geotextile cone dewatering test is 

useful for geotextile selection and for evaluating the need for chemical conditioning. It is also 

suitable for the selection of the most appropriate additive and its optimum dosage for the sludge 

studied. The GCDT is a non-standardized test, but it has been proposed and applied in the 

literature, although with procedure variations (Lawson, 2008; Avancini and Vidal, 2018), and 

some manufacturers of geotextile tubes even provide brochures with directions for its 

realization. Nevertheless, the GCDT does not replace the GBDT, since the amount of sludge 

tested is small and no pressure occurs during filling. 

The geotextile bag dewatering test (GBDT) provides information on final solids 

concentration of the retained residue, dewatering rate, effluent total solids content, and 

effectiveness of chemical accelerants, giving an insight into the expected behavior of the full-

scale application. The GBDT was proposed and applied by several authors, with some 

variations (Koerner and Koerner, 2010; Guimarães et al., 2014; Ratnayesuraj and Bhatia, 2018). 

The most commonly used standards on this matter are the GRI GT15 (Geosynthetic Research 

Institute, 2009) and the ASTM D7880/7880M-13 (ASTM, 2013). Both standards propose a 

method for the GBDT, also known as the pillow test, and are similar. 

The test procedure consists of pouring the sludge sample into a 1-m-long pipe attached to 

a small, pillow-shaped, geotextile bag until the bag is fully filled. The amount of filtrate 

collected at given interval times, the flow rate, and the quantity of sediment that passes through 

the geotextile bag are measured. The GRI GT15 also suggests that the hydraulic head on the 

pipe attached to the bag should be monitored over time.  

Tominaga (2010) performed GBDTs in accordance with the GRI GT15 recommendation 

and due to difficulties during the test execution small modifications were proposed. Avancini 

and Vidal (2018) performed GCDTs and GBDTs adopting the modifications proposed by 

Tominaga (2010). Sludge samples collected from two different WTPs were tested and 

dewatering and filtration efficiencies were calculated and compared for each test performed. It 

was verified that the chemicals and processes employed during the purification of water have a 

significant influence on the WTP residue dewaterability. Results obtained from the tests also 

indicate that the sludge sample composed of larger flocs and with higher total solids content 

presented greater retention of solids at the beginning of the GBDT but lower dewatering 

efficiency. However, both sludge samples reached an adequate filtration efficiency after a 

period of time, and it was concluded that the geotextile dewatering system functioned properly 

for both samples tested. 

Within this context, the purpose of the present work is to study the WTP sludge dewatering 
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process in closed geotextile systems using polymers as dewatering accelerants. In addition, the 

factors that influence the filtration and dewatering efficiencies, the dewatering rate, and the 

final quality of the filtrate and of the sludge cake are also investigated. 

2. MATERIALS AND METHODS 

2.1. Test materials 

Four different types of polypropylene woven geotextiles were used in the present 

research. Table 1 shows the characteristic properties of these geotextiles.  

The sludge sample used in these tests was collected at a water treatment plant located in 

the municipality of Taubaté, state of São Paulo. Taubaté WTP operates in a complete cycle, 

treating raw water captured in the Una and Paraiba do Sul Rivers. During the water treatment 

process in this WTP, aluminum sulfate is used as a coagulant and a non-ionic high molecular 

weight polymer is applied as a flocculation aid. Settling basins sludge removal at this WTP is 

performed manually between one or two times a month and the sludge sample tested was 

collected during the conventional draining and desilting operation of one of the settling basins. 

The characteristics of the tested sludge sample were initial total solids content of 9.51% (APHA 

et al., 1998), and volatile solids content of 29.83% (APHA et al., 1998). The solids’ specific 

gravity was determined according to ABNT NBR NM 52 (ABNT, 2009), obtaining a value of 

2.57 g/cm3. 

To verify the necessity and the effects of the use of polyelectrolytes for sludge chemical 

conditioning, eight commercial synthetic polymers were tested in different concentrations and 

dosages. Those chemical conditioners vary from anionic, non-ionic, and cationic polymers, and 

their characteristics are presented in Table 2. All polymers used were prepared in 0.5% 

concentration solution. 

2.2. Geotextile cone dewatering tests 

GCDTs were performed and divided into three test groups: GCDTs for geotextile 

selection; GCDTs for the selection of the chemical additive; and GCDTs for the determination 

of the chemical additive’s optimum dosage. 

The GCDT procedure adopted in this work was defined after preliminary tests were carried 

out to analyze the various suggested procedures in the literature. It consisted of pouring 400 

cm3 of WTP sludge into a previously folded cone-shaped geotextile, as shown in Figure 1a, and 

measuring the retained solids amount, filtrate solids content and volume collected over time. 

The test duration was set at 25 minutes so that there was sufficient time for the dripping to stop. 

 
Figure 1. Assembly of tests: a) geotextile cone 

dewatering test; b) geotextile bag dewatering test. 
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Table 1. Properties of the geotextiles utilized. 

Property Test method 
Woven geotextile test specimens 

GTX 1 GTX 2 GTX 3 GTX 4 

Composition - Polypropylene Polypropylene Polypropylene Polypropylene 

Colour - Black Black Black Black 

Thickness (mm) ISO 98631 1.66 1.88 1.21 0.931 

Mass per unit area (g/m2) ISO 9864 483 481 409 284 

Wide width tensile strength (kN/m) 
ISO 10319 MD ≥ 105 MD ≥ 105 MD ≥ 80 MD ≥ 55 

ISO 10319 CMD ≥ 105 CMD ≥ 105 CMD ≥ 80 CMD ≥ 55 

Elongation at maximum load (%) 
ISO 10319 MD ≤ 10 MD ≤ 10 MD ≤ 15 MD ≤ 15 

ISO 10319 CMD ≤ 10 CMD ≤ 10 CMD ≤ 15 CMD ≤ 15 

Permeability (m/s) ISO 11058 30×10-3 83×10-3 13×10-3 15×10-3 

Opening size O90 (μm) ISO 12956 149 530 126 185 

Table 2. Properties of the polymers utilized. 

Properties A4105 A4110 A4120 C8125 C8165 C8185 C4030 N020 

Chemical 

components 

Acrylamide 

Acrylic 

acid 

Acrylamide 

Acrylic acid 

Acrylamide 

Acrylic acid 

Acrylamide 

Cationic 

quaternized 

monomer 

Acrylamide 

Cationic 

quaternized 

monomer 

Acrylamide 

Cationic 

quaternized 

monomer 

Acrylamide Acrylamide 

Type Powder Powder Powder Powder Powder Powder Emulsion Emulsion 

Charge 
Very low 

anionic 
Low anionic 

Low to 

medium 

anionic 

Low cationic 
Medium to high 

cationic 
High cationic 

High 

cationic 
Non-ionic 

Molecular 

weight 
Very high High Very high High High Very high High High 

Density (g/cm3) 0.75 0.75 0.75 0.75 0.75 0.75 1.05 1.00 

pH (solution)  6-8 6-8 6-8 4-6 4-6 4-6 3-6 6.5 
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2.3. Geotextile bag dewatering tests 

The tests were carried out in the laboratory at Instituto Tecnológico de Aeronáutica (ITA) 

and the test procedure adopted consists of pouring 50 L of homogenized sludge, with the aid of 

a reservoir equipped with a butterfly valve, into a 1-m-long pipe attached to a geotextile bag 

until the bag is fully filled. A tripod was used to support the feeding pipe that was connected to 

the geotextile bag through a lateral sleeve made in the bag. The system was placed over a plastic 

container to collect the effluent throughout the time, as shown in Figure 1b. The volume and 

solids content (APHA et al., 1998) of the filtrate were measured. To assess moisture content 

reduction in the sludge cake, 5 collection points were opened in each bag and the moisture 

content of the retained residue was measured after 24, 48, 96, and 192 h of the test beginning. 

GBDTs were performed to compare the behavior of the WTP sludge with and without 

chemical conditioning, in its optimum dosage and in a reduced dosage. 

3. PARAMETERS TO EVALUATE DEWATERING PERFORMANCE 

Regardless of the type of sludge to be dewatered, the same performance parameters are 

evaluated for geotextile dewatering systems. It is important that the sludge dewaters quickly, 

that the geotextiles retain most of the solid particles, that the effluent has reduced turbidity, and 

that the retained material possesses low water content.  

These dewatering performance parameters are presented in this topic, encompassing 

Filtration Efficiency (FE), Dewatering Efficiency (DE), Percent Dewatered (PD), Particle Loss 

per unit area (PP), Retention Effectiveness (ER), and Dewatering Rate Effectiveness (EDR). 

Moo-Young et al. (2002) suggest that FE (%) represents the geotextile dewatering systems 

capacity to retain solids and can be obtained by comparing the filtrate total solids content with 

the sludge sample initial total solids content, as given in Equation 1: 

𝐹𝐸 =  
𝑇𝑆𝑖𝑛𝑖𝑡𝑖𝑎𝑙−𝑇𝑆𝑓𝑖𝑛𝑎𝑙

𝑇𝑆𝑖𝑛𝑖𝑐𝑖𝑎𝑙
× 100 (%)          (1) 

Where TSinitial is the sludge initial total solids content (g/L), and TSfinal is the filtrate final 

total solids content (g/L). 

DE (%) is a parameter related to the total solids content of the retained residue and can be 

obtained by comparing the initial sludge total solids percentage and the retained residue total 

solids percentage (Moo-Young et al., 2002), as shown in Equation 2: 

𝐷𝐸 =  
𝑃𝑆𝑓𝑖𝑛𝑎𝑙−𝑃𝑆𝑖𝑛𝑖𝑡𝑖𝑎𝑙

𝑃𝑆𝑖𝑛𝑖𝑐𝑖𝑎𝑙
× 100 (%)          (2) 

Where PSinitial is the initial percentage of solids (%) and PSfinal is the final average 

percentage of solids (%). 

Given the dependence of DE on slurry characteristics, Bhatia et al. (2013) proposed an 

efficiency measure that is independent of initial slurry conditions named Percent Dewatered 

(PD), which may be a more meaningful index as it ranges from 0-100% regardless of initial 

slurry concentration. PD is defined by Equation 3: 

𝑃𝐷 =  
𝑤𝑖𝑛𝑖𝑡𝑖𝑎𝑙−𝑤𝑓𝑖𝑛𝑎𝑙

𝑤𝑖𝑛𝑖𝑐𝑖𝑎𝑙
× 100 (%)          (3) 

Where winitial is the sludge initial water content (%) and wfinal is sludge final water content 

(%). 



 

 

7 Application of polyelectrolytes for improving the dewatering … 

Rev. Ambient. Água vol. 16 n. 5, e2723 - Taubaté 2021 

 

PP (g/m2) relates to the particle loss throughout the geotextile surface (Satyamurthy and 

Bhatia, 2009) and is given by Equation 4: 

𝑃𝑃 =  
𝑇𝑆𝑓𝑖𝑛𝑎𝑙

𝐴
 (

𝑔

𝑚2)          (4) 

Where TSfinal is the filtrate total solids (g) and A is the effective geotextile area during 

dewatering (m2). 

The effectiveness of the use of the chemical conditioning agent in terms of improvement 

in particle retention, named Retention Effectiveness (ER), can be determined from the reduction 

of the loss of particles as a result of the polymer addition, as given by Equation 5 (Satyamurthy 

and Bhatia, 2009). 

𝐸𝑅 =
𝑃𝑠𝑙𝑢𝑑𝑔𝑒−𝑃𝑐𝑜𝑛𝑑.  𝑠𝑙𝑢𝑑𝑔𝑒

𝑃𝑠𝑙𝑢𝑑𝑔𝑒
× 100 (%)            (5) 

Where Psludge is the loss of particles that occurred in the test using sludge without chemical 

conditioning (g) and Pcond. sludge is the loss of particles that occurred in the test using polymer 

conditioned sludge (g). 

In tests without additional pressure to the sludge hydraulic head, such as in GCDT and 

GBDT, and depending on the sludge characteristics, the determination of the test time may be 

difficult, since the dewatering system can take a long time to finish the drip. Thus, in these 

cases, it would be more appropriate to determine the effectiveness of the polymer by relating 

the test’s dewatering rate, rather than the test’s dewatering time.  

So, in this paper it is proposed that this parameter should be calculated by relating the 

dewatering rate calculated in the test without polymer addition, to the dewatering rate calculated 

in the test performed with the polymer-conditioned sludge, for a predetermined time interval, 

that in this study was 25 min for GCDTs and 24 h for the GBDTs. Thus, we propose a new 

index, named Dewatering Rate Effectiveness (EDR), to evaluate the effectiveness of the polymer 

regarding the dewatering rate increase. The EDR is basically the percentage change in 

dewatering rate and is defined as in Equation 6: 

𝐸𝐷𝑅 =
𝐷𝑅𝑐𝑜𝑛𝑑.𝑠𝑙𝑢𝑑𝑔𝑒−𝐷𝑅𝑠𝑙𝑢𝑑𝑔𝑒

𝐷𝑅𝑠𝑙𝑢𝑑𝑔𝑒
× 100 (%)                         (6) 

Where DRsludge is the dewatering rate in the test with sludge without polymer addition 

(cm3/s) and DRcond. sludge is the dewatering rate in the test with polymer-conditioned sludge 

(cm3/s). 

4. RESULTS AND DISCUSSION 

4.1. Geotextile cone dewatering tests 

Geotextile cone dewatering tests for the geotextile selection were conducted using sludge 

without chemical conditioning, in triplicates, and with the geotextiles GTX 1, GTX 2, GTX 3, 

and GTX 4. The results obtained are presented in Figure 2a. It was observed during the 

experiments that the GCDTs with the GTX 1 specimens presented a greater filtrate volume. In 

the tests performed with geotextiles, GTX 3 and GTX 4 clogging was observed, exhibiting 

water line formation on top of the retained residue and a small filtrate volume. During the tests, 

it was possible to visually perceive that the GTX 1 presented higher solids retention when 

compared to GTX 2. Thus, GTX 1 was selected to continue the tests. 
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Figure 2. Cumulative filtrate volume (cm3) over time: a) GCDTs for geotextile selection; b) 

GCDTs for polymer section; c) GCDTs for polymer dosage determination. 

Then, it was necessary to select the appropriate concentration of the aqueous polymer 

solution. The concentration of the solution must be compatible with the viscosity of the polymer 

and with the sludge sample total solids content, the instructions from the manufacturer in the 

products brochure must also be considered. A solution produced with a too high polymer 

concentration will be thick, difficult to dose, and will demand a very high velocity gradient to 

promote its dispersion in the sludge. In contrast, a solution with insufficient polymer 

concentration will require a large volume of the solution, and consequently a large volume of 

water, for the proper conditioning of the sludge. Thus, polymer solutions were prepared in 

various concentrations and after preliminary mixing tests, the 0.5% polymer solution was 

adopted and used satisfactorily in the subsequent tests. 

The appropriate polymer for the sludge test was determined utilizing GCDTs with the use 

of 8 different polymers. Previous cone tests were also performed to confirm that the dosage 

chosen was appropriate. It was then decided to dose 2 g of polymer per kg of dry solids. Figure 

2b shows the cumulative filtrate volume collected in each test over time. 

All the products tested showed good flocculation for the WTP sludge sample, yet it was 

observed that polymer C4030 required a higher dosage than the dosage considered satisfactory 

for the other polymers. Thus, if the polymer C4030 were to be used in a real-scale dewatering 

system, it would be necessary to evaluate the economic viability of this product. Since the 

volume of polymer used would be considerably larger, the price of the product is an important 

factor to be taken into consideration. 

The effectiveness of the polymer regarding the solids retention improvement (ER) and the 

effectiveness of the polymer regarding the dewatering rate increase were calculated (EDR). 

Filtration efficiency (FE), dewatering efficiency (DE), and percent dewatered (PD) were also 

determined.  

The polymer C8165 obtained the best results in relation to DE, PD, and the effectiveness 

of the polymer in increasing the dewatering rate (EDR). On the other hand, the polymer N020 

showed the best results in relation to the FE and the effectiveness of the polymer in improving 
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solids retention (ER). Thus, to make the selection of the most appropriate chemical additive, it 

is necessary to consider the balance between these criteria, seeking the best 

retention/permeability relation and prioritizing each project’s needs. 

Based on the results obtained, polymer C8165 was selected to be used in the geotextile bag 

dewatering tests, as it presented satisfactory results in all the analyzed criteria, for not having 

adhered in the geotextile, a situation that could lead to the clogging of the geotextile, and for 

being easy to handle in the desired concentration. The test results can be seen in Table 3. 

Table 3. Results obtained in the GCDTs for polymer selection and for different 

polymer dosages. 

Polymer Dosage (kg/tds) FE (%) DE (%) PD (%) ER (%) EDR (%) 

GCDTs for polyelectrolyte selection 

A4105 2 97.9 94.5 52.5 45.6 584.3 

A4110 2 98.1 83.5 49.2 50.9 540.4 

A4120 2 98.2 86.8 50.3 52.1 553.9 

C8125 2 98.3 94.1 52.4 56.7 580.9 

C8165 2 98.3 95.9 53.0 53.9 587.6 

C8185 2 98.5 93.5 52.3 61.4 577.5 

C4030 2 98.6 70.4 44.7 61.8 479.8 

N020 2 98.6 87.1 50.4 62.4 553.9 

GCDTs for polyelectrolyte dosage determination 

- 0 97 7.5 7.5 - - 

C8165 1.5 96.4 90.5 51.5 0.9 574.2 

C8165 1.7 98.8 91.9 51.8 67.5 570.8 

C8165 2 98.3 95.9 53 53.9 587.6 

C8165 2.2 98.8 94.5 52.5 69.2 580.9 

C8165 2.5 98.8 94.2 52.6 67.3 580.9 

To determine the most appropriate dosage for the WTP sludge chemical conditioning, 

several tests were carried out by varying the dosage of polymer C8165 between 1.5 and 2.5 kg 

of polymer per ton of dry solids, that is, per ton of solids contained in the sludge. The graph of 

Figure 2c shows the filtrate volume collected over time for the different dosages. It is observed 

that the dosage that presented the largest volume of effluent was the dosage of 2 kg of polymer 

per ton of dry sludge (2.0 kg/tds). This dosage was considered the optimum dosage since from 

this amount, the increase of the polymer dose did not increase the filtrate volume. 

The effectiveness of the polymer in terms of improvement in the solids retention (ER) and 

the effectiveness of the polymer related to the increase in dewatering rate (EDR) were evaluated 

for the tests with the different polymer dosages investigated. Filtration efficiency (EF), 

dewatering efficiency (ED), and percent dewatered (PD) efficiencies were also determined. The 

results can be seen in Table 3. 

The calculated results confirm that the value of 2 kg/tds can be considered the optimum 

dosage for the WTP sludge sample. 

4.2. Geotextile bag dewatering tests 

The geotextile bag dewatering tests were conducted using GTX 1 test specimens and 

polymer C8165 at the optimum dosage determined by the cone dewatering tests (2.0 kg/tds) 

and at a 50% reduced dosage (1.0 kg/tds) to verify the effectiveness of the polymer and compare 

the results of these tests with the results of the sludge tests without any chemical conditioning. 

Figure 3a shows the filtrate volumes collected over time for the different dosages. 
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Figure 3. GBDTs results. a) cumulative filtrate volume (cm3) over time; b) filtrate total solids (g/L) 

over time; c) filtration efficiency (%) over time; d) percent dewatered (%) over time; e) average 

cake water content (%) over time. 

It was noticed that the test with the sludge conditioned at the optimum dosage presented a 

significantly higher performance than the ones with conditioned sludge at a reduced dosage. 

The tests at the dosage of 50% of the optimum dosage (1.0 kg /tds) showed a small increase 

over the tests without chemical conditioning. Table 4 shows output data obtained in the GBDTs 

for the different dosages. 

Table 4. Results obtained in the GBDTs for different polymer dosages. 

Polymer dosage 

(kg/tds) 

PSinitial 

(%) 

winitial 

(%) 

Geotextile bag 

dimensions (cm2) 

Filling 

time (s) 

Volume of sludge 

admitted (L) 

PP (g/m2) 

24 h 

0.0 8.2 1119.5 2228.3 90 27.2 35.6 

1.0 9.1 994.3 2222.6 123 39.3 34.8 

2.0 8.7 1050.6 2225 115 28 67.6 

It can be seen in Table 4 that the test at the optimum dosage (2.0 kg/tds) had greater particle 



 

 

11 Application of polyelectrolytes for improving the dewatering … 

Rev. Ambient. Água vol. 16 n. 5, e2723 - Taubaté 2021 

 

loss per unit area than the other two tests. However, it should be remembered that the filtrate 

volume collected was also considerably higher. Since the quantity of solids is given in g/L, even 

a lower total solids value can lead to a greater amount of solids passing in proportion to the 

filtrate volume collected. 

Through analyzing the filtrate total solids over time, it can be seen in Figure 3b that the 

test with the conditioned sludge at the optimum dosage showed the best solids retention in the 

first 5 minutes of the test. However, after this period, it was observed that the retention in the 

tests without chemical conditioning and with reduced dosage conditioning showed a substantial 

improvement, since the amount of solids decreased significantly, indicating the formation of a 

filter cake. 

After 25 minutes of testing, the amount of total solids in the filtrate collected in the tests 

with sludge without chemical conditioning decreased less, tending to keep stable, while in the 

other two tests the amount of solids in the filtrate continued to decrease until the end of the test. 

These results are also reflected in the filtration efficiency curves, as can be seen in Figure 3c. 

Although it had lower filtration efficiency at the beginning, after a certain period, the 1.0 

kg/tds dosage test had slightly higher filtration efficiency than the sludge test at the optimum 

dosage. On the other hand, as shown in Figure 3d, the 1.0 kg/tds dosage test showed 

substantially less PD than the test at the optimum dosage. 

This shows how insufficient polymer dosing can impair the performance of the system. An 

excessive dosage of polymer may also cause problems and decrease the system’s dewatering 

efficiency, producing higher moisture content cakes. Hence the importance of performing 

reliable laboratory investigations to determine optimal polymer dosage. 

The percent dewatered (PD) represents the reduction in the cake moisture content. As seen 

in Figure 3d, the test that presented the greatest reduction in moisture content was the one using 

sludge without chemical conditioning. The results of the tests with sludge conditioned at 1.0 

kg/tds dosage, regarding the cake moisture content reduction, were not satisfactory, presenting 

the worst performance of the three tests. 

In terms of the effectiveness of the polymer regarding the solids retention improvement 

(ER), considering the total amount of solids present in the filtrate, the GBDT with sludge at 

optimum dosage (2.0 kg/tds) showed an average of 28.5% effectiveness, while the GBDT with 

sludge at the reduced dosage (1.0 kg/tds) showed 17% efficacy. 

The effectiveness of the polymer regarding the increase in the dewatering rate (EDR), 

considering the filtrate volume collected in the first 24 h of the test, was on average 160.4% in 

the GBDT with the sludge at optimum dosage (2.0 kg/tds), while GBDT with sludge at a 

reduced dosage (1.0 kg/tds) showed only 16.6% effectiveness, on average. 

To examine temporal moisture content reduction in the sludge cake, after the last filtrate 

collection, that is, after 24 h of the beginning of the test, 5 collection points were opened in each 

bag. The cake water content of samples collected in the GBDT with the conditioned sludge was 

significantly lower during the first days of the test, but the final cake moisture after 8 days did 

not present such a great difference when compared to the final moisture of the residue samples 

collected in the test without the polymer. 

It was noticed that the moisture measured for all the collected samples from the center area 

of the bag were higher than in the other points, ranging from 634% (after 24 h) to 379% (after 

192 h) in the GBDTs without chemical conditioning and between 423% (after 24 h) and 351% 

(after 192 h) in the GBDTs with sludge at optimal polymer dosage. 

The mean values of the cake water content over time were also calculated. The results are 

shown in Figure 3e. It can be observed that the GBDT with the sludge conditioned at reduced 

dosage did not present satisfactory results regarding the final moisture content of the retained 

residue. 

Results obtained in the test with the conditioned sludge at the optimum dosage did not 
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affect the final moisture of the residue, and thus it was concluded that the selection and dosage 

of the polymer determined by the geotextile cone dewatering tests was adequate. 

It was observed that the polymer was effective in increasing the dewatering rate at the 

beginning of the tests. However, after eight days, the final moisture content of the conditioned 

sludge cake was similar to the test using sludge without polymer. Thus, the use of the polymer 

did not present significant advantages regarding the decrease of cake final moisture content for 

the WTP sludge sample tested. 

5. CONCLUSIONS 

The results obtained showed that the use of GCDTs for geotextile selection, additive 

selection and dosage was representative of the dewatering process intended, reflecting the 

results verified in the GBDTs. 

Regarding the sludge chemical conditioning, the importance of carrying out reliable tests 

to determine polymer dosage was observed in this research, since an excessive or insufficient 

dosage may impair the dewatering performance of the system. Sludge conditioning at optimum 

dosage improved solids retention in the GBDTs, presenting an average effectiveness of 28.5%, 

and also led to an average effectiveness of 160.4% regarding the increase in the dewatering 

rate, but it did not decrease the cake’s final moisture content. 

Depending on the residue characteristics and design assumptions, variations in the degrees 

of importance for the efficiency parameters should take place. For example, if the slurry to be 

dewatered presents hazardous contaminated material in its composition, the effectiveness 

related to the solids retention should be given a greater weight than the effectiveness related to 

the dewatering rate. On the other hand, for slurries composed mostly of water and soil particles, 

it is reasonable to attribute greater weight to the dewatering rate. 
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ABSTRACT  
The demand for food production brings with it the increase of effluent generation, which represents 

a great problem for slaughterhouses, since effluents contain higher organic load, requiring adequate 

treatment to decrease environmental impacts. This study examines an alternative to solve this problem: 

the application of electrocoagulation in the treatment of anaerobic slaughterhouse and packing plant 

effluents, as this promising technique is both compact and robust. The removal of color, COD and 

turbidity was analyzed, and the operational cost was calculated. To optimize the process, the CCRD 

(central composite rotatable design) methodology was used with two independent variables: electric 

current density and electrolysis time, obtaining a complete factorial of 2² with 4 axial points and 4 

repetitions at the central point. The most expressive removals were: 87%, 80% and 76% for color, COD 

and turbidity, respectively, the lower operational cost obtained was 0.12 US$.m-3. The statistical analysis 

allowed obtaining valid mathematical models for color removal and cost and, through the analysis of 

desirability, it was found that for current density of 8 mA.cm-2 and time of 20 minutes it is possible to 

maximize color removal (84%) and minimize the cost (0.21 US$.m-3).  

Keywords: color, cost, COD, turbidity. 

Avaliação da eletrocoagulação no pós-tratamento de efluente 

anaeróbico de abatedouro e frigorífico de suínos 

RESUMO 
A demanda por produção alimentícia traz consigo o aumento da geração de efluentes 

líquidos, que representa um grande problema para os frigoríficos, uma vez que tais efluentes 

contém alta carga orgânica, necessitando tratamento adequado para minimizar os impactos 

ambientais. Uma alternativa para resolver este problema é a aplicação da eletrocoagulação no 

tratamento de efluente anaeróbio de abatedouro e frigorífico de suínos, por ser uma técnica 

compacta e robusta. Foram analisadas as remoções de cor, DQO e turbidez, além do custo para 
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o tratamento, sendo que para otimizar o processo utilizou-se a metodologia DCCR 

(delineamento composto central rotacional) com duas variáveis independentes: densidade de 

corrente elétrica e tempo, obtendo um fatorial completo 2² com 4 pontos axiais e 4 repetições 

no ponto central. As remoções mais expressivas foram de: 87%, 80% e 76%, para cor, DQO e 

turbidez, respectivamente, o menor custo obtido foi 0.12 US$.m-3. A análise estatística permitiu 

obter modelos matemáticos válidos para a remoção da cor e para o custo e, por meio da análise 

de desejabilidade, encontrou-se que para densidade de corrente de 8 mA.cm-2 e tempo de 20 

minutos é possível maximizar a remoção da cor (84%) e minimizar o custo (0,21 US$.m-3).   

Palavras-chave: cor, custo, DQO, turbidez. 

1. INTRODUCTION 

The growth of the food industry and the increase in the amount of waste generated in the 

process has become alarming with regard to the preservation of natural resources. As an 

example, one can mention the wastewater of slaughterhouses, which are constituted by fat, 

fibers, proteins, blood, stomach contents, among others, conferring high polluting load 

(Bustillo-Lecompte and Mehrvar, 2015). 

Due to the great polluting power, it is necessary to carry out the treatment of these 

wastewater and anaerobic systems are widely used for this. The use of anaerobic digestion in 

the treatment of wastewater from slaughterhouses is an interesting alternative due to the 

generation of value-added products, such as biogas and digestate (Wang et al., 2021). 

Although anaerobic treatment is efficient in the removal of organic matter, post-treatment 

is necessary to achieve patterns for release into rivers (Al-Qodah et al., 2019). 

Many technologies can be used as post-anaerobic effluent treatment. An alternative which 

requires further studies is electrocoagulation, as it is a compact technology of easy operation 

and low maintenance cost (Al-Qodah et al., 2019). 

Electrocoagulation is an electrochemical technique used to destabilize the contaminants 

with electric current. The reactor consists of an electrolytic cell which is formed by sacrificial 

metal electrodes (normally Fe or Al), being an anode and a cathode, connected to the direct 

current power supply (Nidheesh et al., 2021).  

Contaminant removal in the electrocoagulation occurs due to three phenomena: adsorption, 

coagulation, and flotation. The oxidoreduction reactions allow the formation of metallic ions 

and oxygen gas in the anode, and the hydrogen gas and hydroxyl in the cathode, these reactions 

are described below. The coagulant agent is formed by the reaction between metallic ions and 

hydroxyl, while the formed gases assist in bringing the flocs to the surface of the wastewater 

(Nidheesh et al. 2021). 

At the anode: 

𝑀(𝑠) → 𝑀(𝑎𝑞)
𝑛+ + 𝑛𝑒− 

𝐻2𝑂 → 4𝐻(𝑎𝑞)
+ + 𝑂2(𝑔) + 4𝑒− 

At the cathode: 

𝑛𝐻2𝑂 + 𝑛𝑒− → (
𝑛

2
) 𝐻2(𝑔) + 𝑛𝑂𝐻(𝑎𝑞)

−  

Aluminum is one of the most efficient electrode materials, due to the advantages over iron, 

like the solubility of formed flocs that are minimum in neutral pH and the formation of Al 

polynuclear complexes that ensure better adsorption of contaminants and colloids. 
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Electrocoagulation can be considered an environmentally friendly and efficient technique to 

treat wastewater that contains heavy metal ions, inorganic and organic contaminants (Tegladza 

et al. 2021). 

The use of electrocoagulation is an innovative treatment technique, since it is able to 

remove contaminants from wastewater, such as suspended solids, oils, toxic metals and even 

microorganisms without the addition of chemicals (GracePavithra et al., 2019).   

 Industrial-scale electrocoagulation reactors occupy small areas when compared with 

biological treatment systems and present significant efficiency, and can be used to replace the 

treatment ponds that require large superficial areas. This reduces the risks of handling chemicals 

when compared to conventional coagulation/flocculation. Thus, it can be said that 

electrocoagulation is a clean technology for the treatment of wastewater. 

This study evaluated the effects of operational conditions (current density and time) of 

electrocoagulation on the removal of COD, color and turbidity in the post-treatment of 

anaerobic effluent from slaughterhouses and packing plants. 

2. METHODOLOGY 

2.1. Sample collection 

The effluent used for the tests came from a slaughterhouse and packing plant, which has 

the capacity to slaughter up to 6,900 swine per day and generates around 5,865 m³ of effluent 

daily. This volume receives the appropriate treatment, composed of physical operation, 

biological treatment and finally physical-chemical treatment, and then is discarded in the river. 

The sampling occurred after the anaerobic treatment of the effluent. About 30 liters were 

collected and stored under refrigeration. 

2.2. Experimental planning 

To verify the efficiency of the electrolytic treatment applied in anaerobic effluent, a central 

composite rotatable design (CCRD) was set up with 2 independent variables: current density 

(mA.cm-2) and electrolysis time (min), obtaining a complete factorial 2² with 4 axial points and 

4 repetitions at the central point, totaling 12 tests performed in duplicate. 

The variables “X1” and “X2” correspond to encoded values, and the variables “i” and “T” 

correspond to real values for current density and electrolysis time, respectively. In the test, the 

current range is between 6 to 16 mA.cm-2 and the electrolysis time range between 10 to 20 

minutes. The relationship between both is given by Equations 1 and 2: 

For current density: 1.41 𝑖 = 5 𝑋1 + 15.51                               (1) 

For electrolysis time: 1.41 𝑇 = 5 𝑋2 + 21.15                                 (2) 

2.3. Electrolytic system 

The trials were carried out in batch, for this 0.8 L of wastewater was added in a beaker, 

which was kept in constant agitation with the assistance of a magnetic stirrer. Two aluminium 

electrodes were used, one cathode and one anode, with dimensions of 10 cm high, 5 cm wide 

and the spacing of 8.5 cm between them, were connected to a direct current power supply and 

completely immersed in the effluent. In the initial tests, aluminium electrodes were more 

effective than iron electrodes, and no color was added to the treated wastewater, so aluminium 

was chosen for the tests. 

The direct current power supply is an Instrutherm brand, Model FA-3005, with maximum 

operating current of 5A, that was used to control the current density through applied electric 

current, considering the electrode area (50 cm2). The electrolytic system was represented in 

Figure 1. 

Figure  SEQ Figure \* ARABIC 1. Representation of electrolytic system 
used in the tests 
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Figure 1. Representation of electrolytic system used in the tests. 

2.4. Physicochemical analyses 

The removal of color (2120 C), turbidity (2130 B) and chemical oxygen demand-COD 

(5220 D) was analyzed, in addition to the measurement of the pH (4500-H+ B) of the anaerobic 

effluent used in the assays. The methodologies followed the standards of APHA Standards 

Methods (APHA et al., 2005). 

2.5. Electrolysis cost 

To calculate the cost of each test, the methodology proposed by Orssatto et al. (2017) was 

used, which considers the consumption of electrodes and the consumption of electricity. 

Equation 3 calculates energy consumption (J) in Wh.m-3, considering: the potential difference 

(U) in volts; the electric current (i) in amperes; the reaction time (T) in hours and the volume 

of treated effluent (V) in cubic meters: 

𝐽(𝑊ℎ. 𝑚−3) =
𝑈(𝑉).𝑖(𝐴).𝑇(ℎ)

𝑉(𝑚3)
                            (3) 

The calculation of the consumed electrode mass (MAl) follows Faraday's Law and consider 

the parameters: electric current (i) in ampere; reaction time (T) in seconds; molar mass of 

aluminum (M) that is 26.98 g.mol-1; number of electrons involved in the reaction (e) in this case 

is 3; Faraday constant (F) that is 96,500 s.A.mol-1 and volume of treated effluent in cubic 

meters.  The Equation 4 illustrates the calculus of mass consumed by volume: 

𝑀𝐴𝑙(𝑘𝑔. 𝑚−3) =
𝑖(𝐴).𝑇(𝑠).𝑀(𝑔.𝑚𝑜𝑙−1)

𝑒.𝐹(𝑠.𝐴.𝑚𝑜𝑙−1).𝑉(𝑚3)
                                  (4) 

With this it is possible to calculate the total operating cost (Co) of each assay as in Equation 

5, where the coefficient “a” is the cost of electricity, that is 0.14 US$.kWh-1, and the coefficient 

“b” is the aluminum cost, that is 1.55 US$.kg-1. 

𝐶𝑜(𝑈𝑆$. 𝑚−3) = 𝑎(𝑈𝑆$. 𝑘𝑊ℎ−1). 𝐽(𝑘𝑊ℎ. 𝑚−3) + 𝑏(𝑈𝑆$. 𝑘𝑔−1). 𝑀𝐴𝑙(𝑘𝑔. 𝑚−3)                (5) 

2.6. Desirability analysis 

This analysis allows us to evaluate and optimize several parameters simultaneously, 

obtaining an operation condition that provides the best result. The methodology proposed by 

Derringer and Suich is based on the calculus of the individual desirability for the variables using 

some parameters, namely: “U” and “L”, that represent the acceptable upper and lower limits of 

the desirability, respectively, and “T” is the target value of greater desirability (Candioti et al., 

2014). 

In addition to these parameters, there are two other coefficients called “s” and “t” that can 
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be defined as weights that determine how important it is for the individual desirability to be 

close to the target value (T). Assigning high values to “s” and “t” implies obtaining desirability 

close to 1 (that indicates de optimum value) only when the individual desirability is close to the 

target value T (Costa et al., 2011). 

Then the global desirability (D) is calculated using the weighted geometric mean of the 

individual desirability, through Equation 6, where dn represents the individual desirability and 

rn represents the relative importance of one variable compared to another (Candioti et al., 2014). 

𝐷 = (𝑑1
𝑟1. 𝑑2

𝑟2 … 𝑑𝑛
𝑟𝑛)

1

𝛴𝑟𝑖                                        (6) 

The desirability analysis was performed considering the valid mathematical model 

obtained in the regression analysis of CCRD. Desirability was calculated considering s=5 and 

t=5. 

3. RESULTS AND DISCUSSION 

3.1. Removal of physical-chemical parameters 

The anaerobic wastewater used for the tests presented the following concentrations of 

characterization: COD of 2,185 ± 106.70 mg.L-1, color of 5,000 ± 0.00 UC, turbidity of 434 ± 

7.07 NTU and pH of 8.71. 

With this characterization, it was possible to estimate the removal efficiency of the 

physical-chemical parameters analyzed from each assay. For color, the greatest removal 

occurred in Test 4 (14,6 mA.cm-2 and 18min34s), achieving efficiency around 87.00 ± 2.40%, 

while for COD and turbidity the highest removals were 80.60 ± 1.35% and 76.38 ± 0.87%, 

respectively, observed in Test 12 (11 mA.cm-2 and 20min). 

Test 9 (6 mA.cm-2 and 15min) resulted in the lowest removal efficiency, 31.12 ± 16.31% 

for the COD, 37.33 ± 2.89% for turbidity and 59.90 ± 0.42% for color. In Figure 2, it is possible 

to find the removal for all parameters (color, turbidity and COD) with the respective standard 

deviation for each test. 

 
Figure 2. Graphics of removal for color, COD and turbidity. 

Han et al. (2015) studied the effects of electrocoagulation on the treatment of anaerobic 

digester effluent fed with pig residues, finding removal of 65.6% for turbidity and energy 

consumption of 0.73 Wh.L-1 operating with current density of 35.7 A.m-2 for 24 minutes. Mores 

et al. (2016) evaluated the efficiency of electrocoagulation in the treatment of effluent from an 

anaerobic reactor fed with pig residues. They obtained removal of 91% of turbidity using 

aluminum electrodes and current density of 38.9 mA.cm-2 with energy consumption ranging 

from 2.2 to 15.3 kWh.L-1. The results obtained for the turbidity removal are similar to the results 
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found by Han et al. (2015) and Mores et al. (2016), but the current density used in this research 

was lower if compared to the ones used in their study. 

Lourinho et al. (2021) used raw and anaerobically pretreated swine wastewater from a pig 

farm to evaluate the electrochemical treatment using nickel and graphite electrodes. The results 

demonstrate that the treatment operating with 3V and graphite electrodes was more effective 

than nickel electrodes, obtaining COD removal of 37.0% and 25.5% for raw and anaerobically 

wastewater. The authors used different electrodes; in this research, it was found that aluminum 

electrodes are more effective for the treatment than the graphite electrodes. 

Chen et al. (2021) evaluated electrocoagulation for pretreatment of swine wastewater using 

iron and aluminum in the anode. The optimal conditions were the iron anode, with 2cm between 

the electrodes, current density of 30mA.cm-2, without agitation, initial pH of 6.3 and reaction 

time of 35 min, finding COD removal of 50.6%. In comparison, the maximum COD removal 

found in this study was 80.60 ± 1.35% operating with aluminum electrodes, lower current 

density and reaction time. 

3.2. Statistical analysis 

3.2.1. Turbidity 

The statistical analysis of turbidity showed that only the variable linear X1, associated with 

current, is significant in a 95% confidence interval, since it was the only one that obtained p-

value below 0.05, as can be seen in Table 1. 

Table 1. Effects of variables and regression analysis for turbidity. 

Factor Effect Standard error t (6) p-value Coefficients 

Mean 66.328 4.161 15.942 0.000 66.328 

X1 (L) 15.486 5.893 2.628 0.039 7.743 

X1 (Q) -7.238 6.606 -1.096 0.315 -3.619 

X2 (L) 9.552 5.893 1.621 0.156 4.776 

X2 (Q) 5.800 6.606 0.878 0.414 2.900 

X1.X2 -6.106 8.322 -0.734 0.491 -3.053 

Regarding the effects of the variables, it is noticed that only quadratic X1 and the 

interaction between both (X1X2) had a negative effect; that is, as the value of these variables 

increases the removal of turbidity tends to decrease. 

For linear X1, linear X2 and quadratic X2 effect was positive, so to obtain greater removals, 

the value of the variables mentioned should be increased. 

The mathematical model obtained through regression analysis was submitted to the 

variance analysis test (ANOVA). The F-calculated (2.503) is lower than the F-tabulated (4.387), 

indicating that the model is not valid with 95% confidence. The R2 of the analysis was 0.676. 

3.2.2. Chemical oxygen demand 

Observing the regression analysis for COD, Table 2, it is observed that no variable was 

significant with 95% confidence, since all obtained p-value higher than 0.05. It is also noticed 

that the variables quadratic X1 and the interaction X1X2 presented a negative effect, and the 

other (linear X1, linear X2 and quadratic X2) have a positive effect. The same occurred for 

turbidity, that is, the measures to increase the removal efficiency of both parameters are the 

same. 
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Table 2. Effects of variables and regression analysis for COD. 

Factor Effect Standard error t (6) p-value Coefficients 

Mean 66.122 6.027 10.971 0.000 66.122 

X1 (L) 14.373 8.536 1.684 0.143 7.187 

X1 (Q) -8.477 9.569 -0.886 0.410 -4.238 

X2 (L) 2.911 8.536 0.341 0.745 1.455 

X2 (Q) 15.695 9.569 1.640 0.152 7.847 

X1.X2 -3.576 12.054 -0.297 0.777 -1.788 

The ANOVA of the mathematical model for the removal of COD indicated that it is not 

valid with 95% confidence, since the F-calculated (1.450) is lower than the F-tabulated (4.387). 

R2 for the analysis was 0.530. 

3.2.3. Color 

Observing the regression analysis for color removal, Table 3, it can be seen that the 

variables linear X1, linear X2 and quadratic X1 are significant with 95% confidence, since they 

obtained p-value less than 0.05. 

Table 3. Effects of variables and regression analysis for color. 

Factor Effect Standard error t (6) p-valor Coefficients 

Mean 81.062 1.733 46.782 0.000 81.062 

X1 (L) 14.058 2.454 5.728 0.001 7.029 

X1 (Q) -6.826 2.751 -2.481 0.048 -3.413 

X2 (L) 7.981 2.454 3.252 0.017 3.990 

X2 (Q) 2.177 2.751 0.791 0.459 1.089 

X1.X2 -6.500 3.466 -1.876 0.110 -3.250 

Regarding the effect of the variables, the behavior was similar to the removal of turbidity 

and COD, where the variables quadratic X1 and the interaction factor (X1X2) have a negative 

effect, while the others have a positive effect. 

The mathematical model of color removal was submitted to ANOVA, which demonstrated 

that the model is valid with 95% confidence, since the F-calculated (10.953) is higher than the 

F-tabulated (4.387). The mathematical model is represented by Equation 7 and has R2 of 0. 901. 

%𝑅𝑒𝑚𝑐𝑜𝑙𝑜𝑟 = 81.062 + 7.029𝑋1 − 3.413𝑋1
2 + 3.990𝑋2 + 1.089𝑋2

2 − 3.250𝑋1𝑋2                         (7) 

The mathematical model can be represented graphically by Figure 3, where it’s perceived 

that the optimal region of removal is located in a current density range of 11 to 16 mA.cm-2 

with a time greater than 18min34s or less than 11min27s. Furthermore it is possible to note the 

relation between time and current density, when these parameters increase, the color removal 

also increases. In Figure 3, operational conditions are shown where color removal increases, 

according to the variation of time and current density. 
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Figure 3. Contour plot for color removal. 

3.3. Operating cost 

The cost of each test is associated with the consumption of electric energy, which is 

determined by the applied current and electrolysis time, and the consumption of electrodes. By 

means of Equations 3 and 4, the consumption of electricity and the consumed mass of aluminum 

in each test were calculated. Considering the cost of electricity of 0.14 US$.KWh -1 and the 

average aluminum price of 1. 5 US$.kg-1 it was possible to calculate the cost of each assay. 

Trials 4 and 10 had the highest costs, around 0.74 US$.m-3. Test 4 was performed with a 

current density of 14.6 mA.cm-2 for 18min34s, while Test 10 was performed with a current 

density of 16 mA.cm-2 for 15 minutes. Test 9 obtained the lowest cost of 0.12 US$.m-3 and this 

test was performed with a current density of 6 mA.cm-2 for 15 minutes. 

3.3.1. Statistical cost analysis 

Regression analysis, Table 4, demonstrated that the variables linear X1 and linear X2 and 

the interaction (X1. X2) were significant at a 95% confidence interval. In addition, they have a 

positive effect on the cost of each test. 

The quadratic variables were not significant, but the variable quadratic X1 showed a 

positive effect, while the variable quadratic X2 had a negative effect. 

Table 4. Effects of variables and regression analysis for cost. 

Factor Effect Standard error t (6) p-value Coefficients 

Mean 0.359 0.031 11.576 0.000 0.359 

X1 (L) 0.381 0.044 8.654 0.000 0.190 

X1 (Q) 0.043 0.049 0.878 0.414 0.022 

X2 (L) 0.213 0.044 4.851 0.003 0.107 

X2 (Q) -0.030 0.049 -0.611 0.564 -0.015 

X1.X2 0.206 0.062 3.315 0.016 0.103 

The ANOVA of the mathematical model shows that it is valid in a 95% confidence interval, 

since the F-calculated (22.164) is higher than the F-tabulated (4.387). Thus, the mathematical 

model for cost is represented by Equation 8. 

𝐶𝑜𝑠𝑡($. 𝑚−3) = 0.359 + 0.190𝑋1 + 0.022𝑋1
2 + 0.107𝑋2 − 0.015𝑋2

2 + 0.103𝑋1𝑋2           (8) 

The mathematical model can be represented by Figure 4, where it can be viewed as the 

area where the cost is minimized. For current density values less than 11 mA.cm-2, it is possible 
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to obtain the lowest costs, regardless of time. Figure 4 presents the variation of cost and its 

relation to the increase of time and current density.  

As the effect of the variable associated with current density (X1) was approximately twice 

the effect of the variable associated with time (X2), the variation of current values has more 

influence on the cost increase; this explains the wide range with reduced cost, even in conditions 

for high time. 

 
Figure 4. Contour plot for cost. 

3.4. Desirability analysis 

The mathematical models obtained in the regression analysis were only valid for color 

removal and operational cost, so the desirability analysis was performed using these models.  

Therefore, the highest removal of color was evaluated with the lowest cost.  

The desirability analysis demonstrated that the optimal point is equivalent to -0.846 for 

current density and 1.410 for electrolysis time, in coded variables, with desirability reaching 

the mark of 0.999. In real values the current density is equivalent to 8 mA.cm-2 and the time of 

20 minutes, reaching removal of around 84.34% of the color with a cost of 0.21 US$.m-3. 

The desirability function is represented by Figure 5, where a track with acceptable 

desirability can be seen. Considering the performance of wastewater treatment on a real scale, 

it is interesting to obtain more operational conditions that provide optimized results. 

 

Figure 5. Contour surface for desirability. 



 

 

Rev. Ambient. Água vol. 16 n. 5, e2745 - Taubaté 2021 

 

10 Flavia Manente da Silva et al. 

4. CONCLUSION 

Observing the results, it is possible to conclude that the best removals were 87% for color 

in assay 4, 80.60% for COD and 76.38% for turbidity, both observed in assay 12. 

Thus, it is observed that the technique is efficient to treat anaerobic effluents, being an 

option for post-treatment in these cases, since it obtained significant removals of the analyzed 

parameters. 

Regarding the statistical analysis, it was possible to optimize the color removal, and the 

optimal region for the operation is in the range of 11 to 16 mA.cm-2 for the current density with 

a time greater than 18min24s or less than 11min27s. 

For the cost, test 9 obtained the lowest value, of 0.12 US$.m-3. Statistical analysis showed 

that the region with the lowest cost is between 6 and 11 mA.cm-2 for the electric current, 

regardless of the electrolysis time. 

The desirability analysis allowed us to maximize color removal and minimize the cost of 

the condition simultaneously, and the condition for this to occur corresponds to the point where 

the current density should be 8 mA.cm-2 with reaction time of 20 minutes. 

In general, the combination of anaerobic treatment combined with electrocoagulation 

proved to be efficient for the treatment of wastewater from slaughterhouses and packing plants. 

The use of electrocoagulation provided a high removal of contaminants, without the need for 

the addition of chemicals, besides being a compact technology with easy operation. 
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ABSTRACT  
Precise, accurate knowledge of percolation is key to reliable determination of soil water 

balance and a crop’s water-use efficiency. This work evaluated an approach to estimate the 

amount of water percolated in the root zone using soil water content (SWC) data measured at 

different time intervals. The approach was based on the difference of soil water content within 

and below the effective root zone of banana plants at different time intervals. A drainage 

lysimeter was used to compare the measured and estimated percolation data. The approach was 

then used in a banana orchard under drip and micro sprinkler irrigation, with and without the 

use of mulch. The soil water storage in the banana’s root zone was evaluated within a two-

dimensional soil profile with time domain reflectometry (TDR). Mean percolation measured in 

the lysimeters did not differ from the approach’s estimates using intervals between SWC 

readings equal to or longer than 6 h from the end of an irrigation event. Percolation estimates 

under drip and micro sprinkler irrigation in the field, with and without mulch, were consistent 

with those measured in the lysimeters, considering the 6-h interval of SWC measurements. 

Percolation was greater under the drip irrigation system with mulch. The amount of water 

percolated was not influenced by the presence of mulch under the micro sprinkler system. 

Keywords: localized irrigation, soil water balance, soil water content sensor. 

Abordagem baseada no balanço de água no solo para a estimativa de 

percolação em lisímetro e em campo com e sem cobertura do solo sob 

sistemas micro irrigação 

RESUMO 
Conhecimento preciso e exato da percolação é uma chave para a determinação confiável 

do balanço de água no solo e da eficiência no uso da água pelas culturas. Este trabalho objetivou 

avaliar uma aproximação para estimar a quantidade de água percolada na zona radicular usando 
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dados de umidade do solo (SWC) medidos em diferentes intervalos de tempo. A aproximação 

se baseou na diferença de umidade do solo dentro e abaixo da camada efetiva do sistema 

radicular de bananeiras em diferentes intervalos de tempo. Um lisímetro de drenagem foi 

utilizado para comparar os dados de percolação medida e estimada. A aproximação foi então 

utilizada em um bananal sob irrigação por gotejamento e por micro aspersão, com e sem 

cobertura do solo. O armazenamento de água no solo na zona radicular efetiva da bananeira foi 

avaliado em um perfil bidimensional do solo com sensores de reflectometria no domínio do 

tempo (TDR). A percolação média medida em lisímetro não diferiu do valor estimado pela 

aproximação, utilizando intervalos entre medidas de umidade do solo iguais ou superiores a 6 

horas a partir do final do evento de irrigação. Estimativas de percolação sob gotejamento e 

micro aspersão em campo, com e sem cobertura do solo, foram consistentes com aquelas dos 

lisímetro, considerando o intervalo de 6 horas entre medições de umidade do solo. A percolação 

foi maior sob gotejamento com cobertura do solo. A quantidade de água percolada não foi 

influenciada pela presença da cobertura do solo sob irrigação por micro aspersão. 

Palavras-chave: balanço de água no solo, irrigação localizada, sensores de umidade do solo. 

1. INTRODUCTION 

Measuring water loss by percolation is fundamental in determining water application 

efficiency in irrigated crops, calculating soil water balance, dealing with drainage problems, 

and preventing contamination of groundwater (Chartzoulakis and Bertaki, 2015; Lai et al., 

2016; Ferreira, 2017). Percolation and water uptake by roots are the most difficult components 

of water balance to measure. Many authors studied percolation under unsaturated root-zone 

conditions of irrigated crops (Baram et al., 2012; Santana Júnior et al., 2021; Silva and Coelho, 

2013; Séré et al., 2012). Determining percolation for soil water balance is crucial for 

minimizing errors associated with the estimation of crop evapotranspiration (ETc), which plays 

an important role in irrigation scheduling. Although drip and micro sprinkler irrigations are 

highly efficient and commonly used in fruit orchards, they have different soil wetting patterns, 

with possible water losses by percolation, as demonstrated by Nassah et al. (2018).  

The amount of water percolated depends on the soil’s physical properties and on energy 

states of soil water. The availability of equipment for estimating the soil water content (SWC) 

with accuracy (time domain reflectometry and frequency domain reflectometry) allows us to 

evaluate the processes of soil water dynamics like percolation under irrigated conditions 

(Ladekarl, 1998; Silva and Coelho, 2013). Silva and Coelho (2013; 2014) and Santana Júnior 

et al. (2021) used TDR probes to obtain continuous and automated SWC data in order to 

determine water percolation in drainage lysimeters. One of the limitations for obtaining 

percolation with the use of continuous and automated SWC data is the high cost of this 

equipment.  

Alternatives for estimating SWC include the use of low-cost capacitance sensors (Pizetta 

et al., 2017), electrical resistance sensors (Salman et al., 2021; Shock et al., 2013), and 

tensiometers. Percolation with regard to flow rate and its calculation between irrigation events 

requires the knowledge of a representative time interval between SWC readings.  

Lysimeters are useful tools to study and quantify the water and chemical fluxes in soil 

(Pütz et al., 2018), allowing the performance of experiments under controlled soil conditions 

under natural meteorological conditions. Lysimeters have been widely used to quantify 

evaporation and evapotranspiration (Graham et al., 2018; López-Urrea et al., 2020; Pütz et al., 

2018), and to calibrate and test numerical models of water flow and chemical transport 

(Kupfersberger et al., 2017; Tu et al., 2021; Wang et al., 2018). Duncan et al. (2016) used 

drainage lysimeters to study groundwater recharge from rainfall and irrigation in pasture areas 
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of New Zealand, using three sets of three drainage lysimeters in irrigated dairy farms. 

Following an irrigation event, soil water is mainly influenced by gravitational and matric 

gradients associated with diffusivity and unsaturated hydraulic conductivity, where infiltration 

and water redistribution in the soil occur simultaneously. After that, percolation occurs, losing 

intensity with time. 

Percolation has been estimated mainly by numerical mathematical models which need soil 

properties as inputs for computer programs (Panigrahi and Panda, 2003); these properties 

include diffusivity and unsaturated soil hydraulic conductivity. This work proposes an approach 

for determination of the percolated water depth between two irrigation events in a two-

dimensional soil profile near the plant. This approach is based only on SWC readings in a whole 

profile both in the effective rooting zone and below it. 

The present work: (i) evaluated an approach for estimating percolation beneath the rooting 

zone of banana trees in lysimeter; and, (ii) determined the soil water balance components in 

banana trees effective root zone, grown with and without soil covering, under micro irrigation 

at field conditions, by applying the approach evaluated in a lysimeter (objective i). 

2. MATERIAL AND METHODS 

Experiments were carried out at Embrapa, Mandioca and Fruticultura, in Cruz das Almas, 

Bahia State, Brazil (12°48’ S; 39°06’ W; 225 altitude), between November 2015 and February 

2016. The experiments were conducted: (i) using banana plants, grown in drainage lysimeters 

and (ii) in a banana orchard grown under field conditions. The climate of the region is humid 

to sub-humid with annual average precipitation of 1143 mm. The soil of the lysimeters had a 

sandy-clay texture (493.5 g kg-1 of sand; 89 of silt; 417.5 g kg-1 of clay) and bulk density of 

1.40 g cm-3. The soil in the field experiment had a sandy clay loam texture (571 g kg-1 of sand, 

103 g kg-1 of silt; and 324 g kg-1 of clay) and bulk density of 1.50 g cm-3. 

2.1. Lysimeter experiment characterization 

A lysimeter with an area of 5.0 m³ (2.0 m wide, 2.5 m long and 1.0 m deep) was installed 

at the center of a 0.5 ha banana orchard. A drainage system at the bottom of the lysimeter 

allowed water to drain freely, using perforated PVC pipes of 0.032 m of diameter, covered with 

a 0.1 m-deep layer of washed sand. Time domain reflectometry (TDR) probes were installed at 

the depths of 0.8, 0.6, 0.4 and 0.2 m, and at the distances of 0.2, 0.4, 0.6 and 0.8 m from the 

center of the lysimeter, forming a two-dimensional grid with 16 points (probes) for soil moisture 

readings. 

The TDR probes consisted of three 0.10-m-long stainless-steel rods connected to 3.5-m-

long coaxial cables attached to multiplexers. The multiplexers were connected to a station 

composed of a TDR reflectometer and a data logger recording and storing data.  

Soil water content (SWC) data were measured and stored every 20 minutes. The TDR 

probes were calibrated, according to the methodology described by Silva and Coelho (2013), 

obtaining Equation 1. 

𝜃 = 6𝐸 − 5𝐾𝑎3 − 0.0032𝐾𝑎2 + 0.0631𝐾𝑎 − 0.2422;  R² =  0.98       (1) 

Where, Ka is the bulk dielectric constant and θ is the volumetric soil water content (cm³ 

cm-3). 

Six micro sprinklers with 56 L h-1 flow rate irrigated the banana plant in the lysimeter, 

three emitters on each side and at 0.40 m from the plant. Water application uniformity resulted 

in an average Christiansen coefficient of 89% (Conceição, 2016). Irrigation was performed 

daily. The lysimeter experiment followed a completely randomized design, in split-plots with 
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three replicates. The plots consisted of the methodologies used to measure percolation (SWC 

readings from TDR probes, and lysimeter percolation volume), and the subplots consisted of 

six intervals between SWC measurements (2, 4, 6, 8, 10 and 12 h).  

2.2. Field experiment characterization 

The field experiment was carried out from November to February 2016 with “BRS 

Princesa” banana spaced at 2.5 x 2.5 m. Three 4 L h-1 drippers spaced 0.5 m apart on a lateral 

line per row irrigated each plant located in the middle of the three emitters. A micro sprinkler 

system was also used, with one lateral line per two rows of plants and micro sprinklers having 

64 L h-1 flow rate located in the middle of four plants. The same amount of water was applied 

to plots and subplots. Irrigation scheduling was based on crop evapotranspiration (ETc), which 

is the product of reference evapotranspiration (ETo) and crop coefficient (Kc). Reference 

evapotranspiration was obtained using the Penman-Monteith-FAO method (Allen et al., 2006). 

To do so, meteorological data measured by an automatic weather station located near to the 

experiment were used. The correction coefficient for localized irrigation systems was set at 1 

(Coelho et al., 2015). The irrigation frequency was 24 hours (1 day). 

The experiment followed a completely randomized design in split-split plots with four 

repetitions. Plots consisted of two irrigation systems (drip and micro sprinkler), subplots 

consisted of two soil coverage conditions (bare soil and mulch), and sub-subplots consisted of 

six intervals (2, 4, 6, 8, 10 and 12 h) from the end of the irrigation event to the next event. 

Around 60 days before collecting data, TDR probes were installed within the plant’s root 

zone in each sub-subplot. The probes were distributed at distances of 0.25, 0.5, 0.75 and 1.00 

m from the plant and at depths of 0.2, 0.4, 0.6 and 0.8 m, forming a two-dimensional SWC 

monitoring grid consisting of 16 probes in each plot and subplot. The TDR probes and the 

recording/storing system were identical to those used in the lysimeter experiment. The 

calibration of the TDR probes resulted in Equation 2. 

𝜃 = 5.65𝐸 − 5𝐾𝑎3 − 0.003516𝐾𝑎2 + 0.08044𝐾𝑎 − 0.43272        (2) 

Where, θ is the soil volumetric water content (cm3 cm-3) and Ka is the apparent dielectric 

constant of the soil; R2 = 0,99. 

2.3. Percolation estimates in lysimeters and in the field 

We selected 5-d-long periods with daily ETo values showing little variation (±0.64 mm) 

for the assessment of percolation.  Crop evapotranspiration was the product of ETo, Kc and a 

coefficient for localized irrigation (Keller and Bliesner, 1990), the latter being assumed as 

constant during the 5-d period. The evaluation considered five irrigation cycles (24 h), each one 

as a replicate. Percolation was estimated, both in the field and lysimeters, based on the 

evaluation of water storage in the soil layer between 0.60 and 0.80 m deep (z) and at a distance 

(r) from the plant of 0.0 to 1.0 m (Equation 3).  Measurements of soil water storage were 

performed at the two-dimensional profiles during five time intervals after the irrigation event. 

 Sti = ∫ ∫ (θti)r,z
1.0

0
dzdr

0.80

0
− ∫ ∫ (θti)r,z

1.0

0
dzdr

0.60

0
         (3) 

Where, (θti)r,z is the soil water content at a distance r from the plant and at a depth z from 

the soil surface, and Sti is the amount of water stored within the soil layer between 0.60 and 

0.80 m deep and at the time ti, which can assume the values ti and ti+1.  Soil water contents were 

measured every 2, 4, 6, 8 and 12 h after an irrigation event. Automatic measurements by the 

TDR lasted for 24 h. This period corresponded to an irrigation cycle. The amount of water 

percolated (PER) within the interval of time ti – ti+1 is given by the difference of storage within 
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the layer between 0.60 and 0.80 m in the intervals (Equation 4). 

𝑃𝐸𝑅𝑡𝑖−𝑡𝑖+1 =
𝑆𝑡𝑖+1

− 𝑆𝑡𝑖

𝑡𝑖+1−𝑡𝑖

                                                                                            (4) 

Where, 𝑃𝐸𝑅𝑡𝑖−𝑡𝑖+1 is the amount of water (mm) percolated from the effective root zone 

estimated at the layer 0.60 – 0.80 m within an interval of time t i+1 - ti; S is the water storage 

(mm) in this layer at time ti or ti+1. Total percolation between two irrigation events (24 h) was 

determined by adding up all percolation measurements for each interval (Equation 5). 

 PER24 hs = ∑ PERti−ti+1
23
i=1                                                                                  (5) 

Where n refers to the number of intervals (Δt) in 24 h, i.e., Δt = 2 h, n = 12; Δt = 4 s, n = 

6; Δt = 6 h, n = 4; Δt = 6 h, n = 4 and Δt = 12 h, n = 2. We assumed that percolation was 

negligible during an irrigation event because soil water contents were lowest within the root 

zone right before the onset of irrigation and started to increase below the effective rooting depth 

only near the end of irrigation.  

The choice of the best time interval to calculate the percolation after an irrigation event in 

the field was based on the comparison of the amount of percolated water measured in the 

lysimeters with the values estimated by the Equations 3 and 4. Measured and estimated 

percolated water data were tested by analysis of variance and Snedeccor’s F test. Then, means 

were compared using the Tukey test. Evaluating the proposed approach in the lysimeter 

permitted us to estimate the percolation occurring within a soil profile under drip- and micro 

sprinkler irrigation systems, with and without mulching composed of banana litter.  

3. RESULTS AND DISCUSSION  

3.1. Lysimeter percolation estimate 
Mean amounts of percolated water estimated by the approach based on readings of soil 

water content at intervals of six, eight, 10 or 12 hours between irrigation events were not 

significantly different from those measured in the lysimeter drains (Table 1).  

Table 1. Means of percolated water (mm) estimated by the proposed 

approach based on TDR readings of soil water content (SWC) and the 

amount of water measured in drainage lysimeters for different intervals 

of SWC measurements within the two-dimensional profiles for a 24-h 

irrigation cycle. 

Method 
Interval between soil water content measurements (hours) 

2 4 6 8 10 12 

Approach 3.39 a 0.70 a 0.25 b 0.29 b 0.17 b 0.12 b 

Lysimeter 0.22 b 0.22 b 0.22 b 0.22 b 0.22 b 0.22 b 

CV 35.38% 

Means followed by the same letter in the column are not different, based 

on Tukey’s test at 5% of probability. 

These results revealed that carrying out SWC readings at short intervals is not necessary. 

Longer intervals make percolation assessment more practical and less time-consuming. A 

potential model was fitted to the data on the amount of percolated water as a function of reading 

interval (Figure 1). The model had a root square mean error of 0.6 mm. The larger deviations 
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between estimated and measured percolation took place two to four hours after irrigation. Soil 

water content (SWC) measured every 2 h after the irrigation resulted in deviations of up to 3.0 

mm from values estimated by the approach (Equations 3 and 4). The highest drop in water 

percolation occurred after 4 h from the end of irrigation according to the increase in intervals 

between SWC measurements after irrigation. At 6-h intervals between measurements, the rate 

at which the amount of percolated water decreases as time passes tended to zero (Figure 1). 

 
Figure 1. Percolated water amount as a function of time interval 

between SWC readings within the soil profile in drainage lysimeters. 

Shorter time intervals (2 and 4 h) overestimated percolation when compared to longer time 

intervals (10 and 12 h). The results indicate that the estimation of the amount of percolated 

water over a 24-h period needs 6- to 10-h intervals between SWC readings within the two-

dimensional soil profiles close to the plant because no significant difference was observed when 

comparing the two reading intervals. 

The more adequate intervals of SWC readings within the soil profile in the lysimeters for 

measuring percolation were different from the ones reported by Silva and Coelho (2014), who 

integrated the obtained data by TDR to the Darcy-Buckingham Equation. The adequate interval 

verified in our study was within the recommendation of those authors who considered adopting 

time intervals for SWC readings above 1 h in drainage lysimeters, without plants. In the case 

of estimating percolation by using soil water content data by our approach (Equations 3 and 4), 

prior knowledge of hydraulic properties of the soil is not necessary; however, knowing the soil’s 

physical attributes, such as texture, soil bulk density and soil-water retention curve is needed 

for extrapolation of recommendations. 

Figure 1 shows a decreasing percolation rate as time passes up to 6 h from the end of 

irrigation, though the volume of percolated water is largest during this 6-h period because 

within the first hours after irrigation, all the applied water is being redistributed due to matric 

or gravitational potential gradients and root uptake (Hillel, 2013). Gravity drives the flow of 

water below the root zone – percolation –, which relates to the water not retained in soil pores 

after an irrigation event. Within the effective root depth, gravitational gradients tend to decrease 

as time passes. The amount of water in the more superficial macropores decreases and water 

flow becomes more dependent on the non-saturated soil hydraulic conductivity 

(Satchithanantham et al., 2014). These authors observed in their TDR readings a decrease in 

SWC in the root zone of potato as time passes, with minimum variations in the deeper layers. 

Root-water extraction also contributes to decreasing water percolation, mainly during the first 

hours after an irrigation event, because of the larger gradient of water potential between soil 

and root.  
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3.2. Field percolation prediction 

The approach’s performance based on evaluation of SWC data from lysimeters proved to 

be feasible for use under field conditions, as long as the time elapsed from the end of irrigation 

is more than 6 h.  The analysis of variance for the field experiment detected a significant effect 

of the interaction between the micro irrigation systems and mulch in percolation data. The 

higher means of water percolation were observed in drip-irrigated bananas (Table 2). There was 

no statistical difference in percolation between bare and mulched soil for both irrigation 

systems. However, the total percolated water under the drip irrigation with mulch was 26.4% 

greater than the total percolation under drip irrigation with bare soil.  

Table 2. Means of total water percolation (mm d-1) in the drip 

and micro sprinkler irrigation systems on soil with and without 

mulch composed of banana biomass under field condition. 

Treatments 
Mulch 

With Without 

Drip irrigation 0.67 aA 0.53 aB 

Micro sprinkler irrigation 0.29 bB 0.28 bB 

CV% 18,16 

Means followed by the same lowercase letter in the columns 

and uppercase letters in the rows are not significantly different 

based on Tukey’s test at 5% probability. 

Potential models fitted to percolated water data as a function of the time interval between 

SWC readings represented the interaction between the time interval between SWC 

measurements and the irrigation system (Figure 2). The models had a root square mean error of 

0.28 mm for the drip system and of 0.18 for the micro sprinkler system. Both potential models 

showed a goodness of fit of 0.999 for drip and micro sprinkler irrigation systems (Figure 2). 

 
Figure 2. Percolated water amount as a function of the interval between SWC 

readings for drip and micro sprinkler systems in field-grown bananas. 

The longer the intervals between SWC measurements, the lower mean percolation for both 

irrigation systems (Figure 2). Percolation was more expressive for the intervals of SWC 

readings of 2 and 4 h for drip- and micro sprinkler irrigation systems. Mean percolation 
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measurements every 2 and 4 h were overestimated when compared to those measured at 

intervals longer or equal to 6 h.  

Field results are consistent with those obtained from lysimeters when using the proposed 

approach (Equation 3, 4 and 5). Therefore, for both soils, the approach may be used at field 

conditions, regardless of differences in texture and structure. 

The feasibility of the approach for measuring percolation in 1-m-deep lysimeters indicates 

the possibility of using it under field conditions. The field results showed that water percolation 

in the mulched soil cultivated with banana was higher under drip irrigation than under micro 

sprinkler irrigation. This is due to the wetted volume of soil beneath a dripper being smaller 

than that beneath a micro sprinkler. Moreover, a micro sprinkler wets a larger area than a dripper 

does, resulting in a greater evaporative area on the soil surface; therefore, the lower application 

intensity and water storage in the soil leads to lower percolation. The same volume of water is 

redistributed within a smaller soil volume under drip irrigation, and, therefore, the smaller 

volume of soil should contain more water than within the larger wetted volume beneath a micro 

sprinkler. The larger amount of water, redistributed in macropores, is more strongly affected by 

gravity, thereby increasing percolation.  

Furthermore, mulch makes evaporation negligible, thus increasing water volume stored in 

the smaller volume of soil wetted by drippers as compared with the volume of soil wetted by 

micro sprinklers. This greater water volume stored in the wetted soil volume enhances the total 

potential gradients, responsible for the greater flow/percolation in comparison with the micro 

sprinkler system. Our results are in agreement with those obtained by Mota et al. (2010), who 

reported increased stored water in the soil due to mulching at the early and vegetative stages of 

mulched melon plants under drip irrigation. Anjos et al. (2017), working in a Plinthosols under 

levels of mulches composed of sugarcane biomass, observed that keeping 50% of the soil 

covered promoted a better conservation of soil moisture, taking 11 days for the soil to reach the 

critical water storage. 

Under drip irrigation, the percolation measured in the covered soil did not differ 

statistically from that measured in uncovered soil. Water losses under drip irrigation are 

associated with soil evaporation, plant transpiration and percolation. Evaporation under drip 

irrigation is more relevant for smaller ground cover, or at the early plant growth stages 

(Bonachela et al., 2001). The banana crop was, at flowering phase during data sampling, 

covering the whole ground. This fact contributed to the reduction of soil evaporation on bare 

soil, so the difference in percolation recorded between mulched soil and bare soil was minimal, 

regardless of the irrigation system. Yet, the small difference in percolation for drip irrigation 

systems is due to water losses through plant transpiration and percolation in the covered soil, 

which increases the amount of water stored within the wetted volume between irrigation events, 

contributing to the increase on the water potential gradients. These results corroborate those of 

Lu et al. (2020) and Pereira et al. (2015), who reported that corn-based mulch decreases soil 

temperature and evaporation and increases soil water content. Jun et al. (2014) reported 

increases in soil water storage and forage yields on biomass-covered soils. Nassah et al. (2018) 

estimated percolation in drip-irrigated citrus orchards, with irrigation amounts calculated based 

on the FAO-56 equation, and verified that, on average, 38.3% of the applied water had 

percolated. 

The models fitted to percolation as function of time intervals between SWC readings 

(Figure 2) indicated, as in Figure 1, adequate intervals of 6 h or more for obtaining percolation 

within the soil profiles under both micro-irrigation systems. Reading the SWC every 2 or 4 h 

within a 24-h period increases the chances of variations in SWC readings, which is more intense 

during the initial period after an irrigation. Soil water content varies within the soil profile, 

regardless of the time elapsed from the end of an irrigation event, due to soil water infiltration 

and redistribution. Larger intervals between readings remove these variations and present more 
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coherent SWC values at the two-dimensional profile. Additionally, right after the end of the 

irrigation event, SWC measurements in the more superficial layer present higher values, which 

excessively increases water storage in the soil profile and the percolated volume. 

Additionally, the results indicate that the proposed approach can be employed for other 

rooting depths as long as the grid of points for SWC measurements includes the soil layer 

immediately below the effective root depth. The great advantage of the approach lies in the fact 

that it requires only SWC data. The approach may be used on electronic spreadsheets and does 

not require the use of complex analytical or numerical models. 

4. CONCLUSIONS 

An approach was proposed to estimate the amount of percolated water below the effective 

root depth (deep percolation). Predictions were highly consistent with the percolated amount 

obtained in a drainage lysimeter for 6-h intervals or longer between soil water content (SWC) 

readings in the soil profile. 

The percolated amounts estimated by the approach in a field-grown banana orchard under 

drip and micro sprinkler irrigation with and without mulch (banana biomass) were consistent 

with the estimated percolation under lysimeter conditions, provided that the interval between 

SWC measurements in the soil profile is equal to or greater than six hours. 

Percolation within the soil profile under the drip irrigation system is higher than that under 

the micro sprinkler system, considering the same volume of water applied to the crop. 

The proposed approach for predicting soil water percolation below the effective root zone 

is feasible and easy-to-use under field conditions for the purpose of estimating  soil water 

balance within the root zone. 
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ABSTRACT  
Arsenic (As) is one of the most harmful chemical elements known to man and to the 

environment, mainly due its high toxicity and wide distribution; the content of this element 

within the soils is a genuine concern, thus making it paramount to know its natural contents in 

a regional context. The present study aimed to determine the natural Arsenic content in the A 

horizon of 31 soil profiles from the state of Santa Catarina, Brazil, which is useful in 

determining reference values, monitoring, remediation of contaminated areas, legal regulation 

and Brazilian laws. Soil samples were prepared following the USPEA 3051A SW-846 method 

and were previously chemically reduced from As(V) to AS(III) by using the BCR method. The 

determination was performed in an Inductively Coupled Plasma - Optical Emission 

Spectrometry - Hydride Generation (ICP-OES-HG at cold vapor). Results obtained from the 

soil groups reveal the materials of basaltic origins as the ones with more As content while those 

of sediment origins had lesser content. Evaluated soil profiles fit into the following descending 

order regarding their As content: Latossolos, according to EMBRAPA (Oxisols according to 

Soil Taxonomy) > Nitossolo (Ultisols, Oxisols (Kandic), Alfisols) > Chernossolos (---) = 

Cambissolo (Inceptisols) = Argissolo (Ultisols) > Neossolos (Entisols). 

Keywords: arsenic content, reference value, soils, trace element. 

Arsênio em solos de Santa Catarina 

RESUMO 
O arsênio (As) é listado como um dos elementos químicos mais nocivos ao homem e ao 

meio ambiente, devido a sua alta toxidade e por ser amplamente distribuído na crosta terrestre, 

destaca-se a sua preocupação dos teores deste elemento em solos, sendo de suma importância 

conhecer os teores naturais de As no contexto regional. O objetivo do presente estudo foi 

determinar o teor de arsênio no horizonte A de 31 perfis de solos do estado de Santa Catarina 

Brasil, podendo este trabalho auxiliar nos valores de referência, monitoramento, remediação de 

áreas contaminadas, regulamentos e leis brasileiras. As amostras de solos foram preparadas 

segundo o método USEPA 3051A SW-846 e pré-reduzidos quimicamente do As(V) para 

As(III) através do método BCR. A determinação foi realizada em Espectrômetro de Emissão 

Óptica com Plasma Acoplado Indutivamente com Geração de Hidreto. Os resultados obtidos 

dentre o conjunto de solos, mostram que o material de origem basáltica, foram os que 

apresentaram os maiores teores de As e o material de origem de sedimentos com os menores. 
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Os perfis de solo se enquadram na decrescente ordem no quesito dos teores de As na seguinte 

sequência: Latossolos > Nitossolo > Chernossolos = Cambissolo = Argissolo > Neossolos.  

Palavras-chave: conteúdo de arsênio, elemento traço, solos, valor de referência. 

1. INTRODUCTION 

Arsenic (As), a semimetal, part of Group 15 of the periodic table, is the twentieth most 

abundant element on Earth (Roy et al., 2015); thus, studying and monitoring this element due 

to its extensive distribution over the atmosphere, hydrosphere and biosphere is an important 

matter. According to the World Health Organization (WHO, 2018), Arsenic is one of the ten 

high-toxicity chemical elements, responsible for causing great concern to public health. 

Contamination by As of water sources, be they groundwater or surface water, is a global 

problem (Xu et al., 2020; Gao et al., 2020), with the natural sources of this element generated 

by the weathering of rocks, biological activities and volcanic emissions (Alonso et al., 2014); 

in natural soils, this contamination is mainly due the parent material and weathering degree 

(Marrugo-Negrete et al., 2017). On the other hand, contamination by anthropogenic sources, 

i.e. not natural ones, is done by production and usage of herbicides, phosphorus fertilizers, 

mining, industrial waste/residue and activities related to chemical preservation of timber 

(Chirenje et al., 2003; Alonso et al., 2014; Roy et al., 2015; Gong et al., 2020). As for the 

toxicity degree, the inorganic As3+ form (arsine AsH3, arsenate As(OH)3, arsenate AsO(OH)3) 

is ten times more toxic than the As5+ form (Rosas et al., 2014); both forms are carcinogenic, 

mutagenic and genotoxic. While in the organic methylated form, such as the case of MMA 

Monomethylarsonic and DMA Dimethylarsinic, organic As is a hundred times less harmful to 

health in comparison to its inorganic structures (WHO, 2018). As a result of these factors, even 

in low concentrations As can promote negative effects to health (ATSDR, 2015; Mandal, 2017) 

and its accumulation, be it because of agricultural or industrial activities, is worrisome due to a 

possible transference of this element to wild animals or humans (Su and Yang, 2008). In Brazil, 

there are reports of As-contaminated waters (up to 0.36 mg L-1), soils (up to 860 mg kg-1) and 

sediments (up to 3.200 mg kg-1) situated in vicinity of industrial or mining areas (De Magalhães 

and Pfeiffer, 1995; Mirlean and Roisenberg, 2006; Pereira et al., 2009; Alves and Rietzler, 

2015). 

Soil plays an important role in the environment by acting as a natural buffer, controlling 

the As transport to other compartments, although with limited adsorption (retention) capacity. 

In this system, toxicity, mobility, solubility, availability and bioavailability in the soil depend 

on specific conditions such as pH, redox potential, CEC, competition with other elements in 

different chemical equilibria, and composition and ionic strength of the soil solution (Qiao et 

al., 2019). Arsenic is a chalcophile element (Goldschmidt, 1958), therefore its mobility is 

regulated by its oxidation state (Tarvainen et al., 2013); it can be found in the As5+ form when 

under oxic conditions (Eh>200 mV; pH 5–8), and in the As3+ form under anoxic conditions 

(Mcbride, 1994; Singh et al., 2015). When in the soil solution, under anaerobic conditions, it is 

found in the Ca3(AsO4)2, Mg3(AsO4)2 and As2O5 forms and, when under anaerobic conditions, 

in the As, As2S3 and As2O3 forms (Hayes and Traina, 1998). Another interesting factor is that 

the behavior of arsenate (AsO(OH)3) in the soil is similar to phosphate (PO₄³⁻) and vanadate 

(VO₄- (McBride, 1994; Rosas et al., 2014), as it is adsorbed onto Fe and Al oxides, such as 

non-crystalline aluminosilicates and onto argillo silicates as well, to a lesser extent. 

The first studies on natural As contents in soils were by Curi and Franzmeier (1987), with 

“Latossolos Ferríferos”, according to EMBRAPA, (Ferric Oxisols, according to Soil 

Taxonomy) in Minas Gerais, and Campos et al. (2007), with seventeen “Latossolos” (Oxisols) 

in Brazil. After publication of the CONAMA 420 Resolution (Conama, 2009), several scientific 

papers (Pereira et al., 2009; Paye et al., 2010; Campos et al., 2013; De Souza et al., 2016; De 
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Menezes et al., 2020) were published with information on natural contents or quality reference 

values for Brazilian soils. 

Determining natural trace element contents in the soil, having no human interference, is 

necessary for defining quality reference values, monitoring and remediating contaminated areas 

and, furthermore, contributing in understanding the magnitude of the risks to which the 

population is exposed to daily (Tsuji et al., 2007). 

Considering the above, the advanced agricultural and industrial development of Santa 

Catarina and its geological and pedological diversity, it is of utmost importance to determine 

the natural arsenic contents for the soils of the state, which is the objective of the present study. 

2. MATERIAL AND METHODS 

Soils used in this research were collected from the following regions in the state: western 

area; eastern mountains; Basaltic Slopes; Itajaí Valley; Santa Catarina Mountains; and southern 

Santa Catarina. Figure 1 illustrates the geographic distribution of the profiles. 

 
Figure 1. Map with the location of the 31 sample profiles in the Santa Catarina state. 

Soil samples are from the A horizons of 31 profiles that were later described and sampled 

in roadside artificial gully in places under natural vegetation formations of fields or forests. The 

same authors who performed, described and classified the soils in this study also determined 

their physical and chemical attributes, described and classified in Table 1. All profiles were 

described in areas not subjected to anthropogenic arsenic contamination. 

Samples were air-dried, had their clods broken, were homogenized and then passed 

through a sieve with an opening of 2.0 mm. In sequence, they were ground and homogenized 

in an agate mortar until forming a fine powder and finally sieved at an aperture of 0.297 mm. 
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Table 1. Classes, parent material, physical and chemical attributes of evaluated soils. 

Soil class *EMBRAPA (Soil Taxonomy) Lithology 
Sand Clay TOC T SB V Al Fe 

g kg-1 Cmolc kg-1 % g kg-1 

Nitossolo Bruno Distrófico típico (Oxisol) Basalt 106 578 34 16 2.8 18 46 98 

Nitossolo Bruno Distrófico rúbrico (Oxisol) Basalt 45 641 46 20 1.2 6 41 103 

Nitossolo Bruno Distroférrico típico (Oxisol) Andesite basalt 164 446 38 17 4 24 57 165 

Nitossolo Bruno Distrófico húmico latossólico rúbrico (Oxisol) Rhyodacite 102 614 33 19 12 62 127 68 

Latossolo Vermelho Distrófico retrático úmbrico (Oxisols) Basalt 16 774 22 16 1.45 9 71 131 

Neossolo Regolítico Húmico típico (Entisol)  Phonolite 230 540 30 15 4.3 28 156 25 

Cambissolo Háplico Alumínico típico (Inceptisols) Porphyritic phonolite 260 500 21 12 1.6 12 149 50 

Argissolo Bruno-Acinzentado Alítico típico (Ultisol) Argillites and siltstone 160 320 30 21 2 9 32 16 

Argissolo Amarelo Distrófico Típico (Ultisol) Granite and granulite 230 330 35 11 1.3 12 44 25 

Argissolo Vermelho Distrófico abruptico (Ultisol) Siltstone and Sandstone 463 170 15 6.2 5.2 83 12 14 

Argissolo Vermelho-Amarelo Distrófico latossólico (Ultisol) Sandstone and Siltstone 718 157 13 5.8 2.7 47 5.8 11 

Cambissolo Háplico Alumínico úmbrico (Inceptisol) Rhyodacite 60 580 34 24 1.8 7 99 41 

Cambissolo Húmico Distrófico típico (Inceptisol) Rhyodacite 192 600 39 19 0.9 5 108 44 

Nitossolo Vermelho Distroférrico típico (Oxisols) Basalt 149 590 32 23 10 42 47 116 

Cambissolo Háplico Alítico típico (Inceptisol) Rhyodacite 99 570 33 23 3.7 16 127 39 

Argissolo Amarelo Distrófico latossólico (Ultisol) Migmatito 290 370 33 9.0 2.6 26 93 24 

Neossolo Regolítico Eutrófico típico (Entisol) Granite 650 140 7.0 2.2 0.6 26 2.7 12 

Argissolo Vermelho distrófico (Ultisol) Siltstone and Sandstone 680 180 17 6.2 5.1 83 31 13 

Argissolo Vermelho-Amarelo Distrófico latossólico (Ultisol) Sandstone and Siltstone 620 300 20 5.8 2.7 44 5.6 12 

Nitossolo Bruno Distrófico húmico latossólico rúbrico (Oxisol) Basalt 22 684 38 19 4.4 23 102 60 

Argissolo Vermelho Distrófico abruptico (Ultisol) Siltstone and Sandstone 463 170 15 6.2 5.2 83 28 17 

Argissolo Amarelo Alítico típico (Ultisol) Mica schists 530 230 22 16 6.4 41 6.0 13 

Argissolo Vermelho-Amarelo Alumínico típico (Ultisol) Metaarenito 510 380 27 14 2.7 18 7.9 10 

Argissolo Vermelho-Amarelo Alumínico típico (Ultisol) Mafic Granulite 580 240 25 15 5.3 35 7.1 14 

Chernossolo Argilúvico Férrico típico (---) Basalt 220 420 30 20 18 90 34 86 

Nitossolo Vermelho Eutroférrico típico (Oxisol) Basalt 170 370 51 19 15 79 31 134 

Nitossolo Háplico Distrófico típico (Oxisol) Basalt 70 670 46 15 7.1 46 24 108 

Nitossolo Vermelho Eutrófico típico (Oxisol) Basalt 210 420 28 12 8.1 68 11 117 

Nitossolo Háplico Distrófico típico (Oxisol) Rhyodacite 140 280 33 23 19 83 33 99 

Neossolo Quartzarênico Órtico típico (Entisols) Sandy sediments 943 36 4 - 1.3 - 3.1 1.6 

Neossolo Quartzarênico Órtico típico (Entisols) Sandy sediments 919 58 7.4 - 1.8 - 4.7 0.4 

CO = organic carbon by the Walkley-Black method, total organic carbon; T value = CEC at pH 7.0; SB = Sum of bases; V= Base saturation; Al and Fe obtained by 

sulfuric attack. Source: based on Almeida et al. (2003), Corrêa (2003), Paes Sobrinho et al. (2009), Bringhenti et al. (2012), Da Costa et al. (2013), Lunardi Neto and 

Almeida (2013), Teske et al. (2013).
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The USEPA 3051A SW-846 method was employed as the extraction means. For this 

purpose, 1.5 g of soil was weighed and 5 mL of 37% HCl PA Merck® was added. Samples were 

in contact with the acid for 12h00 and then digested in the microwave (Anton PAAR Multiwave 

3000®) inside Teflon tubes. As a form of control and method validation, NIST certified sample 

SEM 2709A (San Joaquin soil) and reference sample EMBRAPA CRM-Agro E2002a (MR-

06/2013) were used, and the recovery values are displayed in Table 2. 

Table 2. As recovery percentage for SRM 2709A and CRM-Agro E2002a 

samples. 

Sample Recovered content Certified content Recovery 

 mg kg-1 % 

SRM 2709A 9.85 10.5±0.3 93.81 

CRM-Agro E2002a 53.38 59.3 ±7.2 90.02 

Soil analyses were performed in the Instrumentation Laboratory of the Department of Soils 

and Natural Resources from the Centre of Agroveterinary Sciences – UDESC/CAV. 

Determination of As contents was performed in an Inductively Coupled Plasma Optical 

Emission Spectrometer Hydride Generator (ICP-OES-HG at cold vapor). Prior to the 

determination, a chemical pre-reduction step from As(V) to As(III) by the BCR method 

(Varejão et al., 2009) was applied in all samples, adjusting and improving the efficiency in 

hydride generation. For such, a potassium iodide solution (KI 5% w/v) and ascorbic acid (5% 

w/v), enough to reach 0.2% v/v, was added in all samples, in the calibration standard solutions 

and blank samples. After resting for 12h00, As was quantified in ICP-OES-HG at cold vapor 

(Optima 8300 - Perkin Elmer). 

All samples were digested in duplicates and the determination was performed in triplicate 

per sample. As content readings in the blank samples were used to calculate limits of detection 

(LOD) = 3 x Standard Deviation (blank samples) / slope of the calibration curve straight line; 

and limits of quantification (LOQ) = 3.3 x LOD. Obtained values were 0.015 mg kg-1 of LOD 

and LOQ of 0.050 mg kg-1. 

Statistical analyses were performed by using an entirely randomized design separated for 

each component (Soils, Classes, Parent Material). Comparisons between Soils, Classes, and 

Parent Material were by employing F and Scott-Knott tests. To meet the theoretical assumptions 

of these tests, logarithmic transformation of the arsenic content variables was applied as 

suggested by the descriptive analysis of the data; however, results were presented on the 

original scale. All analyses were conducted with the R software (R CORE TEAM, 2016). As 

contents found were also subjected to correlation analysis with the following variables: clay 

content, silt/clay ratio, organic carbon, sum of bases (SB) and base saturation value (V%), Fe 

and Al contents by sulfuric attack. For all performed tests, a minimum significance level of 5% 

was considered. 

3. RESULTS AND DISCUSSION 

Basalt-derived soils averaged the highest As content (11.59 mg kg-1) while the lowest 

content was observed on soils derived from sandy sediments (0.82 mg kg-1) (Table 3). Higher 

contents in soils derived from effusive mafic rocks are related to the presence of higher arsenic 

contents in rock when compared to the other parent materials of evaluated soils in this study. 

Arsenic contents in basalt (mafic effusive) vary between 0.18 and 113 mg kg-1 (Mandal and 

Suzuki, 2002). Arsenic is classified as chalcophile, with basalts and andesites richer in 

chalcophile elements while granites are poor (Goldschimidt, 1958). As3+ can replace Fe3+ in 

many rock-forming minerals (Reimann et al., 2009). These As content differences in the rocks 



 

 

6 Matheus Rodrigo Machado et al. 

Rev. Ambient. Água vol. 16 n. 5, e2720 - Taubaté 2021 

 

may explain the low As contents in soils derived from granite, granite-granulite and mafic 

granite (Table 4). 

Table 3. As mean content (mg kg-1) for soils derived 

from different parent material. 

Parent material 
As content 

mg kg-1 

Basalt 11.59 a 

Siltstone and Sandstone 10.12 a 

Argillite and Siltstone 8.08 a 

Migmatite 7.79 a 

Rhyodacite 7.72 a 

Andesite basalt 7.50 a 

Metasandstone 5.84 a 

Siltstone and Sandstone 5.36 a 

Phonolite 5.06 a 

Porphyritic phonolite 3.73 b 

Mica schists 2.84 b 

Granite and granulite 2.77 b 

Sandstone and Siltstone 2.18 b 

Mafic granulite 2.10 b 

Granite 1.42 b 

Sandy sediments 0.82 b 

Table 4.  Mean As content (mg kg-1) for the main soil 

orders from Santa Catarina state. 

Order * EMBRAPA (Soil Taxonomy) 
As content 

mg kg-1 

Latossolo (Oxisols) 26.59 a 

Nitossolo (Ultisols, Oxisols (Kandic), Alfisols) 10.92 b 

Chernossolo (--) 6.96 c 

Cambissolo (Inceptisols) 4.95 c 

Argissolo (Ultisols) 4.67 c 

Neossolo (Entisols) 1.64 d 

The decreasing sequence of As contents was observed in the following soil Orders: 

Latossolos, according to EMBRAPA (Oxisols according to Soil Taxonomy) > Nitossolo 

(Ultisols, Oxisols (Kandic), Alfisols) > Chernossolos (---) = Cambissolo (Inceptisols) = 

Argissolo (Ultisols) > Neossolos (Entisols) (Table 4). The first three orders group soils derived 

mainly from basic and intermediate magmatic rocks. The soil “Latossolo Vermelho Distrófico 

retrático úmbrico” (Oxisols), derived from basalt (Serra Geral Formation) and located in 

Campos Novos (Table 6), had the highest As content (26.59 mg kg-1) of all 31 evaluated soils. 

Whereas, the “Neossolo Quartzarênico Órtico típico” (Entisols) profile located in Imbituba city, 

with the original material coming from sandy sediments, had the lowest As content                                

(0.56 mg kg-1). 

A natural As content of 31.7 mg kg-1 was found by Campos et al. (2007) for “Latossolo 

Vermelho Distroférrico típico” (Oxisols) derived from basic and intermediate magmatic rocks 

of the Serra Geral Formation, and contents of 4.5 mg kg-1 for “Latossolo Amarelo coeso típico” 

(Oxisols) derived from tertiary sediments. Arsenic content in “Neossolo Quartzarênico órtico 

típico” (Entisols) collected from the Cerrado, derived from sandstone of Aerado Formation, had 

0.28 mg kg-1 (Campos et al., 2013). These results corroborate the observations in this present 
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study. 

In a predictive modeling study of spatial variability using environmental covariates 

(contents of organic carbon, clay, sand and TiO2) representing the soil formation factors in 

Brazil, De Menezes et al. (2020) found mean As contents of 11.97±1.62 for the Santa Catarina 

state; however, only six profiles out of the 31 evaluated in the present study demonstrated 

similar contents.  

Natural As contents within the soils “Latossolo Vermelho Distrófico retrático úmbrico” 

(Oxisols from Campos Novos) of 26.59 mg kg-1 and “Nitossolo Vermelho Eutroférrico típico” 

(Oxisols  from Luzerna) of 17.63 mg kg-1 (Table 5) were higher than the prevention guideline 

value (15 mg kg-1) established by CONAMA 420 Resolution (Conama, 2009), reinforcing the 

need for scientific studies that generate guideline values for soils from different Brazilian states. 

Nevertheless, an important issue is that trace elements in uncontaminated soils have less 

mobility than trace elements from anthropogenic contamination, because the former are bound 

to or are part of the structure of minerals, while those from anthropogenic sources may be more 

available (Botsou et al., 2016). Therefore, natural contents higher than prevention values in 

soils do not necessarily indicate risks to living beings, due to their lesser availability. 

Table 5. As mean content for the main soil profiles in the State of SC. 

Soil Class: EMBRAPA (Soil Taxonomy) Location 
As Content 

mg kg-1 

Latossolo Vermelho Distrófico retrático úmbrico (Oxisols) Campos Novos 26.59 a 

Nitossolo Vermelho Eutroférrico típico (Oxisols) Luzerna 17.63 a 

Nitossolo Vermelho Distroférrico típico (Oxisols) Lages 14.16 a 

Argissolo Vermelho Distrófico (Ultisols) Içara 13.57 a 

Nitossolo Bruno Distrófico húmico latossólico rúbrico (Oxisols) Ponte Serrada 13.19 a 

Nitossolo Bruno Distrófico húmico latossólico rúbrico (Oxisols) Curitibanos 12.45 a 

Nitossolo Háplico Distrófico típico (Oxisols) Luzerna 12.38 a 

Nitossolo Bruno Distrófico rúbrico (Oxisols Lebon Régis 10.96 a 

Cambissolo Háplico Alítico típico (Inceptisols) Lages 10.96 a 

Nitossolo Vermelho Eutroférrico típico (Oxisols) Ipira 9.42 a 

Cambissolo Húmico Distrófico típico (Inceptisols) Lages 9.38 a 

Argissolo Bruno-Acinzentado Alítico típico (Ultisols) Alfredo Wagner 8.08 a 

Argissolo Amarelo Distrófico latossólico (Ultisols) São Bonifácio 7.79 a 

Nitossolo Vermelho Eutrófico típico (Oxisols) Luzerna 7.73 a 

Nitossolo Bruno Distrófico típico (Oxisols Painel 7.72 a 

Nitossolo Bruno Distroférrico típico (Oxisols) Água Doce 7.50 a 

Argissolo Vermelho Distrófico abruptico (Ultisols) Içara 7.49 a 

Chernossolo Argilúvico Férrico típico (---) Descanso 6.97 a 

Argissolo Vermelho-Amarelo Alumínico típico (Ultisols) Gaspar 5.84 a 

Argissolo Vermelho Distrófico abruptico (Ultisols) Içara 5.36 a 

Neossolo Regolítico Húmico típico (Entisols) Lages 5.06 a 

Cambissolo Háplico Alumínico típico (Inceptisols) Palmeira 3.73 b 

Argissolo Amarelo Alítico típico (Ultisols) Botuverá 2.84 b 

Argissolo Amarelo Distrófico típico (Ultisols) Rancho Queimado 2.77 b 

Argissolo Vermelho-Amarelo Distrófico latossólico (Ultisols) Lauro Müller 2.71 b 

Argissolo Vermelho-Amarelo Alumínico típico (Ultisols) Blumenau 2.10 b 

Argissolo Vermelho-Amarelo Distrófico latossólico (Ultisols) Lauro Müller 1.73 b 

Neossolo Regolítico Eutrófico típico (Entisols) Sangão 1.42 b 

Cambissolo Háplico Alumínico úmbrico (Inceptisols) Lages 1.14 b 

Neossolo Quartzarênico Órtico típico (Inceptisols) Araranguá 1.12 b 

Neossolo Quartzarênico Órtico típico (Inceptisols) Imbituba 0.56 b 
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Such discrepant contents as those obtained in the present study (26.59 – 0.56 mg kg-1) may 

indicate the need for standardizing more than one quality reference value (QRV), thus reducing 

the possibility of classifying natural contents as contamination or allowing soils with very low 

contents to be contaminated. VRQs can be split into groups with different clay and/or iron oxide 

contents, since this study (Table 6), as well as several others (Campos et al., 2013, De Menezes 

et al., 2020, Almeida et al., 2020), found positive correlation between arsenic content and those 

said attributes. 

Table 6. Pearson’s correlation (r) between As content and soil attributes. 

Values of p < 0.05 means significant correlation. 

 Silt Clay CO pH H2O T value SB V Al2O3 Fe2O3 

r 0.32 0.61 0.46 0.04 0.34 0.29 0.05 0.23 0.60 

p 0.08 0.00 0.01 0.82 0.08 0.12 0.80 0.21 0.00 

CO = organic carbon by the Walkley-Black method, total organic carbon; T 

value = CEC at pH 7.0; SB = Sum of bases; V= Base saturation; Al2O3 and 

Fe2O3 obtained by sulfuric attack. 

Source: Author’s own production, 2020. 

4. CONCLUSIONS 

The difference in As content is due to the different genealogical formations of Santa 

Catarina soils. Effusive mafic rocks, as well as basic and intermediate magmatic ones, had the 

highest As content in comparison to the other parent materials. 

Concerning soil class, different As content was found in the following descending 

sequence: Latossolos, according to EMBRAPA (Oxisols according to Soil Taxonomy) > 

Nitossolo (Ultisols, Oxisols (Kandic), Alfisols) > Chernossolos (---) = Cambissolo (Inceptisols) 

= Argissolo (Ultisols) > Neossolos (Entisols). Both the “Latossolo Vermelho Distrófico 

retrático úmbrico” (Oxisols) from Campos Novos and the “Nitossolo Vermelho Eutroférrico 

típico” (Oxisols) from Luzerna presented natural As contents above the prevention value 

established by the CONAMA 420 resolution (Conama, 2009).  

There was positive correlation between the clay content and iron oxide and the natural As 

content. 
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ABSTRACT  
This study evaluated the use of hydrogel on the development of Rapanea ferruginea under 

water restriction through Vibrational Fourier Transform Infrared Spectroscopy (FTIR-UATR). 

Seedlings of approximately 30 cm height were transferred in pots with 3 L of soil. The group 

of seedlings was separated into 5 different triplicate treatments according to the amount of 

hydrogel, as follows: H1 (25%), H2 (20%), H3 (15%), H4 (10%) and S (control without 

hydrogel). The applied hydrogel was mixed homogeneously with the soil. All treatments were 

irrigated with 40 mL of water. FTIR spectra were obtained from fresh leaves collected during 

13 months of monitoring. The correlation of the hydroxyl (water) band with the main 

biomolecules between treatments with the control was evaluated using the Mann-Whitney test 

(p<0.05). The biomolecule bands were subjected to principal component analysis (PCA) and 

hierarchical clustering analysis (HCA). The results indicate a significant correlation of the water 

band with the lipid, hemicellulose, cell wall and starch components in the species. The use of 

hydrogel resulted in a significant difference in the water absorption band in relation to the 

control group through the Mann-Whitney test and in biomolecules as the HCA and PCA 

analysis suggested. The best development was observed in groups H4 (10%), H2 (20%) and H3 

(15%). The use of hydrogel positively influences the biomolecular development of the Rapanea 

ferruginea and monitoring is viable by FTIR. 

Keywords: FTIR infrared spectroscopy, plant water management, superabsorbent polymer. 

Avaliação do uso de hidrogel no desenvolvimento da Rapanea 

ferruginea com restrição hídrica por espectroscopia vibracional no 

infravermelho médio com transformada de Fourier (FTIR-UATR) 

RESUMO 
Objetivou-se avaliar a influência do uso de hidrogel sobre o desenvolvimento da Rapanea 
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ferruginea sob restrição hídrica por meio da técnica de Espectroscopia Vibracional no 

Infravermelho Médio com Transformada de Fourier (FTIR-UATR). As mudas com 

aproximadamente 30 cm de altura foram transferidas em vasos com 3 L de solo. O grupo de 

mudas foi separado em 5 tratamentos distintos em triplicata de acordo com a quantidade de 

hidrogel, sendo: H1 (25%), H2 (20%), H3 (15%), H4 (10%) e S (controle sem hidrogel). O 

hidrogel aplicado foi misturado de forma homogênea ao solo. Todos tratamentos foram 

irrigados diariamente com 40 mL de água. Os espectros FTIR foram obtidos das folhas in 

natura coletadas por 13 meses de monitoramento. Foi avaliada a correlação da banda de 

hidroxila (água) com as principais biomoléculas e as diferenças existentes entre os tratamentos 

com o controle por meio do Teste de Mann-Whitney (p<0,05). As bandas das biomoléculas 

foram submetidas a análise de componentes principais (PCA) e análise hierárquica de 

agrupamento (HCA). Os resultados indicam uma correlação significativa da banda de água com 

os componentes lipídios, hemicelulose, parede celular e amido na espécie. O uso do hidrogel 

proporcionou diferença significativa na banda de absorção de água em relação ao grupo 

controle por meio do Teste de Mann-Whitney e nas biomoléculas como a análise de HCA e 

PCA sugeriu. O melhor desenvolvimento foi observado nos grupos H4 (10%), H2 (20%) e H3 

(15%). O uso do hidrogel influencia positivamente no desenvolvimento biomolecular da 

Rapanea ferruginea e o monitoramento é viável por FTIR.  

Palavras-chave: espectroscopia no infravermelho FTIR, manejo hídrico de plantas, polímero 

superabsorvente. 

1. INTRODUCTION 

Natural ecosystem degradation is mainly caused by undue anthropic practices such as the 

scarcity of planning in occupation together with the lack of adequate management which leads 

to deforestation with consequent accelerated soil degradation and plant biodiversity loss 

(Fragoso et al., 2016). Mostly, the ecosystem loses its resilience capacity and in order to reverse 

the degradation processes, direct anthropic intervention such as the planting of native seedlings 

is necessary (Ferraz and Engel, 2011). 

Rapanea ferruginea, popularly known as Capororoca-Vermelha, is a pioneer medium-

sized tree species (6 - 12 m) found in Brazilian biomes, especially in the Atlantic Rain Forest. 

It is widely used in the recovery of degraded areas due to its resistance and high reproducibility 

in impacted soils with low levels of nutrients such as sandy soils (Lorenzi, 2008). That species 

is important in secondary ecological succession, the fruits attract avifauna which propagate 

other species seeds and stimulate recovery (Pascotto, 2007). 

Higher plants are directly affected by several external factors such as the presence of 

nutrients, radiation incidence and water (Larcher, 2000). Irrigation is essential because it is 

responsible for the transport of nutrients. Water stress is the main cause of the failure of 

environmental recovery processes in degraded areas and in silvicultural practices (Sarvas et al., 

2007; Mudhaganyi et al., 2016; Felippe et al., 2021). 

To overcome the difficulties imposed by irrigation in seedling planting, the use of 

hydrogels is highlighted to supply water-stressed plants (Mudhanganyi et al., 2016. Linares-

Gabriel et al., 2018). According to Ramirez et al. (2016) hydrogels are hydrophilic polymeric 

materials obtained from the polyacrylonitrile polymerization consisting of a three-dimensional 

linear chain network which allows high water absorption reaching 400 to 1500 g of water per 

dry gram (Sloan, 1994; Koupai et al., 2008). 

The assessment of hydrogels use in planting is traditionally conducted by monitoring the 

effect on plant height, mass (leaves and roots) and the soil's retention capacity (Mews et al., 

2015; Mudhaganyi et al., 2016; Linares-Gabriel et al., 2018; Felippe et al., 2021). However, 
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little has been studied about the influence on the plants biomolecular development using 

modern techniques such as Fourier Transform Infrared Spectroscopy (FTIR-UATR), which 

arises from evaluating atomic vibrations of the molecules that interact with infrared radiation 

(10-6 to 10-3 m) that depends on molecular structure (Pavia et al., 2010). 

The infrared range on the electromagnetic field corresponds to the molecules’ vibration 

energy. The functional groups vibrations corresponding to proteins, polysaccharides, lipids and 

water are characterized. The vibrations which show the variations in dipole moment are 

observed in the infrared spectra (Stuart, 2004). FTIR is becoming more common in  biological 

analysis because it is fast, simple, requires small material quantities, is economic, does not 

destroy the sample, needs little or no sample treatment and doesn’t produce residues since no 

reagents are required (Depciuch et al., 2017).  

A sample in any state can be studied: liquids, solutions, pastes, powders, films and gases 

can be examined by a choice of sampling technique. This versatility allows application in many 

different research fields, such as soil organic analysis (Heller et al., 2015), effect of toxic soils 

on plant development (Palacio et al., 2014), air pollution effects on plant pollen (Depciuch et 

al., 2017), maize crop evaluation (Dokken and Davies, 2007), food sciences (Gallardo-

Velázquez et al., 2009; Kasim et al., 2014; Durazzo et al., 2018; Lucarini et al., 2020), plastic 

degradation on environment (Ioakeimidis et al., 2016; Chen et al., 2021), human body-fluid 

analysis (Kochan et al., 2021; Vieira et al., 2021), cell-component analysis (Mihoubi et al., 

2017; Güler et al., 2018) and microorganism analysis (Sakane et al., 2021). 

Therefore, the present work evaluates hydrogel influence on the biomolecular development 

of the Brazilian pioneer tree Rapanea ferruginea through the FTIR infrared spectroscopy 

technique, especially in monitoring the correlation of water presence with the main 

biomolecular structures. 

2. MATERIALS AND METHODS 

The seedlings were grown in a greenhouse at the Universidade do Vale do Paraíba and 

transferred to the experimental site located at coordinates 23º24'18.72” S and 46º3’44.67” O 

with an approximate altitude of 580 meters above sea level. The municipality of Guararema 

(São Paulo) is classified as hot and temperate - humid subtropical (Cfa) according to the Köppen 

classification, with an average annual precipitation of 1500 mm and average annual temperature 

of 19.7ºC. 

2.1. Hydrogel and Soil Preparation 

The hydrogel used in the seedlings of the evaluated groups was prepared with a 1% mixture 

by adding 60 grams of superabsorbent polymer in a volume of 6 liters of water (10 g L-1), 

several studies present different techniques such as the dry polymer application, previous 

hydrogel preparation and variations to the amount applied (Sousa et al., 2013; Mews et al., 

2015; Navroski et al., 2016; Cardoso, 2017), in this experiment, the hydrogel was prepared 

before application. The soil was collected at the experimental site in the organic horizon with 

30 cm depth. The substrate was prepared with a mixture of 25% tanned bovine manure in 

relation to the soil mass used for all the seedlings evaluated. 

2.2. Experiment Assembly 

The seedlings were selected after the external physiological conditions evaluation of the 

specimens. The 30 cm tall seedlings were transferred to polyethylene pots with a capacity of 3 

L. The 15 seedlings were divided in 4 quantities of hydrogel in triplicate plus the control group. 

The specific mass of the hydrogel used presented the value of 1.0073 g cm3-1 the mass of 1 Kg 

of hydrogel equals 1 L. Therefore, the amount of hydrogel applied in each of the treatments 

used were: H1 = 750 g (25%), H2 = 600 g, H3 = 450 g and H4 = 300 g and S = without hydrogel. 
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The dried soil was homogeneously mixed with the hydrogel, the soil was not saturated 

before application. The amount of hydrogel used was greater and the analysis did not focus on 

the evaluation of the soil's retention capacity as already addressed in previous research (Felippe 

et al., 2021). Irrigation was kept constant at 40 mL per day for all treatments. Even considering 

the water stress conditions of the experiment, it is necessary to carry out controlled irrigation 

because the hydrogel can absorb the moisture from the roots in extreme dry substrate and cause 

a negative impact on plant growth (Bogarim, 2014). 

2.3. Sample Collection for FTIR Analysis 

The seedlings were monitored from September 2019 to September 2020 (13 months), until 

reaching the growth limit under the controlled conditions. To select the leaves for FTIR 

analysis, phytosanitary conditions and leaves ageing were observed. Accordingly, young leaves 

were disregarded for analysis as well as leaves with bad conditions (Lins, 2017). The leaves 

were collected from the superior seedlings region, where they were cut off with the petioles 

near the stalk (Durak and Depciuch, 2020). 

Samples collected monthly were stored in isolated plastic bags at low temperature to 

preserve the chemical leaves composition until the analysis (Durak and Depciuch, 2020). The 

collections were made in triplicate (n=3) for the average and standard deviation evaluation. 

More intense collections could cause negative impacts on the seedlings. 

2.4. FTIR Spectra Preparation 

The leaves were analyzed in natura in order to assess chemical response close to the natural 

environment (Buitrago et al., 2018). To monitor plant chemical components more accurately, 

it is important to avoid sample processing (Durak and Depciuch, 2020). The leaf surface was 

cleaned with pure methyl alcohol to improve the sample contact with the equipment; residues 

can prevent the best signal in the spectroscopy analysis (Pavia et al., 2010). 

According to previous studies of the species (Lins, 2017), the leaves were pressed abaxially 

on the ATR diamond crystal by pressure gauges. The spectra were obtained from three 

delimited points on the abaxial part of the leaf (Figure 1). 

 
Figure 1. Abaxial collected points on 

the leaf surface.  
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The 585 spectra were obtained in the mid-infrared (MIR) range from 4000 cm-1 to                               

450 cm-1 at a resolution of 4 cm-1 and 32 scans at room temperature in the spectrophotometer 

Spectrum Two with Fourier-transform (FTIR) and attenuated reflectance technology (ATR) 

from PerkinElmer. All spectra were processed by the Spectrum 5.3 software, using baseline 

corrections, spectral smooth with the Savitsky Golay algorithm (9 points), normalization and 

absorbance plotting.  

The normalization step is important to allow statistical comparison of all spectra. Through 

the evaluation of the obtained spectra, it was noted that the range from 1680 cm-1 to 1620 cm-1 

showed the least variation. This range corresponds to the protein composition (Amide I), which 

is widely used in the evaluation organic samples (Berthomieu and Hienerwadel, 2009). Thus, 

this range was adopted for the spectra normalization.  

2.5. Statistical Analysis 

The infrared spectrum bands are related to the chemical bonds present in the plant structure 

which permit indirect quantification of biomolecule concentrations (Kasim et al., 2014). 

Statistical data were obtained by calculating the spectra integrated intensity (area) bands 

corresponding to the vibrational modes of the biomolecular components in the Spectrum 5.3 

software. The spectra obtained for every treatment including its standard deviations were 

plotted on software Origin 8.5. Figure 2 shows the area of the lipids in 3000 cm-1 to 2800 cm-1.  

 
Figure 2. Example of lipids area calculated on Spectrum 5.3 software. 

The spectra area data were processed in the Spectrum 5.3 and MiniTab 17 softwares. The 

band ranges correspond to the lipids (3000 cm-1 - 2800 cm-1) and to the fingerprint components 

region (1770 cm-1 - 700 cm-1), where the largest amounts of assessed biomolecules are located, 

were subjected to principal component analysis (Principal Component Analysis - PCA) and 
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techniques of hierarchical clustering analysis (HCA). The matrices obtained were evaluated by 

HCA analysis to observe the biomolecular differences between seedlings with hydrogel and 

without.  

The band range corresponding to the water in the FTIR was subjected to the normality test 

to observe the type of distribution. From this evaluation the non-parametric hypothesis test for 

non-normal samples (Mann-Whitney Test - U) was performed to observe differences (p<0,05) 

between treatments and control.  

The R software was also used to verify which biomolecules showed the most significant 

Pearson correlation with the water band in each treatment in order to observe which 

biomolecules were most influenced by hydrogel use in the Rapanea ferruginea. 

3. RESULTS AND DISCUSSION 

3.1. Correlation - Biomolecules x Water 

The use of hydrogel in plant development is addressed in several studies that demonstrate 

the positive impact on nutrient absorption and substrate use (Navroski et al., 2016); the 

application has been expanding in the planting of native Brazilian species for reforestation 

(Mews et al., 2015) as well as in the species of commercial interest (Linares-Gabriel et al., 

2018; Felippe et al., 2021). 

Water availability is crucial for plant growth, which allows nutrient absorption and 

transport in the processes of cellular development and in the photosynthetic capacity (Larcher, 

2000). The spectroscopic techniques allow the quantification of biomolecular constituents of 

plants under external factors, such as water stress (Buitrago et al., 2016). 

Rapanea ferruginea seedlings cultivated with different amounts of hydrogel were 

evaluated in comparison to control seedlings. As the focus of the present evaluation is the water 

influence provided by hydrogel on the biomolecular structure, the Pearson correlation between 

the band corresponding to the water and the main biomolecules was calculated. Using linear 

regression analysis by the least square method through R software (Table 1).  

Table 1. Pearson correlation: water band (3700-3000) x main biomolecules (H x S). 

Groups 

H2O  

x 

Chlorophyll 

H2O  

x  

Lignin 

H2O  

x  

Hemicellulose 

H2O 

x  

Starch 

H2O  

x  

Pectin 

H2O  

x  

Lipids 

H2O  

x  

Cellulose 

H1 x S - 0.45 - 0.20 - 0.81* - 0.75* - 0.66 - 0.76* - 0.70* 

H2 x S - 0.37 - 0.13 - 0.78* - 0.76* - 0.72* - 0.81* - 0.74* 

H3 x S - 0.35 - 0.14 - 0.79* - 0.78* - 0.69 - 0.77* - 0.79* 

H4 x S - 0.40 - 0.20 - 0.74* - 0.77* - 0.66 - 0.80* - 0.74* 

*Significantly strong autocorrelation values. 

The Pearson correlation evaluation is important to observe which biomolecules have a 

linear behavior in relation to the water band. The Pearson correlation values were generated 

with the bands areas calculated. The values oscillate between -1 and 1, the closer to the 

extremities the stronger the correlation (Larson and Faber, 2010). The results obtained indicate 

that the correlation between the water band with the biomolecules was inversely proportional, 

a phenomenon expected, considering that in the plant tissue-development process, the absorbed 

water decreases because it is consumed (Larcher, 2000). 

The linearity parameter is an important validation method for FTIR analysis. The low 
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correlation of chlorophyll in relation to water may be related to the spectrophotometer mid-

infrared detection limit proximity, as was also noted with the lignin band (Stuart, 2004). 

Chlorophyll is related to the water availability (Larcher, 2000). Therefore, future studies with 

the chlorophyll band assessment are necessary. Bands that showed the highest correlations 

between hydrogel treated and control seedlings were, respectively, lipids, hemicellulose, starch 

and cellulose. Due to its high intensity, which allows a better quantification, the lipid band 

stands out as important for the evaluation of plants by FTIR (Kasim, 2014). H2 group (20% 

hydrogel) stood out with the best correlation performance. 

3.2. Mann-Whitney test (U) 

The spectra water bands were submitted to normality assessment, the results obtained 

indicated that the data distribution was non-normal. Thus, it was necessary to use the non-

parametric Mann-Whitney (U) test to observe the differences between the hydrogel treatments 

in relation to the control group in the evaluated months (Table 2). 

Table 2. Mann-Whitney test (U) - Water band                                          

(3700 cm-1 - 3000 cm-1). 

P Value – Months H1 x S H2 x S H3 x S H4 x S 

Sep - 2019 0.0000* 0.0000* 0.0000* 0.0000* 

Oct - 2019 0.0038* 0.0000* 0.0000* 0.0000* 

Nov - 2019 0.0000* 0.0056* 0.0002* 0.0439* 

Dec - 2019 0.0000* 0.0000* 0.0000* 0.0000* 

Jan - 2020 0.4557 0.0000* 0.0005* 0.0861 

Feb- 2020 0.3490 0.0001* 0.0071* 0.0000* 

Mar - 2020 0.0000* 0.0000* 0.0000* 0.0000* 

Apr - 2020 0.0000* 0.7984 0.0009* 0.0001* 

May - 2020 0.8919 0.9623 0.0303* 0.0000* 

Jun - 2020 0.0000* 0.0001* 0.0003* 0.0006* 

Jul - 2020 0.0000* 0.0000* 0.0000* 0.0000* 

Aug - 2020 0.4240 0.0000* 0.4643 0.0204* 

Sep - 2020 0.0008* 0.0000* 0.0020* 0.8100 

*0.05 Significance. 

The data obtained demonstrate that the water absorption range in the spectra differ 

significantly (p<0,05) between hydrogel and control treatments, with few exceptions. Plants 

react to the influence of external factors such as water soil disponibility and air condition and 

the quantitative response can be obtained by spectroscopic techniques assessment (Buitrago et 

al., 2016; Depciuch et al., 2017). Therefore, the results suggest that hydrogel use provides 

significant changes in the Rapanea ferruginea mid-infrared (FTIR) water-band absorption, 

which also influences the biomolecular bands.  

3.3. Spectra Analysis 

The Rapanea ferruginea spectra showed good reproducibility in all treatments. Figure 3 

shows the average and the standard deviation (SD) of the groups H1, H2, H3, H4 and S.  

The precision was evaluated by repeatability. The precision is influenced by the 

experimental error and it can be estimated by the standard deviations (SD). The FTIR spectra 

of Rapanea ferruginea leaf showed good repeatability  with low standard deviation in the region 
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of the biomolecules (Figure 3). The fingerprint region has a low standard deviation, so the data 

show a good precision. 

 
Figure 3. Average spectra and deviations. A-H1 (25%); B-H2 (20%); C-H3 (15%); D-H4 

(10%); E- (Control). 

Infrared spectrum bands that were assessed using HCA and PCA analysis and the 

respective approximate assignments are shown in Table 3. 

It was possible to note some differences between the treatments by visual inspection of the 

spectra. Hydrogel use improves the plant water-retention capacity (Larcher, 2000). The spectra 

results indicated a clear positive impact on the water correspondent band (3700 cm-1 -                         

3000 cm-1) in all hydrogel samples (Figure 3A to 3D) compared to the control group (Figure 

3E). The water band was more intense on the samples with 15% (H3), 25% (H1) and 20% (H2) 

of hydrogel. H4 (10%) had better response than the control (S), but the intensity was inferior to 

the other hydrogel samples. The numbered bands of Table 3 are indicated in Figure 4. 
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Table 3. FTIR spectrum bands evaluated and approximate assignments of Rapanea ferruginea. 

Nº 
Frequency Range 

(cm-1) 

Approximate 

Assignments 
Components References 

1 3700-3000 ʋ of O-H bond Water 
Gorgulu et al. (2007); Depciuch 

et al. (2017) 

2 3000-2800 

ʋasy of C-H bond in -CH2 

group 

ʋsy of C-H bond in -CH2 

group 

Lipids 
Gorgulu et al. (2007); Depciuch 

et al. (2017) 

3 1770-1693 
ʋ of C=O bond in ester 

group 
Pectin 

Gorgulu et al. (2007); Sato et al. 

(2011) 

* 1693-1486 ʋ of aromatic ring Amide I (Protein) 
Gorgulu et al. (2007); Dokken 

and Davis (2007) 

4 1486-1400 

δasy of C-H bond in -CH3 

group 

δsy of C-H bond in -CH2 

group 

Cell Wall 

(Cellulose) 

Dokken and Davis (2007); 

Depciuch et al. (2017) 

5 1290-1200 
ʋ of C-N bond; δ of N-H 

bond 
Hemicellulose 

Gorgulu et al. (2007); Depciuch 

et al. (2017) 

6 1200-1128 
ʋasy of  C-O bond in -

COOH group 
Chlorophyll Luz (2005) 

7 1128-1084 ʋ of C-O bond Starch 
Thumanu et al. (2015); 

Depciuch et al. (2017) 

8 735-700 
δasy of -CH2 bond - 

“rocking” 
Lignin Dokken and Davis (2007) 

*ʋ: Stretching. ʋsy: Symmetric stretching. ʋasy: Asymmetric stretching. δ: Bending. δsy: Symmetric 

bending. δasy: Asymmetric bending. 

 
Figure 4. Rapanea ferruginea spectrum with its band approximate assignments. 
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In Figure 4 the bands which were used for the PCA and HCA analysis are indicated. The 

red asterisk marks the protein band also called Amide I that was defined as the normalization 

band for all spectra obtained (Berthomieu and Hienerwadel, 2009).  

The data in Table 3 shows that the FTIR method has adequate accuracy, since the observed 

wavenumbers are very close to the reference values found in the literature. Certain atom groups 

are able to produce the bands at near the same wavenumber in different molecules and the 

structural information is obtained by these characteristic bands presented in the literature 

(Silverstein et al., 2006). 

The robustness was evaluated by the small modifications in the method parameter. The 

small variations, especially leaf thickness and time compression, did not alter the characteristic 

bands region. Therefore, no effect of the leaves on the spectra was reported. The FTIR technique 

provides accuracy compared to other methods and helps in the detection of impurities (Farouk 

et al., 2011). 

3.4. Hierarchical Clustering (HCA) and Principal Component (PCA) Analysis 

Evaluation by infrared FTIR spectroscopy produces a large amount of data which demands 

assessment by statistical techniques. Principal Component Analysis (PCA) is a technique that 

allows matrix data set reduction to the smallest orthogonal matrix through covariance relations 

or data correlation (Bro and Smilde, 2014). PCA use associated with hierarchical cluster 

analysis (HCA) allows the classification of variables into groups according to the statistical 

components’ similarities (Dos Santos Grasel et al., 2016).  

The associated use of PCA and HCA to evaluate extensive databases is a powerful 

statistical analysis technique. Therefore, using the normalized ATR-FTIR spectra as chemical 

descriptors, cluster analysis and principal component analysis were applied in order to observe 

the biochemical changes in the Rapanea ferruginea by the hydrogel-use influence.  

Hierarchical clustering analysis (HCA) was applied differentiating the data by covariance 

with adoption of Ward's agglomerative method to establish clusters and Euclidean distance to 

calculate dissimilarity coefficients. The spectra band ranges submitted to HCA and PCA 

analysis were the region of lipids (3000 cm-1 - 2800 cm-1) and fingerprint components                         

(1770 cm-1 - 700 cm-1) where the evaluated biomolecules are located (Pectin, Protein, Cell Wall 

(Cellulose), Hemicellulose, Chlorophyll, Starch and Lignin). Figure 5 shows the result of the 

HCA analysis, where two main clusters can be seen, corresponding to Rapanea ferruginea 

seedlings with (H) and without hydrogel (S). 

HCA analysis of seedlings with 25% hydrogel - H1 in relation to the control group (S) 

indicated a statistically significant difference (Figure 5A). The hydrogel specimens (1, 2 and 3) 

formed a homogeneous group separate from the control seedlings (4, 5 and 6). Seedlings 1 and 

2 showed a 71.91% similarity and both resembled 50.59% to specimen 3, results that suggest a 

greater similarity between seedlings cultivated with hydrogel. Among seedlings without 

hydrogel, specimens 4 and 5 showed similarity of 72.46%; however, specimen 6 did not show 

significant similarity to the other specimens, indicating greater dispersion.   

In the treatment with 20% hydrogel - H2 (Figure 5B) - there was also separation in 

independent cluster groups, however, with less homogeneity compared to H1. The samples 

with hydrogel 1 and 2 were 49.81% similar, while specimen 3 showed low similarity (6.06%). 

The control group (4, 5 and 6) showed greater similarity between the specimens (60%). Despite 

the lower statistical similarity, the results suggest that the use of 20% of hydrogel in the crop 

provides changes in the structure of Rapanea ferruginea that can be observed by mid-infrared 

spectra submitted to HCA analysis.   

The group cultivated with 15% hydrogel - H3 (Figure 5C) showed a significant difference 

to the control group. Specimens 2 and 3 were similar at 71.51%, while seedling 1 was similar 

at 53.76%, suggesting a greater homogeneity similar to H1. In the control, seedlings 5 and 
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6 were similar to 71.30%, and specimen 4 showed similarity with low significance, indicating 

greater dispersion in the control group. The results suggest that the amount of 15% hydrogel 

provides changes in the structural biomolecules of Rapanea ferruginea. FTIR evaluation allows 

observing physiological changes in plants after the influence of external environmental factors 

(Depciuch et al., 2017; Lins, 2017).  

 
Figure 5. Dendrograms - HCA analysis. A- H1 x S; B- H2 x S; C-H3 x S; D- H4 x S. 

The seedlings of the group cultivated with 10% hydrogel (Figure 5D) showed the best 

similarity homogeneity among all treatments evaluated. Also, both groups split into 

independent clusters. Seedlings 1 and 3 were 80.11% structurally similar and both showed a 

66.55% similarity in relation to specimen 2. Among the control specimens, seedlings 4 and 

5 resembled 70.09% and specimen 6 showed little significant similarity compared to the others. 

The use of hydrogel in conditions of water restriction provides better plant development 

(Larcher, 2000). External environmental factors can be quantified by FTIR spectroscopy 

analysis (Depciuch et al., 2017).  

Score scatter plot obtained by the principal component analysis (PCA) of the FTIR spectra 

after baseline correction and normalization is displayed in Figure 6. The results showed a level 

of discrimination between the hydrogel cultivated seedlings in relation to the control ones. 

Sample grouping can be observed with some overlapping between two groups. For each group, 

the first two components accounted for more than 95% of the total sample variance as shown 

in the details of Table 4. 

Each point in the score plot represents a triplicate spectra for each seedling. The results 

suggest a clear tendency of separation between the hydrogel treatments in relation to the control 

seedlings. It also can be noticed that the dispersion of the score plot was greater in the control 

group (S). The hydrogel use permits a homogeneous growth in Rapanea ferruginea seedlings 

which reflects on the PCA results. Among the hydrogel treatments, H3 (15%) and H4 (10%) 

(Figure 6C and 6D) showed the best score plot groupings. Substrate conditions and water 

retention affect the plant development and the results are reflected in the biomolecular FTIR 
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fingerprint (Palacio et al., 2014).   

 
Figure 6. Score Plots - PCA Analysis. A - H1 x S; B - H2 x S; C - H3 x S; D - H4 x S. 

Table 4. PC1 and PC2 percentage contribution in the 

PCA of Rapanea ferruginea. 

Treatments PC1 (%) PC2 (%) 

H1 x S 98.2 1.4 

H2 x S 96.3 3.1 

H3 x S 98.3 1.0 

H4 x S 97.6 1.9 

The results indicate that the use of hydrogel in the cultivation of Rapanea 

ferruginea provides changes in water absorption that reflect changes in the 

biomolecular structure. These changes are observable through Fourier Transform Infrared 

Spectroscopy (FTIR) analysis. Therefore, FTIR is feasible for monitoring the influence of water 

absorption capacity in high plant biomolecular development. In general, all treatments showed 

a significant difference in relation to the control. The cultivation with 20% hydrogel (H2) 

presented the best correlations between the biomolecular components and the water band and 

10% hydrogel (H4) and 15% hydrogel groups showed greater similarity in the evaluation by 

HCA and PCA analysis. 

4. CONCLUSION 

The use of hydrogel provides greater retention to vegetables in conditions of water 
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restriction that directly reflects in the physiological conditions of Rapanea ferruginea. Internal 

plant changes influenced by hydrogel use can be monitored with the Fourier Transform Infrared 

Spectroscopy (FTIR).  

The results suggest a positive influence of hydrogel use on the hydroxyl stretch band that 

indicates the presence of water in the plant in the FTIR. There was a high correlation between 

this band and the lipid, hemicellulose, starch and cell wall (cellulose) bands. The treatment with 

20% hydrogel showed the best correlation, the results suggest that the aforementioned bands 

are ideal for monitoring the influence of the hydrogel on internal Rapanea ferruginea 

development. 

The evaluation of the water band by the Mann-Whitney test indicated a significant 

difference (p<0.05) between the hydrogel treatments and the control group in the total 

monitoring period. The influence of the hydrogel was also observed in the evaluation of the 

biomolecules by HCA and PCA analysis. The results demonstrate a significant difference 

between the groups treated with hydrogel in relation to the control. The groups with 10% and 

15% hydrogel showed the most significant difference in HCA and PCA, an important result to 

define the optimal value of hydrogel application for the species.  

Therefore, the present study suggests that the use of hydrogels for cultivation in water 

restriction conditions allows for better water retention in the soil, which consequently benefits 

plant leaf and root development and promotes structural and functional biomolecule growth. 
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ABSTRACT  
Microplastics are plastic particles smaller than 5 mm found in the environment, which can 

cause health problems for aquatic organisms and humans, being classified as emerging 

pollutants. In Guatemala, Lake Amatitlán is one of the most polluted lakes as it receives 

discharges of wastewater, treated and untreated, as well as other waste from Guatemala City 

and other major urban populations. In a recent study, microplastics were found in sediments in 

Lake Amatitlán, so it was necessary to determine whether the lake's fish are affected by these 

pollutants, which can be harmful to their health. This research aimed to determine the 

microplastics in fish from Lake Amatitlán, for which 65 specimens of Nile tilapia (Oreochromis 

niloticus) were collected in October and December 2020, and January 2021. The collected fish 

were dissected in the laboratory, where the number and type of microplastics were analyzed in 

the digestive tract, after their separation by digestion and filtration. Lines or fibers were the 

most common type of microplastics, found in 63 specimens (96.9% of the analyzed specimens), 

ranging from 0 to 27 lines/fibers per individual. The frequency of other types of microplastics 

found were 0-3 fragments/individual, 0-2 films/individual, and 0-4 foams/individual, while 

microspheres were not found in any specimen. The presence of microplastics in tilapia from 

Lake Amatitlán is an indicator of contamination in the lake by pollutants that could affect the 

trophic network and represents a risk for the fish consumers, requiring the attention of 

environmental and health authorities. 

Keywords: emerging pollutants, Guatemala, pollution. 

Microplásticos em tilápia do Nilo (Oreochromis niloticus) do Lago 

Amatitlán 

RESUMO 
Microplásticos são partículas plásticas menores que 5 mm encontradas no meio ambiente, 

que podem causar problemas à saúde dos organismos aquáticos e humanos, sendo classificados 

como poluentes emergentes. Na Guatemala, o Lago Amatitlán é um dos lagos mais poluídos, 

pois recebe descargas de águas residuais, tratadas e não tratadas, bem como outros resíduos da 

Cidade da Guatemala e de outras populações urbanas. Em um estudo recente, foram 
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encontrados microplásticos em sedimentos do Lago Amatitlán. Então era necessário saber se 

os peixes do lago estão ingerindo microplásticos, que podem ser prejudiciais. Assím, o objetivo 

desta pesquisa foi determinar os microplásticos em peixes do Lago Amatitlán, para o qual foram 

coletados 65 exemplares de tilápia do Nilo (Oreochromis niloticus) nos meses de outubro e 

dezembro de 2020 e janeiro de 2021. Os peixes foram dissecados no laboratório, onde o número 

e tipo de microplásticos foram analisados no trato digestivo, após sua separação por digestão e 

filtração. Linhas ou fibras foram o tipo de microplástico mais comum, sendo encontradas em 

63 espécimes (96,9%), variando de 0 a 27 linhas / fibras por indivíduo. A frequência de outros 

tipos de microplásticos encontrados foi de 0-3 fragmentos / indivíduo, 0-2 filmes / indivíduo e 

0-4 espumas / indivíduo, enquanto microesferas não foram encontradas em nenhum espécime. 

A presença de microplásticos na tilápia do Lago Amatitlán é um indicador de contaminação do 

lago por poluentes que podem afetar a rede trófica e representa um risco para os consumidores 

de peixe, exigindo atenção das autoridades ambientais e sanitárias. 

Palavras-chave: contaminação, contaminantes emergentes, Guatemala. 

1. INTRODUCTION 

Lake Amatitlán is located 25 km south of Guatemala City. It has an approximate area of 

15 km2, and is surrounded by the municipalities of Villa Nueva, Villa Canales, San Miguel 

Petapa and Amatitlán. It is one of the most polluted water bodies in Guatemala, as it receives 

the waste water from Guatemala City through the Villalobos River, its major tributary. High 

levels of nutrients, pesticides and heavy metals have been found in the lake, which have caused 

the lake´s eutrophication and high risk of diseases for human beings (Basterrechea, 1997; van 

Tuylen, 2020; Knedel et al., 1999). Since the 1990s, different decisions have been made to 

reduce lake pollution, which have decreased the input of traditional pollutants (López, 2013); 

However, emerging pollutants, including microplastics, had not been considered, of which 

several have polluted the water for decades, and only recently have begun to get any attention 

(Geissen et al., 2015).  

Microplastics are all plastic particles smaller than 5 mm found in the environment (Bellasi 

et al., 2020), either by direct discharge or by the degradation of larger plastic materials (Barboza 

et al., 2020). The intensive and ubiquitous use of plastic in the last century has given rise to 

extensive contamination of water bodies worldwide (Espinosa Ruiz et al., 2016), generating 

microplastics from different sources, either as primary microplastics that are small plastics 

produced as raw material or end- product or as secondary microplastics that are produced from 

the disintegration of plastics of a larger size (Thiele et al., 2021). Microplastics are an emerging 

pollutant of growing concern, not only because of their direct negative effects, but because they 

are assumed to increase the exposure of aquatic organisms to associated chemicals. These 

pollutants are ingested by aquatic organisms, in which they can cause health problems and even 

death, as well as bioaccumulation and biomagnification of microplastics in the food chain (Cole 

et al., 2011; Xu et al., 2020). The ingestion of microplastics affects the physiology and behavior 

of aquatic animals and introduces this pollutant to the trophic chains (Espinosa Ruiz et al., 

2016). Microplastics can also adsorb pollutants such as heavy metals and organic pollutants, 

facilitating their entry into the food chain and increasing the risk for aquatic organisms and 

humans (Bollaín Pastor and Agulló, 2019; Wilkinson et al., 2017). Due to their size and color 

similar to those of some natural prey, microplastics are ingested by aquatic organisms such as 

fish, invertebrates or even aquatic birds, and can cause negative effects to them (Yuan et al., 

2019). 

The Nile Tilapia (O. niloticus) was introduced into the lakes of Guatemala, including Lake 

Amatitlán, between 1950-1960, in order to promote the economic growth of the basin 
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inhabitants. Different studies have shown that Lake Amatitlán is highly polluted with heavy 

metals; recently arsenic, mercury and cadmium were found in the muscle of fish in the lake 

(González, 2010; Cano Alfaro, 2018) as well as quantifiable levels of cyanotoxins, such as 

microcystins (Romero-Oliva et al., 2014); however, no studies had been carried out to identify 

and quantify microplastics. Most of the studies on contamination by microplastics have been 

carried out in the oceans, meanwhile the studies in continental waters are still insufficient 

(Bollaín Pastor and Agulló, 2019; Yuan et al., 2019). Lakes are the main sinks for microplastics 

in freshwater ecosystems, as these pollutants can accumulate and remain in sediments for long 

periods of time. Likewise, lakes can also become sources of microplastics for downstream 

watersheds (Yuan et al., 2019). 

In other countries, microplastics and phthalates have been found in freshwater and 

saltwater fish (Baini et al., 2017), while recently microplastics were found in sediments from 

Lake Amatitlán (Romero Oliva, 2019), in water from Lake Petén Itzá (Mejía Saenz, 2019) and 

water and fish from Lake Atitlán (López, 2013; Sagastume, 2020; Santos Ruíz, 2020), which 

shows that there is contamination by microplastics in water bodies in Guatemala. In this way, 

the authors considered it important to determine if the tilapias of Lake Amatitlán are affected 

by microplastics present in the environment, which could threaten its health and represent a risk 

for consumers. 

The importance of studying these emerging pollutants is based upon the fact that it is 

unknown, on the one hand, in which environmental components they are found, and on the 

other, the effects that they may be causing in the aquatic ecosystem and the risk to the health of 

the human population in contact with water or consuming fish from contaminated water bodies 

(Geissen et al., 2015). Due to this lack of knowledge, the allowed levels for these pollutants 

have not yet been included in the water quality standards or in the regulation of wastewater or 

food. Thus, it is necessary to investigate their presence and identity in order to make proposals 

for the better disposal of plastic waste. 

To address part of these knowledge gaps, this study identified microplastics in O. niloticus 

from Lake Amatitlán and captured information regarding the size, sex and condition index of 

the fish consuming microplastics, through a descriptive study, with a non-probabilistic 

sampling design. The type and quantity of microplastics extracted from the gastrointestinal tract 

of fish collected by local fishermen during three samplings (October 2020, December 2020 and 

January 2021) were analyzed in order to prove whether the fish of Lake Amatitlán are ingesting 

microplastics from the aquatic environment at levels that could represent a risk for biota and 

human health. 

2. MATERIALS AND METHODS 

2.1. Fish collection 

Fish were collected with the aid of local fishermen, who catch them in various locations of 

Lake Amatitlán, using a fishing net. The fish were collected at the lake between 05h00 and 

10h00, choosing specimens not smaller than 15 cm in length for analysis in the laboratory. 

During the three samplings, 65 individuals of the species Oreochromis niloticus (Nile tilapia) 

were collected. The fish were transferred to the laboratory where they were stored at freezing 

temperature for further processing. In the present study, three fish samplings were carried out 

in the months of October and December 2020 and in January 2021, in Lake Amatitlán, 

2.2. Fish measurement 

Fish length was measured from mouth to tail, with a precision of 1 mm, using a graduated 

ruler and the specimens were weighed in an electronic semi-analytical balance with a precision 

of 0.1 grams, according to the methodology of Cifuentes et al. (2012). For all the collected fish, 

the condition index was determined. 
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2.3. Extraction and purification of microplastics from the fish gastrointestinal tract  

The entire gastrointestinal tract of the 65 collected specimens was dissected and transferred 

to a 250 ml glass beaker. To digest the organic matter, 25 mL of a 1.0 M NaOH solution 

prepared in the laboratory (Merck, 99-100% purity) were added to the beaker and heated at 

50°C in an electric oven for 15 min. The samples were mixed by means of a glass stirring rod 

to aid alkaline digestion. Each sample was diluted with 125 ml with ultrapure water and vacuum 

filtered through a 47 mm diameter Whatman brand fiberglass filter 45 μm pore size (Roch et 

al., 2020). 

2.4. Microplastics classification 

The filters with the recovered microplastics were examined with a dissection microscope 

(Kyowa Optical, Model SD-2PL) counting the number of each type of microplastics 

(lines/fibers, fragments, films, microspheres and foams) present in the gastrointestinal tract of 

the analyzed specimens (Roch et al., 2020). 

2.5. Analysis of results 

The results of the measurements, weights, number and type of microplastic were classified 

and tabulated, describing what was found in each specimen. The condition index was calculated 

for each individual according to the Equation 1. 

𝐾 =  100 (𝑊 / 𝐿3)              (1) 

Where W is the wet body weight, in grams and L the length in cm (Cifuentes et al., 2012). 

The microplastics determined were classified by type of microplastic in body length intervals 

of the specimens calculated using the Sturges equation, resulting in seven intervals of 1.3 cm 

in length. Because the two groups of larger fish had four (22.1-23.4 cm) and two individuals 

(23.4-24.7 cm), they joined a group of fish with length equal to or greater than 22.1 cm.  

The median and interquartile range (IQR) were calculated for each group, since the 

resulting dispersion was too large to use average and standard deviation, a non-parametric one-

way analysis of variance (Kruskal Wallis) was performed. (P< 0.05), using STATA16 software. 

Four analyzes were run according to the type of microplastic: lines, fragments, films and foams. 

In the case of the films, there were no results. The most relevant analysis is that of the fibers: it 

showed that there is a difference according to the length. 

3. RESULTS AND DISCUSSION 

Table 1 shows the results of the determination of sex, weight, length, condition index and 

different types of microplastics for the 65 fish collected. Of the 65 specimens collected, 51 were 

female and 14 male. The lengths of the specimens were between 15.6 and 24.2 cm, with an 

average of 19.31 cm and the body weights were between 67.12 and 287.09 g, with an average 

of 147.0 g per specimen. The average for the condition index (K) was 1.97 g cm-3 ranging from 

1.57 to 2.56 g cm-3. Microplastics were found in 63 of the 65 specimens analyzed with an 

average of 9.71 microplastics per individual. The lines/fibers (Figures 1 and 2) were the most 

common type of microplastics, as there were from 2 to 27 lines or fibers per specimen. One to 

five fragments were found in 28 specimens, one or two films were found in 12 specimens, and 

one to four foams were found in 18 specimens. No microspheres were found in any specimen. 

The results demonstrate that tilapia is ingesting microplastics from the aquatic environment of 

Lake Amatitlán independently of the weight and length of the specimen. Only two females (44 

and 57) did not present any microplastic. The condition index also shows a wide dispersion, 

unrelated to sex or presence of microplastics.  
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Table 1. Determination of weight, length, condition index and microplastics in specimens of 

Oreochromis niloticus collected in Lake Amatitlán. 

Fish 

Code 
Sex 

Weight 

(g) 

Length 

(cm) 

Condition 

Index K 

(g cm-3) 

Lines/ 

Fibers 
Fragments Films Foams Total 

1 Female 121.51 19.5 1.64 11 1 0 0 12 

2 Female 139.98 20.0 1.75 18 1 1 0 20 

3 Female 89.98 16.3 2.08 9 1 1 0 11 

4 Female 173.69 20.6 1.99 23 0 0 0 23 

5 Male 125.27 18.7 1.92 11 1 0 0 12 

6 Female 91.16 17.3 1.76 18 0 0 0 18 

7 Female 73.33 15.6 1.93 3 0 0 0 3 

8 Male 119.18 18.5 1.88 6 1 0 0 7 

9 Female 143.20 19.3 1.99 8 1 0 0 9 

10 Female 104.94 17.0 2.14 12 0 0 0 12 

11 Male 111.09 17.8 1.97 7 0 0 0 7 

12 Female 150.14 19.2 2.12 22 2 1 0 25 

13 Female 167.82 21.0 1.81 22 1 2 0 25 

14 Female 172.74 20.4 2.03 16 1 0 0 17 

15 Female 217.07 23.3 1.72 5 0 0 0 5 

17 Female 215.25 21.7 2.11 9 2 0 0 11 

18 Female 186.71 21.0 2.02 5 3 0 1 9 

19 Female 210.58 21.1 2.24 27 1 0 0 28 

20 Female 178.06 21.6 1.77 8 0 0 0 8 

22 Female 212.55 22.0 2.00 4 0 0 0 4 

23 Female 180.56 21.5 1.82 8 0 0 0 8 

24 Female 228.94 21.8 2.21 7 0 0 0 7 

25 Female 273.87 23.0 2.25 14 0 0 0 14 

26 Female 181.33 22.0 1.70 10 0 0 0 10 

27 Female 198.36 21.0 2.14 10 0 0 0 10 

28 Female 205.08 22.5 1.80 20 0 0 0 20 

29 Female 197.38 21.5 1.99 9 0 1 0 10 

30 Male 168.06 20.5 1.95 7 0 0 0 7 

31 Female 170.46 20.7 1.92 18 0 0 0 18 

32 Female 284.80 24.0 2.06 9 0 0 0 9 

33 Female 195.18 21.5 1.96 15 0 0 0 15 

34 Female 67.12 17.8 1.19 4 1 0 1 6 

35 Female 234.50 22.9 1.95 10 1 0 2 13 

36 Male 160.04 20.5 1.86 8 2 0 0 10 

38 Female 173.01 20.2 2.10 4 0 0 1 5 

39 Female 181.84 20.5 2.11 2 0 0 0 2 

40 Female 186.36 20.5 2.16 4 0 0 0 4 

41 Male 123.83 16.5 2.76 4 0 1 3 8 

42 Male 287.09 24.2 2.03 12 1 0 0 13 

43 Female 132.26 18.5 2.09 4 0 0 1 5 

44 Female 154.58 19.9 1.96 0 0 0 0 0 

46 Male 211.56 22.0 1.99 3 2 0 0 5 

47 Female 203.99 21.6 2.02 7 0 0 0 7 

48 Female 97.00 17.5 1.81 4 1 1 1 7 

49 Female 112.61 17.8 2.00 4 0 0 0 4 

50 Female 89.59 16.5 1.99 3 1 0 1 5 

51 Female 116.69 18.0 2.00 6 0 0 1 7 

52 Female 118.45 18.3 1.93 11 1 0 0 12 

53 Male 99.21 17.0 2.02 7 0 0 3 10 

54 Female 110.50 17.7 1.99 16 1 0 0 17 

55 Female 102.25 17.9 1.78 14 3 0 1 18 

56 Male 121.99 17.5 2.28 3 0 0 0 3 

Continue... 
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Continued... 

57 Female 95.92 17.0 1.95 0 0 0 0 0 

58 Male 91.26 16.7 1.96 5 1 0 1 7 

59 Female 99.15 16.5 2.21 3 0 0 0 3 

60 Male 76.90 16.5 1.71 5 1 0 4 10 

61 Female 83.81 16.1 2.01 3 5 0 1 9 

62 Female 93.20 17.4 1.77 2 0 0 1 3 

63 Female 98.30 17.0 2.00 6 1 0 1 8 

64 Male 105.86 17.8 1.88 6 0 0 0 6 

65 Female 94.28 17.1 1.89 5 1 1 0 7 

66 Female 106.18 17.4 2.02 5 2 1 2 10 

67 Male 101.43 16.0 2.48 3 0 0 0 3 

68 Female 88.33 17.8 1.57 1 3 0 0 4 

69 Female 92.90 17.0 1.89 4 0 1 1 6 

70 Average 147.70 19.32 1.97 8.45 0.68 0.17 0.42 9.71 

Source: Proyecto B12-2020. 

 
Figure 1. Dissection of the gastrointestinal tract of two tilapia specimens (19 and 22) for extraction of 

microplastics by alkaline digestion. 

Table 2 shows the results of the different types of microplastics found in the 

gastrointestinal tracts of specimens of O. niloticus from Lake Amatitlán, grouped by ranges of 

body length. Lines/fibers, fragments, films and foams were found, but microspheres were not 

found in any specimen. Figure 1 shows two of the specimens caught in Lake Amatitlán with 

the gastrointestinal tract extracted. Groups 3 and 6 presented the highest medians (9.5 and 11, 

respectively). In the Kruskal Wallis test (not shown), Groups 3 and 6 were significantly 

different from the rest of the groups. In the case of Group 6, the longest fish, the high median 

could indicate bioaccumulation of microplastics related to age. According to the results, lines 

and fibers are the type of microplastics that are most abundantly ingested by tilapia in Lake 

Amatitlán. The fragments of Groups 1 and 3 presented medians of 1, while for the other four 

groups the median was 0. The median of the films for all groups was 0, while for the foams, 

only Group 1 presented a median of 1 and the other groups had a median of 0. Group 1 of 

smaller fish presented the highest average condition index median (2.01), as well as the lowest 

median of lines/fibers (3). However, no really relevant differences between condition indexes 

are found between groups, indicating equivalent nutrition between them. Regarding fish sex, 

79.7% of the captured fish were female and 20.3% were male, both sexes showing wide 

dispersion in terms of the number of microplastics present and the condition index, so they 

cannot be related in this study sample. 
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Table 2. Median and interquartile range (in brackets) of condition index and each type of 

microplastics found in specimens of Oreochromis niloticus from Lake Amatitlán classified 

by fish body length. 

Group Length Range (cm) n 
Condition index 

(g cm-3) 
Lines/fibers Fragments Films Foams 

1 15.6 -16.9 9 2.01 (0.25) 3 (2) 1 (1) 0 (0) 1 (1) 

2 16.9 -18.2 19 1.95 (0.22) 5 (3) 0 (1) 0 (0) 0 (1) 

3 18.2-19.5 6 1.96 (0.17) 9.5 (5) 1 (0) 0 (0) 0 (0) 

4 19.5 -20.8 11 1.96 (0.24) 8 (7) 0 (1) 0 (0) 0 (0) 

5 20.8 -22.1 14 2.00 (0.29) 8.5 (3) 0 (1) 0 (0) 0 (0) 

6 ≥22.1 6 1.99 (0.26) 11 (5) 0 (1) 0 (0) 0 (0) 

Source: Proyecto B12-2020. 

 
Figure 2. Microscope image of microplastics present in the digestive tract of the fish in Figure 1. Images 

a, b and c correspond to lines/fibers of individual 19; d and e to lines/fibers and f to a fragment of 

individual 22 (the scale line corresponds to 1 mm in each image). 

The risk of the presence of microplastics in tilapia from Lake Amatitlán is that these 

pollutants can cause neurotoxicity and oxidative damage to fish (Barboza et al., 2020). Thus, 

microplastics can reach humans through their consumption. Since tilapia is one of the main 

products of fishing at the lake and is sold for residents and tourists in the basin.  In a recent 

study, microplastics were found in a sediment core of Lake Amatitlán, with lines being the most 

abundant microplastics (n = 221), followed by fragments and films (n = 37) (Romero-Oliva, 

2019), which agrees with the frequency with which microplastics were found in fish in the 

present study. No reports of microplastics in water from Lake Amatitlán were found, but the 

major source of microplastics in the lake and the ingestion by fish could be caused by pollution 

coming from the Villalobos River that carries treated and untreated wastewater from southern 

Guatemala City. Since most of the fish analyzed have ingested microplastics, this pollutant 

represents a risk to the health and growth of the fish, which can cause a decrease in the 

productivity of the fishing in the lake. Likewise, microplastics can also adsorb other pollutants 

from the environment, such as pesticides or polynuclear aromatic hydrocarbons, or contain 
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heavy metals, facilitating their transport and entry into organisms and increasing their toxicity 

(Bollaín Pastor and Agulló, 2019; Vedolin et al., 2018) by being distributed in different organs 

of fish.  

The prevalence of microplastics in tilapia found in this study (96.9%) is higher than that 

reported for fish in other studies, including 88% in Amazon River fish, 70% in commercial 

marine fish, or between 39 and 49% for fish of Mediterranean coastal lagoon at the north of 

Spain (Rodríguez-Sierra et al., 2020), which may be an indicator of high contamination by 

microplastics in Lake Amatitlán. Thus, the results show that the fish in Lake Amatitlán may be 

threatened by contamination by microplastics, if actions are not taken for its control by the 

environmental authorities of the basin.  

4. CONCLUSIONS 

It was found that tilapias of Lake Amatitlán ingest microplastics from the aquatic 

ecosystem, with lines / fibers being the most common type of microplastics found in the 

gastrointestinal tract of the fish analyzed. The presence of microplastics in most of the fish is a 

good indicator that Lake Amatitlán presents a problem of contamination by these pollutants that 

can represent a risk for fish health, altering the trophic network and reaching humans. Future 

studies should address the composition of the microplastics present in fish and in the water 

of Lake Amatitlán to evaluate possible toxicological effects on the aquatic biota. The results 

should also be considered by the basin environmental authorities in order to take action to 

control de contamination by plastics and microplastics. 
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ABSTRACT  
This research evaluates the removal of nutrients by microalgae in different photoperiod 

cycles, combined with constructed wetland in the wastewater treatment plant of the University 

of Santa Cruz do Sul, RS, Brazil. The treatment used took place between July and December 

2018 and consisted of the following steps: preliminary treatment, secondary treatment with an 

anaerobic reactor, microalgae tank (MT), sand filter and constructed wetland, using the 

macrophyte Chrysopogon zizanioides. In the microalgae tank, three light cycles were 

considered: 12h/12h, 24h and 18h/06h, whose lighting was powered by a white LED lamp of 9 

Watts and 6000 Kelvin, regulated by a light controller. The results indicated that there were no 

significant differences (p>0.05) between the values of soluble phosphorus, ammoniacal 

nitrogen, COD and BOD for MT comparing the three photoperiod cycles (12h/12h, 24h and 

18h/06h). However, the system setup removed 100% of total coliforms, E. coli and TSS in the 

three light cycles. Regarding the removal of nutrients and organic matter, the light cycle with 

the best performance was the 24-hour cycle, considering a removal of 67.6% for soluble 

phosphorus, 94.0% for ammoniacal nitrogen, 63.7% for COD and 42, 7% for BOD, at the end 

of the treatment process. These results demonstrate that the use of microalgae in combination 

with constructed wetland has greater efficiency in the removal of nutrients, mainly phosphorus 

and nitrogen, in addition to reducing physical-chemical parameters and eliminating effluent 

toxicity. 

 Keywords: light cycles, microalgae tank, wastewater treatment plant. 
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diferentes ciclos de fotoperíodo, combinado com wetland construído na Estação de Tratamento 

de Efluentes da Universidade de Santa Cruz do Sul, RS, Brasil. O tratamento empregado 

ocorreu entre julho e dezembro de 2018 e consistiu nas seguintes etapas: tratamento preliminar, 

tratamento secundário com reator anaeróbio, tanque de microalgas (TM), filtro de areia e 

wetland construído, utilizado a macrófita Chrysopogon zizanioides. No tanque de microalgas, 

foram considerados três ciclos de luz: 12h / 12h, 24h e 18h / 06h, cuja iluminação era alimentada 

por uma lâmpada LED branca de 9 Watts e 6000 Kelvin, regulada por um controlador de luz. 

Os resultados indicaram que não houve diferenças significativas (p>0,05) entre os valores de 

fósforo solúvel, nitrogênio amoniacal, DQO e DBO para TM comparando os três ciclos de 

fotoperíodo (12h/12h, 24h e 18h /06h). No entanto, a configuração do sistema removeu 100% 

de coliformes totais, E. coli e TSS nos três ciclos de luz. Em relação à remoção de nutrientes e 

matéria orgânica, o ciclo de luz com melhor desempenho foi o de 24 horas, considerando a 

remoção de 67,6% para fósforo solúvel, 94,0% para nitrogênio amoniacal, 63,7% para DQO e 

42,7% para DBO, no final do processo de tratamento. Esses resultados demonstram que o uso 

de microalgas em combinação com wetland construído tem maior eficiência na remoção de 

nutrientes, principalmente fósforo e nitrogênio, além de reduzir parâmetros físico-químicos e 

eliminar a toxicidade do efluente. 

 Palavras-chave: ciclos de luz, estação de tratamento de efluentes, tanque de microalgas. 

1. INTRODUCTION 

Human activities and industrial production are leading to an increase in the release of 

contaminants into water resources, which is currently one of the biggest environmental 

problems in the world (Arihilam and Arihilam, 2019). According to Lobo et al. (2016), the 

eutrophication process is one of the main causes of the degradation of water resources, due to 

the high discharge of nutrients from sewage into water bodies, mainly nitrogen and phosphorus. 

Eutrophication is a worldwide problem that induces a strong deterioration of rivers, dams, lakes 

and coastal waters, causing numerous direct and indirect effects on aquatic biodiversity. 

Furthermore, eutrophication compromises the multiple uses of water resources, including water 

for human consumption, causing substantial damage to the local and regional economy. 

Currently, eutrophication is a threat to public health and the general operating conditions of 

aquatic systems, constituting an important economic factor that can prevent or delay sustainable 

development (Tundisi and Matsumura-Tundisi, 2008). Thus, to protect water resources and 

public health, there is a growing demand for efficient treatment systems that can mitigate or 

even eradicate the impacts generated by inadequate sewage management (Metcalf and Eddy, 

2016).  

There are several methods used to treat wastewater, including biological treatment, which 

uses organisms to remove pollutants from wastewater (Yi et al., 2020). An example is the use 

of Constructed Wetlands (CW’s), which are artificial filters that simulate the ecological 

processes found in natural ecosystems. They are composed of a support medium, such as sand 

and gravel, in addition to microorganisms and macrophytes that clean wastewater through 

physical, chemical and biological processes (Liang et al., 2017). Macrophytes are essential 

components of CW to remove contaminants such as phosphorus, nitrogen and heavy metals. 

Furthermore, macrophytes stems, leaves and roots provide fixation sites for microorganisms, 

being highly essential for the removal of contaminants (Wang et al., 2018). According to 

Rehman et al. (2017), several studies report the effectiveness of using macrophytes to improve 

the physical-chemical characteristics of effluents, being efficient in removing suspended solids, 

biochemical oxygen demand, nutrients, heavy metals and reducing pathogenic microorganisms. 

Along with constructed wetlands, microalgae can be used to improve wastewater 
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treatment, as these microorganisms use sewage nutrients for their growth, such as ammonia, 

nitrate, phosphate and urea (Salama et al., 2017). According to Vacca-Jimeno et al. (2017), 

microalgae can be used to treat various types of effluents (e. g., domestic, agricultural, 

industrial), considering their tolerance to high concentrations of nutrients (nitrogen and 

phosphorus) and organic matter (Lobo et al., 2016). Among the advantages of using microalgae, 

Pacheco et al. (2015) cite the low economic cost, since its development depends only on water, 

light and CO2, being able to survive and reproduce in different environments. 

One of the few studies that uses microalgae and CW’s in combination is that by Celente et 

al. (2019), where microalgae were exposed to natural light conditions, with a significant 

reduction in parameters such as conductivity (49%), total dissolved solids (48%), turbidity 

(98%), apparent color (82%), ammoniacal nitrogen (99%), total nitrogen (70%), soluble 

phosphorus (44%), total organic carbon (69%), inorganic carbon (86%), total carbon (83%) and 

chemical oxygen demand (72%). In addition, this system completely eliminated acute toxicity 

and genotoxicity, showing that the proposed system combining the two techniques is suitable 

for the treatment of effluents (Celente et al., 2020). 

In this context, this research evaluates the removal of nutrients by microalgae in different 

photoperiod cycles combined with CW's, in the effluent treatment plant of the University of 

Santa Cruz do Sul, RS, Brazil. 

2. MATERIALS AND METHODS 

2.1. Wastewater and combined treatment system 

An experimental unit was built at the wastewater treatment plant of the University of Santa 

Cruz do Sul (UNISC), Santa Cruz do Sul City, State of Rio Grande do Sul, Brazil, at the 

geographic coordinates 29°43'59” S and 52°24'52” O (WGS84). The study period took place 

from March to December 2018. 

A preliminary treatment of the raw effluent (Raw) from the University's toilets basically 

includes sand washing, drainage and an equalized tank, followed by secondary treatment by an 

anaerobic reactor (AR), corresponding to a  Bakof Tec Multi Biodigester of 1,450 liters. After 

the secondary treatment, the effluent was directed to the developed system, which had a series 

configuration of three boxes of two hundred liters each, produced with high-density 

polyethylene material (HDPE) and rectangular in shape (92 cm long; 55 cm wide; 58.5cm high). 

To facilitate the transportation of the effluent by gravity, the three boxes were installed in a 

step-like structure, with the first box (MT) of the system located 1.4 m above the ground, the 

second (SB) at 75 cm and the third (CW) at 10 cm from the ground, with a horizontal distance 

of approximately 5 cm between each box. Figure 1 shows the proposed effluent treatment 

system. 

2.2. System Configuration 

The first box of the system corresponds to the microalgae tank (MT) that receives the 

effluent from the anaerobic reactor (AR) by means of a hydraulic pump, with an engine power 

of ½ hp and maximum flow of 1.8 m3 h-1. In the MT, an acrylic support with a double roughness 

layer was installed to facilitate microalgae adhesion on the biofilm. There was no microalgae 

inoculation, so the biofilm formed spontaneously. In addition, it had a 45° inclination and the 

acrylic layers were approximately 1.5 cm apart, with a surface area of 0.54 m2. In this box, the 

effluent was recirculated by an 8 Watt submersible pump with a flow rate of 520 L h-1. The 

system also had automatic lighting by a 9 Watt 6000K White Light tubular LED lamp, with 60 

cm of length, regulated by a light controller. To reduce the influence of the external 

environment by sunlight, this box was covered with a vinyl tarpaulin and aluminum foil. 

The sand biofilter tank (SB) consisted of a 15-cm basaltic gravel layer (64-100 mm) at the 

bottom, following by a 40-cm basaltic crushed stone (19-25 mm) and 15-cm basaltic crushed 
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stone (25-50 mm) filtering layer, and finally a thin sand layer. The constructed wetland (CW) 

consisted of a 15-cm basaltic gravel (64-100 mm) layer at the bottom for drainage and a 40-cm 

basaltic crushed stone (19-25 mm) filtering layer planted with Chrysopogon zizanioides (L.) 

Roberty; commonly known as vetiver is a perennial grass of the Poaceae family (BFG, 2015), 

using 16 shoots planted per square meter. The effluent had a hydraulic retention time (HDT) of 

7 days in each system configuration.  

To assess the efficiency of microalgae growth in different cycles of photoperiod, three 

different light cycles were used: 12h/12h, 24h and 18h/06h (light/dark), each lasting seven 

weeks. The 24-hour photoperiod was determined for comparison with other similar studies on 

nutrient removal using microalgae by Sukačová et al. (2015). 

 
Figure 1. Proposed effluent treatment 

system. The anaerobic reactor effluent is 

directed to the first box composed of the 

microalgae tank (A), passes through the 

sand biofilter (B) and finally through the 

constructed wetland (C). 

2.3. Effluent Characterization 

All samples characterized according to the following parameters: chemical oxygen 

demand (COD), turbidity, pH, conductivity, total suspended solids (TSS), total dissolved solids 

(TDS), apparent color, soluble phosphorus, total nitrogen (TN), and ammoniacal nitrogen 

(NH3) according to APHA et al. (2012). Total carbon (TC), total organic carbon (TOC), and 

inorganic carbon (IC) according to Fonseca et al. (2006). 

2.4. Acute Ecotoxicity 

The assessment of acute ecotoxicity was performed following the Brazilian standard NBR 

12713 (ABNT, 2016). All analyses were duplicated and consisted of 10 individuals of Daphnia 

magna Straus, a small planktonic crustacean (adult length 1.5-5.0 mm) that belongs to the 

subclass Phyllopoda (Gruiz and Molnár, 2015), popularly known as water flea, exposed to a 25 

mL of samples belonging to Raw and CW. After 24 and 48 hours of exposure, we quantified 

the mobile and immobile individuals in each sample, and the concentration capable of causing 

immobility in 50% of the exposed individuals, EC50 (48h), calculated by the Trimmed 

Spearman-Karber software (Hamilton et al., 1977). Results were classified according to the 

scale of relative toxicity proposed by Lobo et al. (2006), and recently certified by Celente et al. 

(2020). 

2.5. Pathogenic microorganisms 

The analysis of total coliforms and Escherichia coli was performed on samples of raw and 

treated effluent, according to AOAC (2000) on Petrifilm TM 3M® plates. 
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2.6. Data analysis  

Descriptive statistics was used for data analysis (mean ± standard deviation; Coefficient of 

Variation, CV). Significant differences were established by the non-parametric Mann-Whitney 

statistical test, with a significance level of 5 % (α = 0.05). Data processed using PAST software 

Version 2.17c (Hammer et al., 2001). 

3. RESULTS AND DISCUSSION 

3.1. Microalgae Identification 

           The results indicated the predominance of three species of microalgae in all light 

cycles; two diatoms; Nitzschia sp. and Gomphonema sp., and one Chlorophyta; Chlorella sp. 

According to Maity et al. (2014), species of the genera Nitzschia and Chlorella, like N. pusilla 

and C. vulgaris, are generally used to remove pollutants from wastewater, such as nitrogen, 

phosphorus and potassium. The genus Gomphonema comprises a group of highly diversified 

freshwater diatoms, characteristic of nutrient-rich environments, such as G. parvulum, 

classified as having an intermediate degree of tolerance to eutrophication (Lobo et al., 2016). 

3.2. Light cycles and effluent characterization 

3.2.1. First light cycle (12h/12h) 

The measured values (mean ± standard deviation) in samples of raw effluent (Raw), 

microalgae tank (MT), and constructed wetland (CW) in the first light cycle (12h/12h) are found 

in Table 1. MT was responsible for 98.3% of turbidity removal, 93.6% of total organic carbon 

(TOC), 92.5% of apparent color, 82.0% of total carbon (TC), 67.5% of total nitrogen (TN), 

66.9% of inorganic carbon (IC), 39.1% of conductivity and 25.7% of total dissolved solids 

(TDS). MT was also responsible for 100% of total suspended solids (TSS) removal.  At the end 

of the treatment process of the first light cycle, 99.4% of turbidity removal was verified, 95.0% 

of apparent color, 89.1% of total carbon, 85.7% of total nitrogen, 69.5% of inorganic carbon, 

50.6% of conductivity and 44.2% of TDS, as well as removal of 100.0% for total suspended 

solids, total organic carbon, total coliforms and E. coli. 

Table 1. Mean concentration (± standard deviation) of the analyzed 

parameters in the samples of raw effluent (Raw), microalgae tank 

(MT) and constructed wetland (CW) in the first light cycle (12h/12h). 

Parameters* Raw MT CW 

pH  6.6 ± 0.2 6.4 ± 0.4 6.6 ± 0.3 

Turbidity  245.5 ± 111.6 4.2 ± 4.1 1.6 ± 1.7 

Conductivity 847.1 ± 369.0 515.8 ± 123.8 418.0 ± 65.0 

Apparent color 0.8 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 

TDS 378.1 ± 225.1 281.0 ± 48.8 211.1 ± 33.0 

TSS 12.7 ± 6.2 0.0 ± 0.0 0.0 ± 0.0 

T. Coliforms 1.9 ± 1.9 [ln(x+1)] N.D. 2.3 ± 2.0 

E. coli 1.9 ± 1.9 [ln(x+1)] N.D. 0.0 ± 0.0 

TOC (n = 4) 78.5 ± 31.1 5.0 ± 10.1 0.0 ± 0.0 

IC (n = 4) 92.3 ± 32.8 30.5 ± 24.4 28.1 ± 1.0 

TC (n = 4) 171.0 ± 63.0 30.7 ± 21.1 18.6 ± 1.1 

TN (n = 4) 95.0 ± 35.2 30.9 ± 5.0 13.6 ± 2.3 

P Soluble 3.5 ± 2.4 2.6 ± 1.8 1.4 ± 0.8 

NH3 75.2 ± 41.0 9.8 ± 8.3 4.4 ± 3.5 

*Concentrations given in mg L-1 with the exception of pH 

(dimensionless), conductivity (μs.cm-1), turbidity (NTU), color 

(dimensionless), total Coliforms/E. coli (UFC mL-1) and Temperature 

(ºC). N.D. = Not determined. 
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According to Wu et al. (2016), the removal of pathogenic microorganisms in wastewater 

is possible due to physical, chemical and biological mechanisms, alone or in combination. 

Physical mechanisms involve the filtration of microorganisms through the rhizosphere, fixation 

to the substrate and sedimentation, while chemical mechanisms include oxidation, UV radiation 

and exposure to biocides excreted by some plants. As biological mechanisms, we can mention 

the natural death of pathogens due to the absence of nutrients, predation and adsorption.  

3.2.2. Second light cycle (24h) 

For the second light cycle (24h) and the last light cycle (18h/06h) it was not possible to 

perform TOC, IC, TC and TN analysis, due to operational problems. The values measured 

(mean ± standard deviation) in raw effluent samples (Raw), microalgae tank (MT) and 

constructed wetland (CW) in the second light cycle are found in Table 2. MT was responsible 

for 100% of TSS removal, 98.9% of turbidity, 53.6% of conductivity, 87.5% of apparent color 

and 53.1% of TDS.  At the end of the second light cycle treatment process, 99.7% of turbidity 

removal was verified, 87.5% of apparent color, 77.2% of TDS and 75.0% of conductivity. There 

was also removal of 100% of TSS, total coliforms and E. coli. 

Table 2. Mean concentration (± standard deviation) of the analyzed 

parameters in the samples of raw effluent (Raw), microalgae tank (MT) 

and constructed wetland (CW) in the second light cycle (24h). 

Parameters* Raw MT CW 

pH 6.9 ± 0.1 7.1 ± 0.1 7.0 ± 0.1 

Turbidity  244.0 ± 324.4 2.4 ± 2.0 0.8 ± 0.8 

Conductivity 1179.1 ± 349.0 546.7 ± 57.5 293.1 ± 58.2 

Apparent color 0.8 ± 0.2 0.1 ± 0.1 0.1 ± 0.1 

TDS 591.1 ± 174.6 277.1 ± 25.6 134.5 ± 67.1 

TSS 4.1 ± 2.7 0.0 ± 0.1 0.0 ± 0.0 

T. Coliforms 1.9 ± 1.9 [ln(x+1)] N.D. 7.3 ± 9.4 

E. coli 1.9 ± 1.9 [ln(x+1)] N.D. 0.0 ± 0.0 

P soluble 3.7 ± 0.3 4.3 ± 0.8 1.2 ± 1.0 

NH3 18.5 ± 18.9 2.3 ± 1.3 1.1 ± 0.7 

COD 1088.6 ± 29.2 405.8 ± 304.1 395.1 ± 316.1 

BOD 183.3 ± 4.7 102.1 ± 113.1 105.0 ± 122.8 

* Concentrations given in mg L-1 with the exception of pH (dimensionless), 

conductivity (μs.cm-1), turbidity (NTU), color (dimensionless), total 

Coliforms/E. coli (UFC mL-1) and Temperature (ºC). N.D. = Not determined. 

3.2.3. Third light cycle (18h/06h) 

Table 3 shows the measured values (mean ± standard deviation) in samples of raw effluent 

(Raw), microalgae tank (MT) and constructed wetland (CW), in the third light cycle. MT was 

responsible for 100% of the apparent color removal, 96.4% of the turbidity, 50.6% of the TDS 

and 49.6% of the conductivity. Also, there was 100% removal of the TSS. At the end of the 

treatment process in the third light cycle, there was 100% removal of apparent color, 99.6% of 

turbidity, 71.0% of TDS, 69.7% of conductivity and 100% of TSS, total coliforms and E. coli. 

All the results found at the end of the treatment process in the third light cycle were higher than 

those found by Celente et al. (2019).  
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Table 3. Mean concentration (± standard deviation) of the analyzed 

parameters in the samples of raw effluent (Raw), microalgae tank (MT) 

and constructed wetland (CW) in the third light cycle (18h/06h). 

Parameters* Raw MT CW 

pH 7.2 ± 0.2 7.4 ± 0.1 7.0 ± 0.1 

Turbidity 111.0 ± 65.9 4.0 ± 2.3 0.4 ± 0.4 

Conductivity 1316.8 ± 705.0 663.1 ± 104.4 398.4 ± 72.0 

Apparent color 0,4 ± 0,1 0.0 ± 0.0 0.0 ± 0.0 

TDS 674.0 ± 361.5 333.2 ± 54.4 195.2 ± 38.7 

TSS 4,7 ± 2,1 0.0 ± 0.0 0.0 ± 0.0 

T. Coliforms 1.9 ± 1.9 [ln(x+1)] N.D. 17.6 ± 26.3 

E. coli 1.9 ± 1.9 [ln(x+1)] N.D. 0.0 ± 0.0 

P soluble 2,8 ± 0,6 3.9 ± 0.1 2,1 ± 0,1 

NH3 43.4 ± 28.7 2.8 ± 3.3 5.7 ± 6.7 

COD 360.4 ± 110.7 195.8 ± 100.3 138.8 ± 17.1 

BOD 240.8 ± 111.4 185.1 ± 136.1 142.8 ± 115.1 

* Concentrations given in mg L-1 with the exception of pH 

(dimensionless), conductivity (μs.cm-1), turbidity (NTU), color 

(dimensionless), total Coliforms/E. coli (UFC mL-1) and Temperature 

(ºC). N.D. = Not determined. 

3.3. Ecotoxicity 

Regarding acute toxicity, it was not possible to carry out tests on the raw and treated 

effluent in the first light cycle due to operational problems. In the second cycle of light (24h) 

the raw effluent was characterized as “highly toxic”, as it presented a mean EC50 (48h) (acute 

concentration of the sample in 48h) of 44.6 ± 38.1%. In the third light cycle (18h/06h), the raw 

effluent was characterized as “extremely toxic”, as it had an average EC50 (48h) of 23.0 ± 

1.4%.  

Despite the high toxicity of the raw effluent in both light cycles, no toxicity was observed 

in the treated effluent. The toxicity of the raw effluent is closely related to nitrogen 

concentrations, since nitrogen is available in the form of nitrate, urea, ammonia and peptones 

(Minhas et al., 2016). For Alves et al. (2018), this nutrient found in different wastewater types, 

such as industrial and sanitary effluents, has negative impacts on the population dynamics of 

aquatic animals, if incorrectly disposed of in waterbodies. Some studies have demonstrated the 

negative effect of different concentrations of ammonia in aquatic animals, such as fish and 

crustaceans (Dos Santos Silva et al., 2018). The significant reduction in toxicity at the end of 

the treatment process is related to the mechanisms of nitrogen assimilation by the biofilm, and 

the nitrification process in nitrite and nitrate. As pointed out by Vymazal (2007), the reduction 

in toxicity cannot be associated with volatilization of ammonia (NH3), since the pH remained 

below 9.5; the value in which approximately 50% of the ammoniacal nitrogen is present in the 

volatile NH4
+ form.  

According to Cai et al. (2013), nitrogen is a necessary nutrient for the growth of many 

organisms, with organic nitrogen derived from inorganic sources, including nitrate (NO3-), 

nitrite (NO2-), nitric acid (HNO3), ammonium (NH4), ammonia (NH3) and nitrogen gas (N2), 

noting that microalgae convert inorganic to organic nitrogen through a process called 

assimilation. Also according to the authors, assimilation, carried out by all eukaryotic algae, 

requires inorganic nitrogen only in the form of nitrate, nitrite, and ammonium. 

Franchino et al. (2016) verified the removal of ecotoxicity with the microalgae Chlorella 

vulgaris grown in the effluent of anaerobic digestion of swine and corn manure, observing a 

high removal efficiency (>90%) for total ammonia, nitrogen and phosphate. Almeida et al. 

(2017), in their study on the removal of nitrate in vertical flow constructed wetlands with 
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Vetiveria zizanioides, found low concentrations of NH4, suggesting that the reduction of nitrate 

in ammonia was not the main factor for the removal of nitrate in the wetland system. The 

authors relate the effluent detoxification to the large extension of macrophyte roots in the 

wetland tank.  

3.4. Nutrient removal 

For soluble phosphorus (n = 4), ammoniacal nitrogen (NH3) (n = 4), COD (n = 3) and BOD 

(n = 3), no significant differences (p>0.05) were found between the MT values, comparing the 

three photoperiod cycles (12h/12h, 24h and 18h/06h), as noted in Tables 1, 2 and 3. It is 

important to highlight, however, that the composite system configuration demonstrated high 

nutrient removal efficiency. Figure 2 shows the results related to the removal of soluble 

phosphorus and ammoniacal nitrogen in the three light cycles. 

 
Figure 2. Mean concentration (± standard deviation) of soluble phosphorus (mg L-1) 

and ammoniacal nitrogen (mg L-1) over the three light cycles. A: First light cycle 

(12h/12h). B: Second light cycle (24h). C: Third light cycle (18h/06h). 

Regarding the removal of soluble phosphorus in the first light cycle, Table 1 and Figure 2 

shows that MT was responsible for 25.7% of removal. At the end of the treatment, 60.0% was 

removed. In the second light cycle, there was an increase of 16.0% in the concentration of 

soluble phosphorus in MT compared to the raw effluent. At the end of the treatment process, 

67.6% of the soluble phosphorus was removed from the raw effluent. In the third light cycle, 

there was an increase of 39.3% in the concentration of soluble phosphorus in MT compared to 

the raw effluent. The reduction of this parameter was verified at the end of the treatment process 

(CW), where 25.0% of phosphorus was removed. According to Chung et al. (2009), the increase 

in the concentration of soluble phosphorus in MT may be caused by the resuspension of 

sediments that are stored over time in the anaerobic reactor, and when released, they contribute 

to altering the dynamics of nutrients. Another factor that may have contributed to the addition 
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of soluble P after MT may be related to the life cycle of microalgae, since during the decay 

phase, that is, cell death, the cellular content may add soluble P to the wastewater, thus 

increasing the load for the Sand Biofilter System + CW (Silveira et al., 2017). 

Regarding phosphorus removal, the most efficient light cycle at the end of the treatment 

process was the 24h cycle, with 67.6% efficiency, followed by 12h/12h cycle with 60.0%, and 

18h/06h cycle with 25.0%. Likewise, Sukačová et al. (2015) observed that the 24-hour 

photoperiod had the highest phosphorus removal efficiency of 97%, using microalgae for 

tertiary water treatment. In the 12h/12h photoperiod, phosphorus removal ranged from 36% to 

41%. According to Martinez et al. (1999), the removal of phosphorus by microalgae is possible 

since this nutrient is essential for its energy metabolism, being found in nucleic acids, lipids 

and proteins. Furthermore, inorganic phosphates play a significant role in the growth and 

metabolism of young cells, preferably in the forms of H2PO4
- and HPO2

4-, where it is 

incorporated into organic compounds by means of phosphorylation.  

Table 1 and Figure 2 show the results of the ammoniacal nitrogen removal in the first light 

cycle, indicating that the microalgae tank was responsible for 86.9% of removal. At the end of 

the treatment, 94.1% was removed. In the second light cycle, MT was responsible for 87.6% of 

removal. At the end of the treatment process, 94.0% of the ammoniacal nitrogen was removed 

from the raw effluent. In the third cycle, MT was responsible for 93.5% of removal, while at 

the end of the treatment process, 86.9% was removed. 

Tables 1, 2 and 3 show that the raw effluent presents NH3 concentrations higher than 

typical values for raw domestic effluent in developing countries, according to Von Sperling 

(2006). The author points out that the normal concentrations of these effluents vary between 20 

- 35 mg L-1, which differs from our results, which vary between 18.6 and 75.2 mg L-1. The 

reason for the high NH3 load can be attributed to the increased contribution of urea to the 

effluent, since urea is rapidly hydrolyzed to ammonia. It is important to note that even with a 

high eutrophic load, the ammonia nitrogen concentration was considerably reduced from the 

MT in the three light cycles. According to Norström et al. (2003), ammonia is the most 

assimilated form of nitrogen by algae; therefore, biofilm assimilation is the main mechanism 

for the high efficiency of ammonia nitrogen removal.  

Considering the high removal of 94.1% of NH3 over the 12h/12h cycle, the combined use 

of microalgae + constructed wetland becomes more efficient in removing this parameter than 

studies using only wetlands for sewage treatment (e.g., Dos Santos et al., 2018). 

As for Chemical Oxygen Demand (COD) and Biochemical Oxygen Demand (BOD), only 

analyses of the last two light cycles (24h and 18h/06h) were performed, due to technical 

operational problems. Table 2 shows that in the second cycle (24h light) the removal of COD 

in MT was 62.7% and 63.7% at the end of the treatment process (CW). In the 18h/06h cycle, 

46.7% of COD was removed in MT and 61.5% at the end of treatment (Table 3). Based on these 

results, it can be verified that the microalgae tank showed low removal rates in the two light 

cycles. However, in the second cycle, the microalgae removed a higher percentage of COD 

compared to the third cycle. The low rate of organic matter removal can be attributed to the 

following factors: turbidity, low concentrations of organic substrate in the effluent - especially 

in the third cycle - and temperature. According to Xia and Murphy (2016), the high turbidity of 

the effluent caused by suspended materials is an important factor influencing the efficiency of 

organic matter removal, since photosynthesis performed by microalgae is dependent on the 

availability of photosynthetically active radiation (PAR) (400-700 nm) and high turbidity leads 

to a reduction in PAR and, consequently, reduces microalgal growth. 

Table 2 shows that in the second cycle (24h light) the removal of BOD in MT was 44.3%, 

while at the end of the treatment process the removal was 42.7%. In the light cycle of 18h/06h, 

the removal of BOD in MT was 23.1%, while at the end of the treatment process, removal was 

40.7% (Table 3). The likely cause of this low BOD removal is related to outdoor temperatures, 
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as the study was conducted during the winter and spring seasons. According to González-

Fernández et al. (2016), temperature is an important physical factor in the removal of nutrients, 

since it directly affects the metabolic rate of microalgae. The authors exposed the species 

Chlorella vulgaris, Scenedesmus obliquus and Chlamydomonas reindhardtii in three scenarios 

with different environmental conditions, and observed that microalgae grew faster and reached 

maximum growth after 6 days of cultivation at 23°C and 14 h of light. 

The removal efficiency in both cycles (42.7% for 24h and 40.7% for 18h/06h) was lower 

than the values found by Ramos et al. (2017) in constructed wetlands, without microalgae, for 

wastewater treatment using the vetiver grass Chrysopogon zizanioides to remove BOD, 

nitrogen and phosphorus. They found 81.0% effectiveness in removing BOD, almost double 

that of the present study. This condition can be explained by the high variability of the data, 

demonstrated by the high standard deviation values of the mean BOD concentrations, which 

varied greatly in both light cycles, especially in the 24-hour cycle. For example, in MT the mean 

concentration (± standard deviation) was 102.1 ± 113.1 (Coefficient of Variation, CV = 

110.8%) as for CW of 105.0 ± 122.8 (CV = 117.0%). This high variability (> 100% CV) is 

statistically related to the low average BOD removal efficiency. 

4. CONCLUSIONS  

There were no significant differences (p>0.05) between the values of soluble phosphorus, 

ammoniacal nitrogen, COD and BOD for MT comparing the three photoperiod cycles (12h/12h, 

24h and 18h/06h). However, the system setup removed 100% of total coliforms, E. coli and 

TSS in the three light cycles. Regarding the removal of nutrients and organic matter, the light 

cycle with the best performance was 24-hour, considering a removal of 67.6% for soluble 

phosphorus, 94.0% for ammoniacal nitrogen, 63.7% for COD and 42.7% for BOD, at the end 

of the treatment process. These results demonstrate that the use of microalgae in combination 

with constructed wetland has greater efficiency in removing nutrients, especially phosphorus 

and nitrogen, in addition to reducing physical-chemical parameters and eliminating effluent 

toxicity. 

5. FUTURE PROSPECTIVE RESEARCH AND FIELD APPLICATION 

This research showed high efficiency in the removal of nutrients, being an excellent 

alternative for application in developing countries, due to its low cost compared to conventional 

wastewater treatment technologies. Future research should focus on monitoring the removal of 

nutrients and organic matter for a longer period that contemplates the four seasons of the year, 

relating the interference of temperature on the growth of microalgae and, consequently, in the 

treatment of effluents. We emphasize the need for additional chronic ecotoxicity tests in future 

studies to confirm the absence of toxicity, as acute tests may fail to detect the toxic effects of 

some compounds. 
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ABSTRACT  
This study assessed the concentrations of metals in the Dourados and Brilhante Rivers, 

investigated the influence of landscape features surrounding these rivers on water quality, and 

evaluated the risks associated with metal contamination for aquatic biota and human health. 

Sampling was conducted at eighteen sites distributed along the rivers in June 2016. The 

concentrations of metals (Cu, Zn, Mn, Fe, Cr, Al and Co) in the water were analyzed by 

inductively coupled plasma optical emission spectroscopy. All the samples possessed Fe 

concentrations above the threshold value for aquatic biota (0.3 mg L-1). Moreover, land use and 

land cover assessment of the study area revealed extensive agriculture activity, particularly in 

areas surrounding the Dourados River headwaters. Fe bioavailability for both rivers indicated 

risks for aquatic biota and human health. Overall, the elevated Fe content in these rivers was 

attributed to anthropogenic activity in the vicinity of these water bodies and the soil 

characteristics of the area. Considering the importance of river basins, it is necessary to 

implement public policies for their conservation, especially those related to the cultivation of 

forests of native species and sustainable agricultural practices, in addition to improving the 

effluent treatment infrastructure, which is essential to minimize the adverse effects of 

contamination by chemical elements in water bodies. 

Keywords: aquatic ecosystems, environmental contaminants, forest fragments. 

Elevados índices de ferro na água: riscos ambientais para a biota 

aquática e saúde humana 

RESUMO 
O estudo teve como objetivo avaliar as concentrações de metais nas águas nos Rios 

Dourados e Brilhante, investigar a influência das características da paisagem no entorno destes 

rios sobre a qualidade da água e avaliar os riscos associados a contaminação dos metais para a 
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biota aquática e saúde humana. As amostragens foram realizadas em dezoitos pontos 

distribuídos ao longo dos rios em junho de 2016. As concentrações de metais (Cu, Zn, Mn, Fe, 

Cr, Al e Co) na água foram analisadas utilizando espectroscopia de emissão óptica com plasma 

indutivamente acoplada. Todas as amostras possuíam concentrações de Fe acima do valor limite 

para a biota aquática (0,3 mg L− 1). Além disso, a avaliação do uso e cobertura do solo nas áreas 

de estudo revelou extensa atividade agrícola, particularmente nas áreas de nascentes do Rio 

Dourados. A biodisponibilidade de Fe para ambos os rios indicou riscos para a biota aquática e 

humana. No geral, o elevado teor de Fe nesses rios foi atribuído à atividade antropogênicas nas 

proximidades desses corpos de água e as características do solo da área. Considerando a 

importância das bacias hidrográficas, é necessário a implementação das políticas públicas para 

sua conservação, principalmente as relacionadas ao cultivo de florestas de espécies nativas e 

práticas agrícolas sustentáveis, além da melhoria da infraestrutura de tratamento de efluentes, 

que é indispensável para minimização dos efeitos adversos da contaminação por elementos 

químicos nos corpos hídricos. 

Palavras-chave: contaminantes ambientais, ecossistemas aquáticos, fragmentos florestais. 

1. INTRODUCTION 

The exponential expansion of agricultural frontiers and cattle farming in certain regions of 

Brazil, particularly in Mato Grosso do Sul, have negatively impacted the water quality of these 

rivers, resulting in significant environmental degradation. Moreover, intensive agriculture and 

cattle farming around the basins, represented by extensive crops and pastures, have promoted 

the reduction of riparian forests, leaving the margins of aquatic environments unprotected 

(Viana et al., 2020). The resultant landscape comprises erosion and silted areas and degradation 

of the riparian forests, a natural physical barrier for contaminant waste, has caused the flow of 

contaminants into nearby water bodies (Dos Santos et al., 2020; Riveros et al., 2021). 

In this context, the Dourados and Brilhante Rivers are situated in the sub-basin of the 

Ivinhema River, one of the main tributaries of the Paraná River in southwestern Brazil (Message 

et al., 2016). Along the Rivers Dourados River (DR) and the River Brilhante (BR), waste 

generated by agricultural development, contamination of hydrological systems by urban and 

industrial effluents poses a severe threat to the region. Moreover, the DR watershed comprises 

a significant portion of the basin that forms part of the city of Dourados and several tributaries 

of this river pass through the urban perimeter and are further contaminated by anthropogenic 

activity (Paula et al., 2013; Dalla Costa and Roche, 2020). 

Previous studies have demonstrated metal concentrations, particularly Iron (Fe), in the 

rivers of the Ivinhema River sub-basin exceeding the threshold defined by the National 

Legislation Conama 357 of 2005 (Souza, 2007; Kottwitz, 2012; Gonçalves, 2013; Dourado et 

al., 2017; Maceda et al., 2015; Da Rocha et al., 2018; Dalla Costa and Roche, 2020; Dos Santos 

et al., 2020; Viana et al., 2020). Metal enrichment in aquatic environments, even those 

considered essential for the maintenance of life, such as Fe, can cause toxicity, representing 

environmental risks to local biodiversity and compromising human health through the 

consumption of contaminated water and fish (Sang et al., 2019; Kortei et al., 2020; Yu et al., 

2020). Human issues include respiratory problems, severe anemia, gastrointestinal bleeding, 

cardiovascular collapse, clotting, liver necrosis and progressive organ failure (Maurya et al., 

2019; Gashkina et al., 2020).  

This study evaluated the metal concentrations in water, mainly Fe, and the landscape 

composition, including land use and land cover, in the surroundings of the Dourados and 

Brilhante Rivers to investigate the influence of landscape characteristics on water quality and 

assess the risks of metals in the water to aquatic biota and human health.  



 

 

3 High iron content in river waters … 

Rev. Ambient. Água vol. 16 n. 5, e2751 - Taubaté 2021 

 

2. MATERIAL AND METHODS 

2.1. Description of the study area 

The DR headwaters are located at the Antônio João municipality, on the border of Mato 

Grosso do Sul and Paraguay and flow for 370 km before discharging into the BR. The 344-km 

long BR headwaters are located in the city of Sidrolândia and run through nine towns situated 

totally or partially in its basin, namely Angélica, Deodápolis, Douradina, Dourados, Itaporã, 

Maracaju, Ponta Porã, Brilhante River and Sidrolândia. The DR supplies water to municipalities 

in the State of Mato Grosso do Sul, including the city of Dourados, which is the second-largest 

in the state (IBGE, 2014). In addition to residential use, DR water is used for animal and fish 

farming, irrigation and the industry sectors (Pereira et al., 2007). The BR flows westward and 

joins the Vacaria and Dourados Rivers to the east, forming the Ivinhema River (Ferreira, 2005). 

The BR, which receives water from the DR, has several tributaries and is surrounded by areas 

of extensive agricultural activity, particularly sugarcane production, which is widespread in the 

State of Mato Grosso do Sul (Rio Brilhante, 2017). The sampling locations were selected 

according to the vicinity of activities from the headwaters to the river mouth. Sites DR1 and 

BR1 are located in the headwaters (Figure 1). 

 
Figure 1. Sampling sites in the Dourados (DR1, DR2, DR3, DR4, DR5, DR6, DR7, DR8 and 

DR9) and Brilhante (BR1, BR2, BR3, BR4, BR5, BR6, BR7, BR8 and BR9) Rivers, Mato Grosso 

do Sul, Brazil. 

2.2. Sampling and determination of metals in water 

Water samples were collected at a depth of 20 cm at eighteen sampling sites along the DR 

(DR1, DR2, DR3, DR4, DR5, DR6, DR7, DR8 and DR9) and BR (BR1, BR2, BR3, BR4, BR5, 

BR6, BR7, BR8 and BR9) in June 2016. Water samples were collected in a 1 L sterile amber 

glass bottle, after collection, water samples were filtered using 0.45 μm membrane filter 

(Millipore Filtration Assembly), acidified at 1% of the volume for metal preservation (Brandão 

et al., 2011), transported in refrigerators, and stored at 4°C until analysis. The entire procedure 
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was performed in triplicate. Analytical blanks were also prepared following the same procedure 

used for the samples. 

The Copper (Cu), Zinc (Zn), Manganese (Mn), Iron (Fe), Chromium (Cr), Aluminum (Al), 

and Cobalt (Co) concentrations in the water samples were analyzed by Inductively Coupled 

Plasma Optical Emission Spectrophotometry (ICP-OES) (Thermo Scientific, USA, iCAP 

6000® model) according to the methodology proposed by Mermet and Poussuel (1995). The 

instrumental parameters of ICP OES were presented in (Table 1).  

Table 1. ICP OES instrumental parameters. 

Parameter Setting 

RF Power (W) 1250 

Sample flow (L min-1) 0.35 

Replicates 3 

Plasma flow rate (L min-1) 12 

Integration time (s) 5 

Stabilization time (s) 20 

Nebulization pressure(psi) 30 

Plasma View Axial 

Sample Flush Time (s): 30 

Pump Stabilization Time (s): 5 

Nebulizer Gas Flow (L/min): 0.70 

Auxiliary Gas Flow (L/Min): 0.50 

Flush Pump Rate (rpm) 50 

RF Power (W) 1150 

Analysis Pump Rate (rpm) 50 

Coolant Gas Flow (L/Min) 12 

Standard solutions for calibration were prepared by suitable dilution of the stock solutions 

containing 1000 mg L-1 of Cu and Zn and 100 mg L-1 of Mn, Fe, Cr, Al and Co (Merck and 

Sigma Aldrich®). Standards at seven different concentrations (including a blank) were prepared 

(0.005 ppm; 0.01 ppm; 0.025 ppm; 0.1 ppm; 0.5 ppm; 1.0 ppm and 2.0 ppm). The metals 

selected in this study, wavelengths, correlation coefficients (R2), LOD and LOQ obtained by 

external calibration are presented in Table 2. The method was validated through the detection 

limit (LOD) calculated as three times the standard deviation of the blank expressed in 

concentration divided by slope of the analytical curve, and the limit of quantification (LOQ) 

was based on ten times the standard deviation of the blank divided by slope of the analytical 
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curve according to IUPAC (Long et al., 1983). In addition, the accuracy of the methods was 

evaluated by addition and recovery tests, conducted in samples of water by spiking (0.5 mg/L 

and 1.0 mg/L of each analyte) (Table 2). 

Table 2. Metals, wavelengths, limits of detection (LOD) and limits of quantification (LOQ), 

correlation coefficients (R2) obtained by external calibration and validation of methods using spike 

concentration samples of water. 

Metals Wavelengths (nm) LOD (mg/L) LOQ (mg/L) Linearity (R2) 

Spike recovery (%) 

0.5 mg/L 1.0 mg/L 

Cu 327.396 0.0013 0.0042 0.9962 111 112 

Zn 213.856 0.0004 0.0014 0.9960 92 93 

Mn 257.610 0.0002 0.0005 0.9999 112 114 

Fe 239.562 0.0011 0.0036 0.8900 91 89 

Cr 283.563 0.0011 0.0035 0.9997 110 113 

Al 308.215 0.0045 0.0151 0.9763 90 93 

Co 228.616 0.0005 0.0016 0.9999 103 106 

2.3. Land use and cover 

Land use and land cover ratios at the sampling sites were measured in June 2016 using 

high-resolution aerial images obtained from Google Earth Pro®, with a pixel size of 1 m. For 

the study limit, buffers of 2.0 km were generated around each sampling site (18 sites), and 10 

classes of land use and land cover were categorized: an agricultural area, pasture, anthropic 

occupation, forest fragments, dense forest, planted forest, water bodies, wetlands, fish farming, 

and exposed soil, according to the Brazilian recommendations (IBGE, 2013). For the 

interpretation of the images, a visual classification was performed using the scanning tools 

provided by ArcGIS® 10.4 in its test version (ESRI, 2015), and the areas and percentages of 

each land cover category were calculated. 

2.4. Risk assessment for aquatic biota preservation 

A preliminary risk assessment was conducted for aquatic biota preservation. We calculated 

the risk quotient (RQ) as the ratio between the individual concentrations of each metal detected 

in the water samples and their respective Class II freshwater quality standard, provided by 

Brazilian legislation (Conselho Nacional do Meio Ambiente, 357/2005) (Conama, 2005). The 

DR and BR waters were classified as Class II, a category that aims to guarantee the preservation 

of aquatic life. An RQ value ≥ 1 indicated a possible ecological risk (Godoy et al., 2015). For 

the risk index (IR) the sum of the RQ values was obtained for each metal individually. Higher 

IR values indicated a high potential risk of harmful effects to aquatic biota (Evans et al., 2015; 

Gustavsson et al., 2017). RQ and IR were calculated according to the Equation 1 below: 
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𝑅𝑄 =
𝑊𝑎𝑡𝑒𝑟

𝑅𝑓𝐷
              (1) 

Where RQ = risk quotient,  

Water: concentrations of each metal detected in the water samples and 

RfD = Reference value for the contaminant of interest (mg L-1) (Conama, 2005). 

2.5. Water quality criteria and risk assessment for human consumption 

Risk assessments were used to estimate the probability of a selected factor adversely 

affecting human health. The water quality criteria (WQC) for human consumption based on 

health protection were calculated considering the exposure scenario proposed by the World 

Health Organization (WHO, 2006) for metals.  

The reference doses (RfD) were obtained from the U.S. Environmental Protection 

Agency's Integrated Risk Information System (IRIS) and the Agency for Toxic Substances and 

Disease Registry (ATSDR). The Water Quality Criteria (WQC) were calculated according to 

the Equation 2 below: 

𝑊𝑄𝐶    =
𝑅𝑓𝐷 𝑥𝐴𝐹𝑥𝐵𝑊

𝐷𝑊𝐶
             (2) 

Where RfD is the reference dose for each compound, AF is the allocation factor (10%), 

BW is the body weight of a human (60 kg) and DWC is the daily water consumption (2 L per 

day). 

2.6. Literature review about high Fe concentrations found in the study region 

A search was conducted in the following online databases: SciELO, ScienceDirect, Capes 

periodicals portal and Google Scholar. The keywords used in the search were: water quality, 

metals, Fe, Ivinhema River Basin and Dourados River Basin. All studies in which the 

identification of metals in water bodies was performed were considered. The inclusion criteria 

was selected as:  scientific articles that presented Fe concentration results in water bodies 

situated in the sub-basin of the Ivinhema River, that is, the Dourados River, Ivinhema River 

and tributaries of both rivers, were selected.  

3. RESULTS AND DISCUSSION 

3.1. Metal concentrations in water 

Concentrations of Cu, Zn, Mn, Fe, Cr, Al and Co were present in both the DR and BR. 

However, Zn was quantified at only one site in the BR. The Fe concentrations recorded for all 

the sites exceeded the water threshold values specified by Resolution 357/2005 of the National 

Environmental Council (Conama, 2005) for Class II freshwater (Table 3).  

Site DR1, located in the headwaters, recorded the highest Fe concentrations for the DR 

sample set, followed by sites DR6, DR7 and DR8 located in the lower portion of the river (Table 

3). For the BR analysis, BR6, situated in the lowest portion of the river, displayed higher Fe 

concentrations than the other BR samples (Table 3). For the remaining metals, only Al at site 

BR9 showed a value above what is considered safe for aquatic biota by the legislation 

mentioned above (Table 3). High Fe concentrations were detected in the samples collected from 

the DR and BR, with values above the limit considered safe for aquatic life according to the 

Brazilian Legislation Conama (357/2005). Our results were corroborated by previous research 

conducted on these two rivers, which also indicated high Fe concentrations for the Ivinhema 

River sub-basin (Figure 2). 
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Table 3. Metal concentrations (mg L− 1) in the water samples from the Dourados and Brilhante Rivers. 

Sites Cu Zn Mn Fe Cr Al Co 

Dourados River (DR) 

 

DR1 <LOD <LOD 0.0280±0.0001 3.6838±0.0003 0.0067±0.0002 0.0256±0.0065 <LOD 

DR2 <LOD <LOD <LOD 0.9768±0.0038 0.0066±0.0227 0.1035±0.0004 <LOD 

DR3 <LOD 0.0067±0.3720 0.0160±0.0001 1.8030±0.0008 0.0067±0.0004 <LOD <LOD 

DR4 <LOD <LOD 0.0320±0.0001 2.4951±0.0041 0.0068±0.4938 <LOD <LOD 

DR5 <LOD 0.0019±0.6572 0.0397±0.0004 1.8874±0.0163 0.0063±0.0003 0.0376±0.0064 <LOD 

DR6 <LOD <LOD 0.0465±0.0002 2.8249±0.0055 0.0064±0.0008 <LOD <LOD 

DR7 <LOD <LOD 0.0488±0.0005 3.0837±0.0192 0.0071±0.0006 <LOD <LOD 

DR8 <LOD <LOD 0.0373±0.3494 2.6860±0.0048 0.0065±0.0004 <LOD <LOD 

DR9 <LOD <LOD 0.0265±0.0003 2.2479±0.0199 0.0070±0.0006 <LOD <LOD 

Brilhante River (BR) 

BR1 <LOD <LOD 0.0325±0.6144 2.0509±0.0014 0.0075±0.0006 <LOD <LOD 

BR2 <LOD <LOD 0.0427±0.0003 2.7166±0.0092 0.0078±0.0003 <LOD <LOD 

BR3 <LOD <LOD 0.0383±0.0002 2.7398±0.0247 0.0070±0.0005 <LOD <LOD 

BR4 <LOD <LOD 0.0380±0.2870 2.7615±0.0059 0.0073±0.0005 <LOD <LOD 

BR5 <LOD <LOD 0.0230±0.0003 2.0902±0.0051 0.0073±0.0005 <LOD <LOD 

BR6 <LOD 0.0019±0.5190 0.0425±0.0022 3.0414±0.0935 0.0068±0.0004 <LOD <LOD 

BR7 <LOD <LOD 0.0311±0.3732 2.5054±0.0181 0.0074±0.4503 <LOD <LOD 

BR8 <LOD <LOD 0.0356±0.0013 2.8408±0.0475 0.0067±0.0006 0.0642±0.0039 <LOD 

BR9 <LOD <LOD 0.0056±0.0032 1.4280±0.0475 0.0075±0.0004 0.4128±0.0037 <LOD 

Conama 0.009 0.18 0.1 0.3 0.05 0.1 0.05 

Maximum permitted value by Brazilian law, in accordance with Resolution 357 (Conama, 2005), for Class II fresh water; <LOD – Analyte 

concentrations were below the limits of detection. 
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Figure 2. Fe concentrations based on previous studies exceed the limit (red line) specified by the Resolution Conama 357/2005 in 

rivers of the Ivinhema river sub-basin. 
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Excess Fe may be attributed to runoff from agricultural processes such as the application 

of fertilizers to the soil during land preparation and the spraying of pesticides (Kortei et al., 

2020).  

Only one of the BR sites, located further downstream, recorded an Al value above the 

threshold value considered safe for aquatic life according to the Brazilian Legislation Conama 

(357/2005). This metal is a non-essential element for aquatic life, and high Al concentrations 

may lead to mutagenic and genotoxic changes and the promotion of bone diseases in vertebrates 

(Francisco et al., 2018; Rahmani et al., 2018; Chandrapalan and Kwong, 2020). Sources of Al 

are related to industrial and domestic applications as Al is typically used in antiperspirants, food 

preservatives and automobile structures (Callewaert et al., 2014; Gebara et al., 2020). 

A comparison of the DR and BR samples with the values established by the Conama 

357/2005 legislation revealed a seven-fold (>2.0 mg L-1) increase in the threshold value (0.3 

mg L-1) for the river water samples (Figure 3). 

 
Figure 3. Fe concentrations in the river 

water samples compared to the limit (red 

line) specified by the Resolution Conama 

357/2005. 

The high Fe concentrations detected in the river water pose a severe threat to the aquatic 

biota of the hydrological systems in the sub-basin and humans reliant on this water for drinking 

(Bianchi et al., 2019). Fe concentrations in aquatic ecosystems, particularly freshwater systems, 

have increased significantly in recent years, highlighting a serious environmental concern 

(Sarkkola et al., 2013; Bjorneras et al., 2017; Chandrapalan and Kwong, 2020). 

3.2. Characterization of land use and land cover 

Agricultural intensity in the vicinity of the samples obtained from the DR decreased 

consecutively (DR1 > DR2 > DR6 > DR3) (Figure 4). Moreover, the occurrence of forest 

fragments decreased in the following order: DR4 > DR8 > DR3 > DR5 (Figure 4). The most 

significant anthropogenic activity occurred in the proximity of DR5 and DR7. DR7 > DR9 > 

DR8 > DR1 had the most significant pasture areas, while DR9 > DR8 > DR4 > DR7 contained 

the most significant flood plains. DR2, followed by DR3, were situated in more densely 

vegetated areas (Figure 4). DR4, followed by DR7 and DR5, contained large areas of exposed 

soil. Fish farming occurred in the vicinity of DR4 and DR7. Only DR6 presented areas with 

planted forests. 
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Figure 4. Land use and cover at selected sampling sites along the Dourados River (DR), Mato 

Grosso do Sul, Brazil. 

Agricultural activities were also dominant along the BR and the size of the farming areas 

adjacent to the sampling sites decreased in the following order: BR1 > BR3> BR4 > BR2 > 

BR5 > BR6 (Figure 5). BR8 >BR9 > BR2 >BR3 >BR6 > BR5 were the locations with the 

largest forested areas. Site BR4 was most significantly affected by anthropogenic activity and 
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BR2, BR9, and BR4 had the largest adjacent pastures of the sample set (Figure 5). BR4 >BR5 

> BR7 >BR6 >BR2 were the sampling sites comprising significant areas of dense vegetation 

and BR8 >BR9 > BR6 >BR7 were situated in extensive areas of the river (Figure 5). The most 

significant areas of proposed soil were observed for BR5 > BR8 > BR7 (Figure 5). 

 
Figure 5. Land use and cover at selected sampling sites along the Brilhante River (BR), 

Mato Grosso do Sul, Brazil. 
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An evaluation of the average land use and land cover for all the sites along each river 

revealed more significant agricultural activity along the BR with fragmented vegetation areas, 

and more significant pasture and fish farming activity along the DR (Figure 6). 

 
Figure 6. Total percentage of land use and cover in the 

sampled locations along the Dourados (DR) and Brilhante 

(BR) Rivers, Mato Grosso do Sul, Brazil. 

The land use and coverage data revealed that the DR and BR surroundings are 

predominantly occupied by agricultural activities, particularly the DR headwater areas. 

Expansions of agricultural areas combined with deforestation near riverbanks pose severe 

environmental risks, predominantly related to environmental safety, the integrity of aquatic 

ecosystems and local biodiversity (Ezemonye et al., 2019). River headwaters directly influence 

basin hydrology. Moreover, these areas are affected by anthropogenic activity due to their 

proximity to the watercourse. For this reason, riparian forests are likely to be replaced by 

agricultural activities, causing vegetation scarcity along the watercourses. Thus, intensive 

agricultural practices are an essential source of contamination and surface rainwater runoff 

draining directly into river systems may transport agrochemicals applied to agricultural fields 

(Bartley et al., 2006). 

The forested areas adjacent to both rivers, classified as semi-deciduous seasonal forest, 

were significantly reduced, further indicating the adverse effects of agriculture on natural 

vegetation. In Brazil, the Brazilian Forestry Code regulates the protection of indigenous 

vegetation and defines Permanent Preservation Areas (PPAs) to preserve riverbanks and protect 

headwaters (Brasil, 2012). Therefore, the reduction in riparian forest areas observed in this 

study indicated an infringement of the regulations established by the Brazilian Forestry Code. 

Moreover, numerous areas in the study area comprised fragmented and fragile vegetation 

remains, possibly indicating the vulnerability of the watercourse to anthropogenic disturbances. 

In addition, increased agricultural and anthropogenic malpractices result in habitat loss for a 

significant number of diverse terrestrial animals.  

Dystrophic Red Latosol (FDRL) was the dominant soil type for both DR and BR. However, 

in several stretches of the basins, Dystrophic Red Latosol (DRL) was detected (Figure 7). 

Both hydrographic basins were predominantly composed of Dystrophic Red Latosol, 

which is a type of soil with high levels of Fe oxide (Amaral et al., 2000). Therefore, Fe 

enrichment in the DR and BR may be related to the dominant soil type in the region in addition 

to contamination generated by agricultural activity, and urban and industrial effluents in the 

vicinity of these water bodies (Bonnail et al., 2017; Viana et al., 2020). Viana et al. (2020) 
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reported that the combination of soil type in the DR region and the effects of urban waste and 

agricultural activities lead to a significant increase in Fe levels in aquatic environments. This 

may be indicative of environmental disturbances, as excess Fe concentrations are toxic to 

aquatic biota.  

 
Figure 7. Type of soil surrounding the Dourados (DR) and Brilhante (BR) 

Rivers, Mato Grosso do Sul, Brazil. 

The headwaters for the DR and BR are located at high altitude plateaus exceeding heights 

of 490 m and the rivers flow down to minimum depths ranging from 258-371 m (Figure 8). 

 
Figure 8. Altimetry of the Dourados (DR) and Brilhante (BR) 

Rivers, Mato Grosso do Sul, Brazil. 
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Another process that may be associated with the release of Fe in the DR and BR is the 

weathering of rocks, since the headwaters of both rivers are located in rocky areas, and the 

weathering of Fe-rich rocks releases significant amounts of Fe into the water. Latosols are 

usually strongly acidic, susceptible to erosion, and represent an advanced stage of weathering 

as a result of energetic transformations in their composition. Thus, the quality of water can be 

altered if sediments are carried to water bodies, as a high acidity increases the solubility of 

several chemical compounds, thus increasing their concentrations in the environment 

(Embrapa, 2006).  

3.3. Risk assessment for aquatic biota preservation 

The RQ in the rivers indicated that Fe was the metal that exceeded the threshold, posing a 

health risk for the aquatic biota (Figure 9a). Moreover, an evaluation of the total metal 

concentration in the samples from both rivers significantly exceeded the threshold value and 

indicated a risk of metal contamination (Figure 9b).  

 
Figure 9. Risk quotient (RQ) (a) for individual metals and risk index (RI) (b) for the sum of 

individual RQs of average concentrations of metals present in waters in the Dourados and 

Brilhante Rivers, Mato Grosso do Sul, Brazil. RQ/RI above the red dotted line represents values 

> 1 and, consequently, risk to aquatic biota. 

The RI in the DR and BR indicated Fe concentrations >1, posing a severe threat to the 

aquatic biota. These threats include genetic and metabolic diseases and mutagenic and 

genotoxic impacts. Fe toxicity will most likely adversely affect sensitive aquatic species and 

favor the selection of more tolerant species (Rahmani et al., 2018; Viana et al., 2020). Assessing 

the total metal concentration in these rivers revealed a value >1, indicating risks for aquatic 

biota preservation. Therefore, most of the metals analyzed originate from similar sources and 

may have the same sources and sinks in aquatic environments, thus generating pollutants in 

water bodies (Bianchi et al., 2019). 

3.4. Water quality criteria for human consumption and risk assessment 

Based on an evaluation of the water quality criterion, Fe was the only metal detected above 

the threshold value specified for human consumption (Figure 10 a–b). 

An analysis of the Water Quality Criteria (WQC) indicated the possibility of Fe adversely 

affecting human health at most of the sampling sites, as the concentrations exceeded the QC 

threshold value (Umbuzeiro et al., 2010). In addition, Fe concentrations also exceeded the 

maximum limit indicated by legislation (Conama 357/2005) at all the sampling sites (Table 3). 

Although it is an essential metal for human health, high Fe concentrations are harmful to 

humans, affecting several physiological processes (Huang et al., 2015). When ingested in 
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excess, Fe has been associated with diabetes, cirrhosis, heart alteration, gastrointestinal effects 

and DNA damage (Gurzau et al., 2003; Jaishankar et al., 2014; Izah et al., 2016; Edokpayi et 

al., 2018). Therefore, this water is not suitable for human consumption.  

 
Figure 10. Potential human health risks associated with Fe contamination detected at the sampling 

sites along the (a) DR and (b) BR. The green line represents the water quality criterion (WQC), and 

points plotted above the QC (quantified concentration) represent potential risks for human health.  

4. CONCLUSION 

The decline in quality of the DR and BR waters due to excess Fe can be attributed to the 

reduction of indigenous forests, intense agriculture adjacent to the watercourse, and soil 

characteristics in the region. Moreover, sparse and fragile vegetation cover detected in the study 

area was attributed to agricultural malpractice. Fe concentrations in the DR and BR waters 

indicated risks for the aquatic biota. Considering the importance of river basins and the local 

soil structure, the adoption of more rigorous agricultural practices by farmers and the 

application of stringent conservation policies for indigenous forests are essential. Moreover, 

improved infrastructure for effluent treatment is required to prevent the contamination of water 

resources and control local pollution and the risks associated with human health.  
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