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ABSTRACT  
Successful streamflow forecasts depend on an adequate performance evaluation of the 

hydrological model. In this study, the hydrological responses were compared using two 

hydrological models, physic-based and semi-distributed, Soil and Water Assessment Tool 

(SWAT) and Variable Infiltration Capacity (VIC), using input data from the Verde River 

Watershed, located in the Minas Gerais state in southern Brazil. This is a study of one of the 

most important headwater watershed regions of Brazil (Mantiqueira Range). Both models were 

suitable for streamflow simulation, with values of R2 (determination coefficient) and NSE 

(Nash-Sutcliffe) higher than 0.8, NSELog higher than 0.35 (Nash–Sutcliffe Efficiency of the 

logarithmic values of discharge) and PBIAS (percentage deviation) less than 25%. The integration 

of SWAT and VIC models can be useful in different water-resource assessment studies. 

Therefore, based upon this study further investigations should be conducted using various 

hydrological models and climate, land-use and land-cover changes scenarios in the region. 

Keywords: hydrological modeling, performance evaluation, streamflow forecasts, SWAT model, VIC 

model. 

Simulação hidrológica com os modelos SWAT e VIC na bacia 

hidrográfica do rio Verde, Minas Gerais 

RESUMO 
Previsões de vazão bem-sucedidas dependem de uma adequada avaliação de desempenho 

do modelo hidrológico. Neste estudo, as respostas hidrológicas foram comparadas usando dois 

modelos hidrológicos, físico-baseados e semi-distribuidos, Water Assessment Tool (SWAT) e 

Variable Infiltration Capacity (VIC), utilizando dados de entrada da bacia hidrográfica do rio 
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Verde, localizada ao sul do estado de Minas Gerais, Brasil. Este é um estudo de uma das mais 

importantes regiões hidrográficas de cabeceiras do Brasil (Serra da Mantiqueira). Ambos os 

modelos foram adequados para simulação da vazão, sendo os valores de R2 (coeficiente de 

determinação) e de NSE (Nash-Sutcliffe) superiores a 0,8, NSELog superiores a 0.35 

(Eficiência Nash–Sutcliffe do logarítimico dos valores de vazão) e PBIAS (desvio percentual) 

menor que 25%. A integração da avaliação de desempenho dos modelos SWAT e VIC pode ser 

útil em diferentes estudos de avaliação dos recursos hídricos. Portanto, a partir deste estudo 

mais investigações devem ser conduzidas usando vários modelos hidrológicos e cenários de 

mudanças climáticas e de uso e cobertura da terra, na região. 

Palavras-chave: avaliação de desempenho, modelagem hidrológica, modelo SWAT, modelo VIC 

previsões de vazão. 

1. INTRODUCTION 

Hydrological models have been increasingly used because they help understand the impact 

of future changes in water balance associated with climate and land-use changes (Alvarenga et 

al., 2018; Louzada and Ribeiro, 2019). Physically based and distributed models typically 

include a detailed representation of the physical processes in each grid cell of the Digital 

Elevation Model or in the hydrological response units. Thus, the performance of these models 

depends on an adequate specification of several parameters, which are often collected in water-

resource monitoring programs. More complex parameters to be quantified must be refined 

during the calibration phase of a model (Du et al., 2014). The available data in a simulation 

should represent the input variables and parameter distributions of the hydrological model to 

recommend the use of more complex distributed models (Santos et al., 2018).   

The performance of a model can vary with hydrological variables and conditions assessed, 

such as droughts or floods. Therefore, the greater complexity of a hydrological model cannot 

guarantee improvements in its performance. Physically based and distributed models can be 

useful for detailed surface overland flow assessments and water balance studies. To assess the 

impacts of climate change, a simple conceptual model can also be appropriate (Singh and 

Marcy, 2017; Orth et al., 2015). 

The choice of a particular model should be made based on the desired application, 

availability of basic data in the area, number of parameters required and description level of the 

hydrological processes. Each hydrological model presents its assumptions, limits and 

potentialities. The use of distributed and semi-distributed physical hydrological models is based 

on the argument that this type of model best represents the physical processes within a 

watershed, considering the spatial variability of the physical and climatic parameters (Orth et 

al., 2015).  

Different studies have been carried out with the aim of comparing different hydrological 

model performances (Orth et al., 2015; Singh and Marcy, 2017; Santos et al., 2018). This is the 

first research in the Verde River Watershed, located in the Minas Gerais state, in which a 

hydrological model will be calibrated in the mesoscale (SWAT), and this model will generate 

results to be compared with a developed and applied model for the macroscale (VIC) which 

will be later validated at the mesoscale (Verde River Watershed). Thus, this study will provide 

important results in terms of hydrological responses modeling for future research of climate 

and land-cover changes in the Verde River Watershed to assist in the appropriate water 

management policies to local communities. In this context, this research evaluated Variable 

Infiltration Capacity (VIC) and Soil and Water Assessment Tool (SWAT) model performances 

in predicting streamflow in the Verde River Watershed. 
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2. MATERIAL AND METHODS 

2.1. Description of the study area 

The Verde River Watershed has a drainage area of 4100 km2 (Figure 1) and is part of the 

Rio Grande Watershed, which in turn is part of the Paraná River Watershed, one of the main 

hydrographic regions in Brazil in terms of water availability and hydropower production. The 

Verde River Watershed is located in the south of Minas Gerais state, southeastern Brazil (Minas 

Gerais-MG, Espírito Santo-ES, São Paulo-SP and Rio de Janeiro-RJ states), and is inserted in 

the Atlantic Forest biome, with springs in the Serra da Mantiqueira. The Atlantic Forest is one 

of the most important forest biomes in terms of biodiversity in Brazil. 

 
Figure 1. Geographical location of the Verde River Watershed (VRW) in Grande River 

Watershed (GRW), Brazil’s southeast region; Digital Elevation Model (DEM) and 

hydrography (A), soil class (B), and vegetation (C) maps. 

According to the K�̈�ppen classification, the watershed climate is mostly Cwb, or 

subtropical highland climate (south and southwest), and Cwa, or humid subtropical climate, can 

occur in a smaller part of the basin (north and northeast). The average annual rainfall is 1500 

mm and the average annual temperature is 18°C with the dry winter season (Mello et al., 2012). 

Data from the Digital Elevation Model (DEM) indicate that the topography is bumpy, with a 

maximum and minimum elevation of 2742 m and 809 m. Soil classes predominate in the higher 

parts are Argisol (65.3%), Latosol (23.3%) and Cambisol (8.9%), followed by Rock (1.3%) and 

Fluvic Neosol (1.2%) found in the lower parts (watershed lowlands). Land use is diverse and 

well distributed in the watershed, consisting of pasture (69.2%), native forest (21.3%), rock 

field (1.7%), eucalyptus (0.2%), agriculture (7%) and urbanization (0.6%). 

2.2. Soil and Water Assessment Tool (SWAT) 

SWAT is a large-scale hydrological model, physically based and semi-distributed in space; 

that is, it divides the watershed into sub-basins connected by a stream network. Each sub-basin 
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is delimited in hydrological response units consisting of unique combinations of land use, slope 

and soil type (Arnold et al., 1998). This technique was developed to predict the impact of land-

use and management practices on water, sediment and agricultural chemicals generated in large, 

complex watersheds with different soil types, land use and management conditions over long 

periods of time (Neitsch et al., 2011). SWAT simulations are based on water balance and are 

performed through hydrological routines that calculate water cycle components such as surface 

and subsurface flows, evapotranspiration, infiltration, percolation and soil moisture for each 

hydrological response unit. A more detailed description of the SWAT model can be found in 

Arnold et al. (1998) and Neitsch et al. (2011). In this study we used the SWAT2012 version of 

the model (SWAT, 2012). 

2.3. Variable Infiltration Capacity (VIC) 

The Variable Infiltration Capacity (VIC) model is a physical and semi-distributed model 

that describes the drainage area in homogeneous grid cells, where water and energy balances 

are calculated at each time step (Liang et al., 1994; 1996). This model has been widely used for 

applications that include a variety of research areas, such as: construction of hydrological 

datasets, water balance, forecasting, coupled climate modeling and climate change impact 

assessment (Liang et al., 1994; Zhai and Tao, 2017). The main characteristic of the VIC model 

is the variable infiltration curve, which represents the statistical distribution of the maximum 

soil water storage capacity in each cell of the model, determining the maximum rate of water 

infiltration and runoff for each vegetation cover of the cell, according to soil moisture. The 

flow-routing model is due to the module Route. The module calculates at each grid cell the time 

of concentration, which is the time for the entire surface runoff to leave each cell after the 

precipitation stops. As the flow enters river channels, the daily flood routing is determined by 

the continuity equation, as the piecewise water budget through the channel (Lohmann et al., 

1998). 

2.4. Input data and calibration scheme 

The VIC was manually calibrated using spatial resolution of 0.01° (~ 1 km) with a total of 

3728 grid cells covering the entire Verde River Watershed. SWAT was calibrated using the 

Sequential Uncertainty Fitting Algorithm (SUFI2) implemented in SWAT CUP by Abbaspour 

et al. (2007). The spatial resolution of 30 m was used with a total of 57 sub-basins with 1503 

hydrologic response units covering the entire study area. To simulate the hydrological cycle, 

these models require data on weather forcing, vegetation cover, soil physical characteristics and 

drainage network information in each basin cell (VIC) or in each hydrologic response unit 

(SWAT). 

Information from the ASTER sensor, with spatial resolution of 30 m, was used to obtain 

the Hydrologically Consistent Digital Elevation Model. LANDSAT 8 sensor images with 

spatial resolution of 30 m were used to obtain the land-use map by means of supervised and 

object oriented classification techniques. The mapping of soil classes was derived from the soil 

map of Minas Gerais, produced by the State Environmental Foundation. 

Meteorological data for the region were obtained from meteorological stations of the 

Instituto Nacional de Meteorologia (INMET, 2019). Data from the stations used in the models 

are available for the locations of São Lourenço, Lavras and Machado (Minas Gerais state). 

Daily weather observations will be used to force hydrological models during their assessment. 

In these models, historical series on the daily scale of maximum and minimum temperatures, 

relative humidity, solar radiation, wind speed and precipitation are required. 

Hydrological models are run for 1990–2005 period, with 1993-1999 being the calibration 

period and 2000-2005 the validation period, both with daily data. The first 3 years were used 

as warm-up. In the performance-testing process of each model the simulated streamflow 
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adherence with the observed streamflow (Fluviometric station from Três Corações- code 

61510000) was verified. The observed streamflow series was obtained from the National Water 

Agency (ANA, 2019). Monthly streamflow data allow calibration and model validation by 

comparing simulated and observed streamflows. In the refinement of the calibration and 

validation of the models statistical indices were calculated. The indices observed were: Nash-

Sutcliffe Efficiency (NSE), Nash–Sutcliffe Efficiency of the logarithmic values of discharge 

(NSELog), coefficient of determination (R²) and percentage bias (PBIAS). 

The NSE and NSELog efficiency quantifies the residual variance relative to the data 

variation, indicating how much the simulated data compared to the observed one fits in a 1:1 

line, and its value ranges from -∞ to 1, with 1 being its optimal value; values between 0.35 to 

0.50 and 0.5 to 0.7 indicate medium and good hydrological model performance. The coefficient 

of determination describes the proportion of variance of observed data explained by the model; 

values above 0.50 are considered acceptable. PBIAS measures the average tendency of simulated 

data to be larger or smaller than the observed data; Results are considered satisfactory if PBIAS 

<25% (Moriasi et al., 2007; Safeeq and Fares, 2012). 

2.5. Models parameterization 

The calibration of the SWAT model was done by adjusting 14 parameters that represent 

the surface and subsurface flow processes. These parameters are: soil evaporation 

compensation coefficient (ESCO); initial SCS runoff curve number for moisture condition II 

(CN2); the baseflow recession constant (ALPHA_BF),  Groundwater delay time 

(GW_DELAY); threshold depth of water in the shallow aquifer required for return flow to occur 

(GWQMN); maximum canopy storage (CANMX); effective hydraulic conductivity in main 

channel (CH_K2), Manning's "n" value for the main channel (CH_N2); plant uptake 

compensation factor (EPCO);groundwater "revap" coefficient (GW_REVAP); threshold depth 

of water in the shallow aquifer for “revap” or percolation to the deep aquifer to occur 

(REVAPMN); soil available water capacity (SOL_AWC); saturated hydraulic conductivity 

(SOL_K) and surface runoff lag coefficient (SURLAG). 

The calibration of the VIC model was done by adjusting the parameters described: i) 

infiltration parameter (b_infilt) describes the amount of available infiltration capacity as a 

function of relative saturated gridcell area.  A higher value of b_infilt gives lower infiltration 

and yields higher surface runoff; ii) thickness of the third soil layer (depth_3), interfering in the 

transpiration (depending on root depth) and baseflow. Where thick layers of soil have slower 

runoff responses (predominance of  baseflow) and high evapotranspiration, however, the result 

is high moisture retention and high baseflow in dry periods; iii) maximum baseflow that can 

occur from the lowest soil layer (Ds); and iv) fraction of the maximum soil moisture (Ws). A 

higher value of Ws will raise the water content required for rapidly increasing, non-linear 

baseflow, which will tend to delay runoff peaks. In addition to the calibration of the VIC model, 

the parameters of the surface-flow propagation model (Route) were also refined (kinematic 

wave speed (C) and diffusivity (D)). 

3. RESULTS AND DISCUSSION 

Tables 1 and 2 list the calibrated parameters using the SWAT and VIC models during water 

balance simulations for the Verde River Watershed. After the calibration phase, the models 

were validated by replacing the initial parameters by those obtained in the calibration phase. 

The parameters used for calibration are those that present the highest sensitivity according to 

the literature (Oliveira et al., 2018; Gao et al., 2010; Arnold et al., 1998; Liang et al., 1994; 

1996). 
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Table 1. Calibrated parameters of the SWAT model during water-balance simulations for the Rio Verde 

Watershed. 

Parameters Unit Amplitude 
Calibrated 

value 

SWAT model    

Soil evaporation compensation coefficient - 

v__ESCO.bsn 
- 0.7 a 0.95 0.78342 

Initial SCS runoff curve number for moisture 

condition II - r__CN2.mgt 
- -0.1 a 0.1 -0.0982 

Baseflow recession constant - v__ALPHA_BF.gw days 0.005 a 0.009 0.005172 

Threshold depth of water in the shallow aquifer 

required for return flow to occur 

a__GW_DELAY.gw 

days -30 a 60 -18.75 

Threshold depth of water in 

the shallow aquifer required for 

return flow to occur- a__GWQMN.gw 

mm -1000 a 1000 -906 

Maximum canopy storage - a__CANMX.hru mm 0 a 30 2.25 

Effective hydraulic conductivity in main channel - 

v__CH_ K2.rte 
mm h-1 0 a 10 6.09 

Manning's "n" value for the main channel -

v__CH_N2.rte 
- -0.01 a 0.2 0.12083 

Plant uptake compensation factor - v__EPCO.bsn - 0.01 a 1 0.43471 

Groundwater "revap" coefficient - 

v__GW_REVAP.gw 
- 0.02 a 0.2 0.1469 

Threshold depth of water in the shallow aquifer for 

“revap” or percolation to the deep aquifer to occur - 

a__REVAPMN.gw 

mm -1000 a 1000 -674 

Soil available water capacity - r__SOL_AWC().sol mm H2O /mm soil -0.05 a 0.05 -0.0135 

Saturated hydraulic conductivity - r__SOL_K().sol mm h-1 -0.1 a 0.1 -0.0462 

Surface runoff lag coefficient - v__SURLAG.bsn days 0.01 a 24 8.43049 

Table 2. Calibrated parameters of the VIC model during water-balance simulations. 

Parameters Unit Amplitude Calibrated value 

VIC model       

Infiltration parameter- b_infilt - 0.001 – 0.400 0.35 

Fraction of maximum base-flow velocity - Ds - 0.001 – 0.999 0.01 

Third layer thickness - Depth_03 m 0 – 200% 100% 

Fraction of maximum soil moisture content - Ws - 0.001 – 0.999 0.05 

Route model    

Flow Propagation Speed  - C m s-1 0.5 – 3.0 0.5 

Flow diffusivity - D m2 s-1 200 – 4000 2200 

The statistical indices NSE, NSELog, R2 and PBIAS, resulting from the comparison between 

the observed and simulated monthly streamflows by the SWAT and VIC models, are in the 

Table 3. According to the statistical indices, a good performance of both hydrological models 

were obtained. R2 values higher than 0.50 indicate the ability of the models to explain most of 

the variation in the observed data. NSE values from 0.814 to 0.861 for monthly outputs during 

the calibration and validation periods, respectively, suggest that the models are appropriate to 

simulate the monthly streamflow of the Rio Verde Watershed. NSELog values higher than 0.35 
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indicate medium and acceptable model performance. The PBIAS value ranges from -8.29% to 

13.88%, indicating satisfactory SWAT and VIC performance. In general, by comparison, the 

effect of observed and simulated values adjusting was better for the SWAT model when 

compared to the VIC model. 

Table 3. Statistical indices resulting from the comparison 

between VIC and SWAT models for monthly average 

streamflows. 

Statistical indices 
Calibration Validation 

SWAT VIC SWAT VIC 

Monthly average streamflow 

NSE 0.861 0.858 0.814 0.829 

NSELog 0.840 0.543 0.782 0.421 

R2 0.873 0.920 0.843 0.925 

PBIAS 0.45 14.81 -8.29 13.88 

Figure 2 shows the average monthly hydrographs for the SWAT and VIC in the calibration 

and validation periods. The comparison of simulated and observed streamflow in both cases 

shows reasonable agreement for both calibration and validation periods. In general, it can also 

be seen that monthly simulations estimate peak flow and recession period satisfactorily. The 

average streamflows observed in the Rio Verde Watershed are 80.15 and 75.09 m3 s-1 in the 

calibration and validation, respectively. The simulated average streamflows were overestimated 

by 0.45 and 14.81% during the whole calibration period; in the validation, underestimated and 

overestimated values were simulated by -8.29 and 13.88%, using the SWAT and VIC models. 

Differences in the results of the simulated streamflow by the SWAT and VIC models 

indicate the need to evaluate the uncertainties of hydrological simulations obtained from 

different models in climate and land-use change research. As in this study, Singh and Marcy 

(2017) and Orth et al. (2015) also highlighted that for more realistic studies, the performance 

evaluation of various hydrological models may reduce uncertainties due to the different 

structures and complexity of the different hydrological models chosen. 

 
Figure 2. Simulated and observed streamflows (Q) during the calibration and 

validation periods of the SWAT and VIC models. 
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In addition to performance analysis of hydrological models (Figure 2), the estimated 

annual evapotranspiration (ET) for both models was verified to ensure a reasonable set of final 

parameters. In this research, the average annual evapotranspiration values simulated by the 

SWAT and VIC models were 981 and 863 mm, corresponding to 65.7 and 57.9% of the rainfall. 

Viola et al. (2013) also showed good performance of the LASH model compared to its 

evapotranspiration module. The average annual evapotranspiration was similar to the value 

obtained based on the vertical water balance, with a deviation of <4% for the Rio Verde 

Watershed. 

In Table 4, it is possible to observe that the monthly trend of simulated ET can be positively 

related to rainfall - R (mm) seasonality. In both models, the simulated ET was higher from 

November to March and the lowest values were from April to October, in the rainy and dry 

seasons, respectively. These results are in agreement with the climatic and hydrological 

variability of this study region according to Viola et al. (2013) and Oliveira et al. (2018). 

Table 4. Average monthly evapotranspiration (ET) 

estimated by the SWAT and VIC models and 

observed average monthly rainfall (R). 

Month 
ET (mm) 

R (mm) 
VIC SWAT 

January 134.36 97.60 298.33 

February 117.98 92.22 215.14 

March 112.93 95.75 156.72 

April 85.73 73.55 57.15 

May 53.16 50.34 64.20 

June 37.27 32.75 25.68 

July 34.21 29.39 20.35 

August 27.77 40.36 17.87 

September 45.29 57.91 75.38 

October 86.39 84.14 112.32 

November 111.92 98.22 176.60 

December 133.98 110.91 287.58 

4. CONCLUSIONS 

The SWAT and VIC, semi-distributed hydrological models, can be very useful tools in the 

prediction of streamflow in the mesoscale. During the simulation period, the NSE and NSELog 

presented values that ranged from 0.861 to 0.814 and 0.421 to 0.840, ensuring reasonably 

simulated streamflow. Evapotranspiration presented values that ranged from 57.9 to 65.7% of 

the rainfall. These percentages show reasonable performance of the VIC and SWAT for 

estimating evapotranspiration and, consequently, its capability of simulating streamflow in the 

Verde River Watershed. 

These results suggest that SWAT and VIC can be useful for simulations focusing on the 

long-term trend. Therefore, if the interest of the research is to evaluate the impacts of different 

scenarios on the water balance components, the semi-distributed hydrological models are 

recommended for hydrological studies and uncertainty evaluations of different hydrological 

model simulations in the Verde River Watershed. 
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ABSTRACT  
The pulp industry uses more than 40 m3 of water per ton of pulp produced, generating high 

effluent flows. In general, it presents high concentrations of organic matter, color and 

ecotoxicity. The most widely used effluent treatment systems in the pulp industry are biological, 

including moving bed biofilm systems that are efficient in removing biodegradable organic 

matter.  This work evaluated the removal of organic matter, total phenolic compounds, color 

and lignin derivatives in the treatment of Kraft cellulose effluent using the moving bed biofilm 

reactor (MBBR), and also evaluated the support media biofilm development by solid analysis 

and scanning electron microscopy. The parameters evaluated during treatment were: BOD5, 

COD, color, total phenolic compounds, lignin derivatives, and solids, with tests performed on 

organic loads from 0.7 and 8.9 kgCOD m-3 d-1. Organic matter removal remained stable, being 

over 80% to BOD5 and over 42% to COD. The color and the total phenolic compounds were 

removed up to approximately 7 and 28%, respectively. Over 19% removal of derivatives of 

lignin compounds was observed in both organic load rates. In the MBBR, biofilm was 

confirmed and enabled this biological system to treat the cellulose effluent in a stable way. 

Keywords: organic matter, recalcitrant compounds, SEM. 

Reator de leito móvel para tratamento de efluente de celulose Kraft 

em carga orgânica volumétrica elevada 

RESUMO 

A indústria de celulose utiliza mais de 40 m3 de água por tonelada de celulose produzida, 

gerando grandes volumes de efluentes. Em geral, possui altas concentrações de matéria 

orgânica, cor e ecotoxicidade. Os sistemas de tratamento de efluentes mais amplamente 

utilizados na indústria de celulose são os biológicos, incluindo sistemas de reator de leito móvel 

que são eficientes na remoção de matéria orgânica biodegradável. O presente trabalho teve 

como objetivo avaliar a remoção de matéria orgânica, compostos fenólicos totais, cor e 

derivados de lignina no tratamento de efluente de celulose Kraft através do reator de leito móvel 

(MBBR), bem como avaliar o desenvolvimento de biofilme de meios de suporte por análise de 

sólidos e microscopia eletrônica de varredura. Os parâmetros avaliados durante o tratamento 

foram: DBO5, DQO, cor, compostos fenólicos totais, derivados de lignina e sólidos, com testes 
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realizados em cargas orgânicas de 0,7 e 8,9 kgDQO m-3 d-1. A remoção de matéria orgânica 

permaneceu estável, sendo superior a 80% para DBO5 e acima de 42% para DQO. A cor e os 

compostos fenólicos totais foram removidos acima de 7 e 28%, respectivamente. Foi observado 

remoção de compostos derivados de lignina acima de 19% nas cargas avaliadas. O biofilme 

formado no MBBR foi observado e confere estabilidade ao sistema biológico no tratamento do 

efluente de celulose Kraft. 

Palavras-chave: compostos recalcitrantes, matéria orgânica, MEV. 

1. INTRODUCTION 

The Kraft pulping process is the most widely used pulp production in the world. There is 

high water consumption in the pulp industry, as more than 40 m3 of water is consumed per ton 

of pulp produced, which in turn generates large volumes of effluent. In general, this effluent is 

rich in organic matter, suspended solids, resin acids, lignin, color and ecotoxicity (Bachmann, 

2009; Bakraoui et al., 2020; Furley et al., 2015; 2018; Hossain and Ismail, 2015; Toczyłowska-

Mamińska, 2017). 

Most industrial effluent treatment systems are biological, and these are also the most used 

in the pulp and paper industry (Cabrera, 2017). In these industrial sectors, activated sludge, 

biological filters, aerated lagoons, moving bed biofilm reactors (MBBR), etc. are most often 

used. (Hubbe et al., 2016). 

The MBBR system consists in keeping part of the mixed liquor in suspension in the liquid 

mass, and part adhered to the support media. It uses hydraulic retention times of 3 to 48 hours. 

The support media provide adhesion surface for microbial biomass and present high mobility 

(Leyva-Díaz et al., 2017). The support media applied in this type of biological treatment are 

generally made of high-density polyethylene or polypropylene. They are inert and have a high 

specific surface area (>1000 m2 m-3) (Leyva-Díaz et al., 2017). 

Among them, there is AQUAPOROUSGEL® (APG) from Nisshinbo Chemical Inc. It 

presents specific surface area greater than 3000 m2 m-3, specific mass of 30 drykg/wetm
3, 

multiporous, and its material is based on polyethylene-glycol (Sakuma, 2004). According to the 

manufacturer, the filling ratio for an efficient treatment is 10% of the reactor volume, a value 

lower than other support media, which are in the range of 25 to 70% (Haandel and Lubbe, 2012; 

Sakuma, 2004). 

This work evaluated the performance of a moving bed biofilm reactor with spongy support 

media with regard to organic matter, total phenolic compounds, color, and derivatives lignin 

compounds removal, and also evaluated biofilm development in the support media during 

treatment. 

2. MATERIALS AND METHODS 

The effluent used for the treatment with MBBR (Moving Bed Biofilm Reactor) was 

obtained from an industry of unbleached Kraft pulp in Curitiba region, Brazil. The effluent was 

collected twice at different times before biological treatment, transported and stored at 4°C 

protected from light in 30 L vessels. The treatment occurred in a continuous flow reactor, in lab 

scale, with 1 L of volume, filled with 10% of spongy support AQUAPOROUSGEL® (APG), 8 

cm3 per unit, by Nisshinbo Inc. The MBBR reactor operation was at two different organic load 

rates (OLR) over a total of 48 days of operation. 

The operation of the reactor occurred at two different organic loading rates (OLR): 0.7 

kgCOD m-3 d-1 and 8.9 kgCOD m-3 d-1 (Phases I and II, respectively). The hydraulic retention times 

(HRT) were 13.3 and 2.8 h to achieve those two loads worked. Those organic load rates were 
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based on Peitz and Xavier (2017) and Vanzetto et al. (2014), who applied a load of 9.0 kgCOD 

m-3 d-1 and HRT between 2 and 3 h with real Kraft pulp effluent and AMB media support. 

The treatment lasted 48 days, 30 days in Phase I, as an adaptation step for growing biomass 

by itself without inoculation, and 18 days in Phase II until steady state. The steady state was 

reached when the system got as far as organic matter removal variation (COD and BOD5) of up 

to 10%. 

Both Influent and Effluent were characterized regarding the analytical parameters: 

Biochemical Oxygen Demand – BOD5; Chemical Oxygen Demand – COD; Total Phenolic 

Compounds – TPC (UV215nm); color (Vis440nm), aromatic compounds (UV254nm), lignin derived 

compounds (UV280nm) and lignosulfonic acid (UV346nm), in samples filtered with nitrocellulose 

membrane of 0.45 μm porosity. All of them were monitored during continuous biological 

treatment (APHA et al., 2012; Çeçen, 2003; Morales et al., 2015). 

Adhered solids (AS) were considered as the biofilm formed in the spongy support during 

biological treatment. The biofilm adhered to the spongy carrier was quantified by suitability of 

the APHA et al. (2012), in which the APG samples were subjected to a 100 mL volume 

ultrasonic bath in deionized water for one (1) hour, being sequentially conducted according to 

the same method. Suspended solids (SS) were considered as the biomass present in the mixed 

liquor and were measured according to APHA et al. (2012). Both determinations were 

performed in triplicate during the steady state of each applied organic load rate (Phase I and II). 

The results were expressed by total and volatile adhered solids (TAS and VAS) and total and 

volatile suspended solids (TSS and VSS), as mg L-1 (APHA et al., 2012). 

Scanning electron microscopy (SEM) analyses were performed at the Multiuser Materials 

Characterization Center of the Federal Technological University of Paraná (UTFPR). For the 

analyses, samples of the spongy support medium were collected at the end of each applied 

organic load rate (Phase I and Phase II), dried in a lyophilizer and stored in a desiccator for 

further analysis of SEM. 

3. RESULTS AND DISCUSSIONS 

3.1. Characterization of the effluent 

In Table 1 is shown the characterization of two samples collected from the same industry 

of Kraft mill effluent treated over 48 days by moving bed biofilm reactor (MBBR). 

Table 1. Characterization of samples treated during biological treatment and operation 

conditions. 

Parameter 
OLRe/ (kgCOD m-3 d-1) 

0.7 8.9 

CODa (mg L-1) 371.6 ± 57.8 1025.0 ± 138.2 

BOD5
b (mg L-1) 125.6 ± 23.5 220.4 ± 41.2 

BOD5/COD 0.34 0.21 

TPCc (mg L-1) 73.1 ± 49.1 385.8 ± 70.7 

Color (Vis440nm) (1 cm x1 cm) 0.222 ± 0.092 0.402 ± 0.194 

Aromatic compounds (UV254nm) (1 cm x1 cm) 3.191 ± 0.937 6.285 ± 0.914 

Lignin derived compounds (UV280nm) (1 cm x1 cm) 2.786 ± 0.627 6.352 ± 0.943 

Lignosulfonic acid compounds (UV346nm) (1 cm x1 cm) 0.764 ± 0.378 1.381 ± 0.631 

Operation (days) 30 18 

HRTd (h) 13.3 2.8 

Note: aChemical Oxygen Demand. bBiological Oxygen Demand. cTotal Phenolic 

Compounds. dHydraulic Retention Time. eOrganic Load Rate. During Phase I, n=10, and 

during Phase II, n=7. 
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Table 1 showed that the two different samples of effluent from the same industry present 

organic matter, color, phenolic compounds, and derivatives of lignin compounds. During Phase 

I, the sample treated had the highest BOD5/COD ratio (0.34), which was favorable to the 

biological treatment (Hubbe et al., 2016). The effluent treated during OLR 0.7 kgCOD m-3 d-1 

had total phenolic compounds, 73.1 mg L-1, with low concentration compared to literature 

(Hossain and Ismail, 2015; Morales et al., 2015). 

In the next Phase, with effluent from another collection from the same industry, the 

BOD5/COD ratio decreased to 0.21; however, it is still favorable to the treatment. According to 

Hubbe et al. (2016), pulp and paper effluent has BOD5/COD between 0.05 – 0.50, and the closer 

to 1.0, the better the biological treatment. This value of 0.21 for BOD5/COD ratio indicated 

higher recalcitrance in the sample, and there is a greater presence of lignin derivatives 

compounds, aromatic and phenolic compounds, all difficult to biodegrade and with high color, 

as proposed by Maria et al. (2014). 

In general, the characteristics of the samples in this work agree with those found by 

different authors (Hubbe et al., 2016).  

3.2. Organic matter, color, total phenolic, and lignin derivatives compounds 

Figure 1 shows the removals calculated during treatment of the Kraft pulp mill effluent in 

the MBBR. Regarding organic matter, the system had an average efficiency of 42.6% of COD 

removal at the lowest load, remaining stable, and 41.8% removal of this parameter in the OLR 

of 8.9 kgCOD m-3 d-1. Compared with the MBBR system treating Kraft pulp effluent with 

phytosterols, in HRT of 3h, COD removal was 40% (Peitz and Xavier, 2017). 

  
Figure 1. Removals of physical-chemical parameters obtained in the MBBR treating Kraft pulp 

effluent. 

Regarding BOD5 removal, even with the difference between the BOD5/COD ratio in these 
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phases, (Table 1, 0.34 → 0.21), a decrease of only 7.7% in the efficiency average removal was 

found. In the load of 0.7 kgCOD m-3 d-1, 88.8% of BOD5 removal was obtained and in the next phase 

it was 81.9%, showing how stable the MBBR is with high organic loads and shock loads, as was 

observed by other authors with different media support (Huang et al., 2015; Leyva-Díaz et al., 

2017; Qiqi et al., 2012). The treatment of Kraft pulp effluent by MBBR with APG presented 

stable removal of organic matter even with low value hydraulic retention time (2.8 h). 

Regarding color, removal of this parameter was observed in both organic loads, between 

22.1% and 40.7% on average. These results were better than those of Peitz and Xavier (2017), 

who obtained 3% color removal at a HRT of 3 h. This was unexpected in a biological treatment, 

in which an increase in the effluent color was observed in reactors similar to the moving bed 

biofilm reactor (Cabrera, 2017; Kamali and Khodaparast, 2015; Wahyudiono et al., 2008). 

This behavior can be explained by the fact that the spongy support has adsorbed the 

effluent color during treatment by MBBR, i.e., the lignin compounds present in the effluent of 

the Kraft pulp industry, which are mainly responsible for the color, were adsorbed on the sponge 

material of the APG, which was initially white and in the early stages of the reactor operation 

became brown. This color changed from brown to black at around 45 days of operation.  It is 

also possible that the MBBR-treated samples were predominantly built of low molecular weight 

compounds that were metabolized due to their size (Cabrera, 2017). 

Regarding the removal of total phenolic compounds (TPC), also shown in Figure 1, the 

efficiency of TPC removal was about 21% in Phase I and 36.6% in the next load. Peitz and 

Xavier (2017) obtained 36.4% of TPC removal in OLR 9.0 kgCOD m-3 d-1, in a similar condition 

with real Kraft pulp effluent. These removal levels could be explained because of the action of 

certain bacterial communities. There are some effective species in breaking down recalcitrant 

compounds like lignin derivatives and phenolic compounds, reducing the color and phenolic 

compounds of pulp mill effluent this way, even if the removal of color and phenolic compounds 

in aerobic treatments is not common, as observed by others authors (Cabrera, 2017; Hubbe et 

al., 2016; Muñoz et al., 2019; Singh et al., 2019). 

During the treatment, the removal of the aromatic (UV254nm), ligninic (UV280nm) and 

lignosulfonic (UV346nm) compounds was observed in all organic loading. Removals were 

greater than 19% in all parameters in both organic loads applied. The highest removal level was 

during OLR 8.9 kgCOD m-3 d-1, 22.4% – 24.3% for lignin derivatives compounds.  

Regarding UV254nm/UV280nm ratio, the reduction of the values occurred during the 

biological treatment of 1.18 to 1.14, during ORL 0.7 kgCOD m-3 d-1 and 1.04 to 1.01 in Phase II. 

These values indicated higher amounts of aromatic compounds (UV245nm) in all samples 

compared to the lignin compounds (UV280nm), which is in agreement with other studies with 

cellulose effluent (Çeçen, 2003; Morales et al., 2015; Peitz and Xavier, 2017; Villamar et al., 

2009; Machado, 2017).  

3.3. Biomass adhered and suspended  

The result of the quantification of biomass adhered to the support media (AS) and 

suspended in MBBR (SS) measured during steady state is presented in Figure 2. During the 

treatment, the system was not inoculated with sludge. 

During the aerobic treatment, the biomass grew, mainly attached to APG support media. 

Volatile Adhered Solids (VAS) of 770.4 mg L-1 were observed in the load 0.7 kgCOD m-3 d-1 

(Figure 2A). Volatile Suspended biomass (VSS) reached a concentration of 233.3 mg L-1 at 

load 0.7 kgCOD m-3 d-1, lower than expected (1500–5000 mg L-1 for conventional activated 

sludge), and 3.3 times lower than VAS. This preference for adhered solids in support media 

was observed by other authors (Minegatti et al., 2012; 2014; Qiqi et al., 2012; Vanzetto et al., 

2014). In the next phase, OLR 8.9 kgCOD m-3 d-1, both concentrations grew up to 3419.2 and 

1432.5 mg L-1, respectively (Sperling, 2014; Toczyłowska-Mamińska, 2017).  
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Figure 2. Adhered and suspended solids in the reactor. 

 Regarding Total Solids, TS, Figure 2B, it arrived at 3831 mg L-1 in the second phase in 

the support media (TAS), in agreement with the literature, 3000 – 4000 mg L-1 (Barwal and 

Chaudhary, 2014).  Regarding Total Suspended Solids, the concentration was 2227.5 mg L-1. 

Table 2 shows the ratios for the different loads applied during treatment by the APG spongy 

support MBBR reactor. 

Table 2. Biomass ratio. 

OLR/ (kgCOD m-3 d-1) VASa/TASb VSSc/TSSd 

0.7 0.66 0.38 

8.9 0.89 0.64 

a: Volatile Adhered Solids (mg L-1). b: Total Adhered Solids 

(mg L-1). c: Volatile Suspended Solids (mg L-1) d: Total 

Suspended Solids (mg L-1). 

For OLR 0.7 kgCOD m-3 d-1, the VSS/TSS ratio was 0.38, characterized as a stabilized  

sludge, with load increase in Phase II, this ratio up to 0.64, as a partially stabilized sludge with 

high organic matter content, since the biomass was not removed from the system during the 

treatment (Sperling, 2014). Compared with the VAS/TAS ratio, the sludge is characterized as 

a partially stabilized sludge, mainly due to the increase of organic load in the system. 

These results are in accordance with SEM images, Figure 3, in which were verified biofilm 

growth in all phases. 

In Figure 3A-B, the APG support media has a high surface area with pores of different 

diameters for biofilm growth. During aerobic treatment, biomass grew mainly linked to support 

media such as biofilm. In Figure 3B-C, Phase I, with 13.3h HRT, biofilm growth did not fully 

cover the micropores, allowing biofilm development. At OLR 8.9 kgCOD m-3 d-1, Figure 3E-F, 

growth continued and the increase was observed by VAS analysis and formation of extracellular 

polymeric material seen by SEM.  

With the increase in organic load there was a greater development of biofilm                      

(Figure 3E-F), which cooperated in the removal of the parameters analyzed in this biological 

treatment.  
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Figure 3. Scanning electron microscopy of APG in each organic load rate applied. 

4. CONCLUSIONS 

The removal efficiency of organic matter remained stable in relation to COD, remaining 

above 40%, not presenting large discrepancies between the applied loads, constituting MBBR 

with APG as a stable system. Considering the removal of BOD5, a drop of 7.7% being justified 

by the low biodegradability of treated Kraft pulp effluent, showing the stability of the system 

in load shocks.  

The values achieved for color removal were close to 40% on average for the highest load, 

which was not expected from a biological treatment. The removal efficiency for total phenolic 

compounds (TPC) was not negatively affected by the 15-times increase in load, which could be 

considered another favorable point for the stability of the MBBR with spongy support APG. 

Regarding biomass, its affinity with the support medium APG was verified because its 

concentration was 3.3 and 2.4 times higher than the biomass suspended in the reactor in each 

organic load rate applied. The VSS/TSS ratio for suspended solids was a partially stabilized 

sludge. 

To sum up, it can be affirmed that the MBBR system based on support medium APG on 

OLR 8.9 kgCOD m-3 d-1 has the potential to treat Kraft cellulose. 
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ABSTRACT  
The main objective of this study was to synthesize a nanocomposite using graphene and 

manganese ferrite nanoparticles (MnFe2O4-G) and to evaluate its antibacterial activity for water 

treatment purposes. Its morphological characteristics were evaluated by instrumental 

techniques, such as scanning electron microscopy and transmission electron microscopy. The 

characterization results indicated that the nanocomposite presented nanoparticles of 

approximately 25 nm well dispersed in transparent and large (14 μm) graphene nanosheets. The 

antibacterial activity was evaluated in a batch experiment using a concentration of 40 μg mL-1 

of nanocomposite (MnFe2O4-G, bare MnFe2O4 nanoparticles or graphene oxide), 1x105 CFU 

mL-1 of Escherichia coli, and 8 h of contact time at room temperature. The highest antibacterial 

capacity was observed for the hybrid nanocomposite (91.91%), due to the synergic effect of 

graphene and MnFe2O4 nanoparticles. Various mechanisms were proposed to explain the 

effective antibacterial activity of MnFe2O4-G, such as wrapping, oxidative stress, sharp-edge 

cutting effect, among others. The results showed that MnFe2O4-G is a potential alternative in 

water treatment processes as an antibacterial agent. 

Keywords: antimicrobial, magnetic, nanoparticle. 
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Síntese de nanocompósito de grafeno e ferrita de manganês e a 

investigação de suas propriedades antibacterianas para uso no 

tratamento de água 

RESUMO 

O principal objetivo do presente estudo foi sintetizar um nanocompósito usando grafeno e 

nanopartículas de ferrita de manganês (MnFe2O4-G) e avaliar sua atividade antibacteriana para 

aplicações em processos de tratamento de água. Suas características morfológicas foram avaliadas por 

técnicas instrumentais tais como microscopia eletrônica de varredura e microscopia eletrônica de 

transmissão. Os resultados de caracterização indicaram que o nanocompósito apresentou nanopartículas 

de aproximadamente 25 nm bem dispersas em nanofolhas de grafeno grandes (14 μm) e transparentes. 

A atividade antibacteriana foi avaliada em um experimento batelada usando uma concentração de 40 μg 

mL-1 de nanocompósito (MnFe2O4-G, nanopartículas de MnFe2O4 ou óxido de grafeno), 1x105 CFU mL-

1 de Escherichia coli e 8 h de tempo de contato à temperatura ambiente. A maior capacidade 

antibacteriana foi observada para o nanocompósito híbrido (91,91%), decorrente do efeito sinérgico do 

grafeno e as nanopartículas de ferrita de manganês. Vários mecanismos foram propostos para explicar 

atividade antibacteriana efetiva do MnFe2O4-G, tais como aprisionamento, stress oxidativo, efeito de 

corte afiado, entre outros. Portanto, os resultados mostraram que MnFe2O4-G é uma alternativa em 

potencial para processes de tratamento de água como agente antibacteriano. 

Palavras-chave: antimicrobiano, magnético, nanopartícula. 

1. INTRODUCTION  

Water is an essential resource for all beings. However, unsafe drinking water still 

constitutes a major burden on public health in developing countries. Diseases related to drinking 

water contamination lead to millions of deaths every year and diarrhea remains a major cause 

of child deaths. The main health risk is ingestion of water contaminated with feces that contains 

pathogens that cause infectious diseases such as cholera and other diarrheal diseases, 

dysenteries and enteric fevers (Liu et al., 2012a). Therefore, the development of novel and 

efficient antibacterial agents to control and prevent contamination by pathogenic 

microorganisms in water is vital for human health and well-being. 

Antibacterial nanomaterials provide great opportunities to develop next-generation 

sustainable water-disinfection technologies. Among all the antibacterial nanomaterials, 

graphene-based nanomaterials have emerged recently as a novel green broad-spectrum 

antibacterial material, with a severe cytotoxic effect on bacteria, fungi, and plant pathogens, 

with little resistance and tolerable cytotoxic effect on mammalian cells (Hegab et al., 2016; Ji 

et al., 2016) 

Graphene is a two-dimensional monolayer of sp2-hybridized carbon atoms that form a 

honeycomb structure with unique properties. Because of its peculiar configuration, it has unique 

properties, such as high mechanical strength and elasticity, and excellent conduction of electric 

current and heat, in addition to having good dispersion and remarkable thermal stability (Syama 

et al., 2016). 

The degree of antibacterial effect of nanomaterials is determined by their shape, surface 

functionalization, size, stability and size distribution. Single-component graphene-based 

materials present slow antibacterial activity; generally, it takes several hours to totally inactivate 

bacterial cells in diluted suspensions. In practical applications, it is essential to optimize and 

accelerate the process minimizing the disinfection time (Zhou et al., 2016b).  

Another major problem related to the use of graphene in water treatment is that graphene 

nanosheets tend to aggregate and re-stack, forming graphite when used during process 
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operations and when used in larger quantities due to strong interplanar interactions (Cheng et 

al., 2012). As for GO, they have poor affinity for binding with anionic compounds due to their 

strong electrostatic repulsion.  

These disadvantages can be overcome by covalent or non-covalent functionalization of 

different molecules and other nanomaterials (Xu et al., 2009). The surface functionalization of 

graphene materials with nanoparticles or other functional groups increases their sensitivity, 

selectivity and detection limit, and also may improve their antibacterial effect and stability 

(Hegab et al., 2016; Tu et al., 2016). The use of nanoparticles can be beneficial both to facilitate 

separation in the water treatment process and to confer antibacterial properties, which opens 

new opportunities to further explore their potential for water- and wastewater-treatment 

applications (Farghali et al., 2013; Gutes et al., 2012).  

Thus, graphene derivatives are rapidly emerging as an extremely promising class of 

nanomaterials due to the combination of graphene derivatives and currently utilized 

antibacterial metal and metal–oxide nanostructures, in order to obtain the synergistic 

antibacterial effect, achieving exceptional bactericidal activity (Hegab et al., 2016; Rojas-

Andrade et al., 2017). 

Spinel ferrites represent an important family of iron-based heterostructured oxide materials 

and display great potential. Among these materials, MnFe2O4 has been considered a very 

attractive nanomaterial due to its high capacity, excellent chemical stability, easy fabrication, 

low cost and non-toxicity (Sakho et al., 2019). 

 Few studies were found in the literature with research focusing on the use of MnFe2O4 or 

composites of graphene and MnFe2O4 for bactericidal activity in water treatment (Chella et al., 

2015). Most research focused on their antibacterial activity for the development of novel 

nanomaterials for biomedical applications (Esmaeili amd Ghobadianpour, 2016; Sakho et al., 

2019), drug-delivery (Wang et al., 2016) and photocatalytic activity (Zhou et al., 2016a). 

This paper therefore reports on the synthesis of a nanocomposite of manganese ferrite 

graphene (MnFe2O4-G), followed by an investigation of its antibacterial properties, evaluating 

its efficiency at removing Escherichia coli, to verify its potential use in water- and wastewater-

treatment processes. 

2. MATERIALS AND METHODS 

2.1. Manganese ferrite graphene nanocomposite synthesis 

GO was synthesized according to the modified Hummers method (Hummers and Offeman, 

1958; Kovtyukhova et al., 1999). The preparation of MnFe2O4-G was based on a simple one-

pot solvothermal method reported in our previous work (Yamaguchi et al., 2016). In short, 

anhydrous ethylene glycol (HOCH2CH2OH, ≥99.8%), GO, ferric chloride (FeCl3·6H2O, 

≥97%), manganese chloride (MnCl2·4H2O, ≥99%) were dispersed under ultrasonication. Later, 

anhydrous sodium acetate (CH3COONa, ≥99%) was added and stirred for 30 min. The mixture 

was then autoclaved at 200°C for 10 h. The obtained mixture was then washed several times 

with deionized water and ethanol and dried in a hot air oven at 60°C. All chemicals were 

purchased from Sigma Aldrich. Bare MnFe2O4 nanoparticles were prepared using a similar 

approach, but in the absence of GO. 

2.2. Nanocomposite characterization 

The surface morphology of the as-synthesized nanocomposite was verified by scanning 

electron microscopy (SEM) under Shimadzu SS-550 - Scanning Electron Microscope and 

transmission electron microscopy (MET) under JEM-1400 – JEOL microscope. An extensive 

chemical characterization of the nanocomposites was performed in our previous work 

(YAMAGUCHI et al., 2016) and will be used for further discussion of antibacterial results in 

Section 3.2. 
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2.3. Antibacterial properties evaluation 

Assays for the evaluation of E. coli removal were based on the Standard Methods for the 

Examination for Water and Wastewater (APHA et al., 2017). A stationary phase culture of E. 

coli ATCC 11229 was incubated at 35°C for 24 h in trypticasein soy broth (TSB). From the 

culture obtained, a bacterial suspension of 1.5x108 CFU mL-1 (colony forming unit) was 

prepared in a saline tube and determined by comparison with the turbidity of the McFarland 

scale # 0.5 tube. 

To determine the antibacterial effect of the nanomaterials, a batch experiment was 

performed. Typically, 2 L of distilled water was contaminated with 1 mL of the previously 

prepared E. coli ATCC 11229 suspension to give a concentration of approximately 1x105 CFU 

mL-1. Then, 100 mL of contaminated water was dispensed into 250 mL vials containing 10 mg 

of nanocomposite, resulting in 40 μg mL-1 nanocomposite concentration. After inoculation, they 

were shaken at 200 rpm and 35°C for 8 h. After 8 h, the antibacterial effect was evaluated using 

an adapted filter membrane technique of the Standard Methods for the Examination for Water 

and Wastewater (APHA et al., 2017), as illustrated in Figure 1. 

 
Figure 1. Scheme of filter membrane technique. 

The filter membrane technique used can be summarized by: (1) First the sample was 

homogenized; then (2) 20 mL of the sample was diluted in 180 mL of 0.85% saline in a Schott® 

vial, resulting in a 10-1 dilution; (3) the vial was shaken and then 20 mL of the 10-1 dilution vial 

was collected and added to another vial containing 180 mL of 0.85% saline resulting in a 10-2 

dilution; (4) this procedure was repeated until a 10-5 dilution was obtained, as shown in            

Figure 1; next, (5) in a laminar-flow chamber previously sterilized with ultraviolet radiation, 

100 mL of each 10-5 dilution was vacuum filtered in a previously autoclaved Manifold Microfil® 

Millipore using a membrane of 0.45 µm pore and 47 mm diameter; (6) the membranes were 

placed in Petri dishes containing M-Endo LES agar and then placed in an oven at 35°C; (7) 

after 24 h, the Petri dish readings were taken by counting the number of CFU. The E. coli 

viability loss was calculated using Equation 1. 

𝜀 (%)  =  ((𝑁1 –  𝑁2)/ 𝑁1)  ×  100            (1) 
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Where, N1 is the number of colonies grown on the control Petri dish, N2 is the number of 

colonies grown on the treated Petri dish and ε is the E. coli viability loss (%). 

3. RESULTS AND DISCUSSION 

3.1. Nanocomposite characterization 

In the micrographs of the hybrid composite of MnFe2O4-G shown in Figure 2, it is possible 

to observe the graphene nanosheets, which look like crumpled sheets. Similar structures were 

found in micrographs obtained in our previous work (Yamaguchi et al., 2016) and by Yao et 

al. (2014), who used a similar methodology to that employed in this work. 

 
Figure 2. SEM (a) and TEM (b) micrographs. 

It was also noted that MnFe2O4 nanoparticles were uniformly anchored on the transparent 

graphene nanosheets (Figure 2b). The size of MnFe2O4 nanoparticles can be confirmed by TEM 

and SEM micrographs (Figure 2), showing an average particle size of 25 nm. It is noteworthy 

that MnFe2O4 particles are still strongly anchored to the graphene surface even after sample 

preparation for MET analysis (agitation and sonication), suggesting that there is a strong 

interaction between MnFe2O4 nanoparticles and graphene nanosheets, also showing mechanical 

stability (Yao et al., 2012). 

In Figure 2b, the graphene nanosheet observed is approximately 14 nm and is much bigger 

than a bacteria cell (~ 1 μm), indicating that the mechanism of cell wrapping (discussed in 

Section 3.2) is able to contribute to the antibacterial activity when using MnFe2O4-G for 

antibacterial suspension tests. Also, large-size graphene nanosheets enhance the adhesion 

ability of bacteria, which means more chance to be in contact with and inactivate bacteria (Han 

et al., 2019). Additionally, the transparent nanosheets presented in Figure 2b indicate a few-

layer graphene. It is known that the number of layers that the graphene has significantly affects 

its antimicrobial activities, as graphene dispersibility in biological media displays a remarkable 

decrease with the increase in its thicknesses, resulting in agglomeration, which may affect the 

interactions between graphene and bacteria. Therefore, it was expected that our few-layer 

graphene nanocomposite would exhibit high antibacterial activity (Zheng et al., 2018). 

Hybrid nanomaterials with graphene structure are known to help promote a smaller 

agglomeration of nanoparticles, ensuring a large specific area due to the close interaction 

between the nanoparticles and graphene sheets (Liu et al., 2013). Also in Figure 2, 

functionalized surfaces with considerable roughness and frequent ridges can be seen, which is 

also a favorable aspect for antibacterial activity, as it can cause cracking of bacterial cell walls 

during contact. The physical surface morphology resulting from graphene functionalization 

with MnFe2O4 is a crucial factor in affecting interaction with bacterial cells and can display a 

powerful antibacterial action by generating increased surface roughness, improving bacterial 
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cell adhesion. Higher surface area and deep terrains in the surface will result in more contact 

with bacteria cells, which can easily destroy them (Hegab et al., 2016).  

3.2. Antibacterial properties evaluation 

The results of the evaluation of the antibacterial properties of the GO, MnFe2O4 and 

MnFe2O4-G are presented in Figure 3. Bacterial cell viability loss is the percentage of E. coli 

bacteria that were inhibited by the developed materials. GO exhibited 62.63% of cell 

inactivation presenting moderate cytotoxicity, while the nanohybrids showed 91.91% of cell 

inactivation. Bare MnFe2O4 nanoparticles showed lower removal in comparison to the 

nanohybrids, presenting 89.50% of bacterial viability loss.   

 
Figure 3. Loss of viability of E. coli (100 mL, 1x105 CFU mL-1, 

10 mg of nanocomposite, 200 rpm, 35°C, 8 h). 

Wide interest and several reports have been observed in the literature in developing GO-

based antibacterial nanomaterials since its first observation in 2010 by Hu et al. Similar results 

were obtained by Liu et al. (2011) who evaluated the antibacterial GO efficiency for E. coli and 

reported ~69.3%  performance using 85 μg mL-1 for 2 h and they explained their results by the 

high density of oxygen-containing groups present in GO, which induce membrane stress 

leading to cell death. Similarly, experimental data from other groups obtained better results (> 

80%) using higher material concentrations (Akhavan et al., 2010; Begum et al., 2020; Nine et 

al., 2017). 

The antibacterial activity of graphene has been confirmed to be dependent on its carbon 

radical density, as the oxygen content of the nanosheets plays an important role in bacterial 

killing through the induction of oxidative stress, which will be further explained below. Thus, 

a higher carbon-radical density implies a stronger antibacterial effect (Han et al., 2019). GO is 

widely heterogeneous in their physicochemical properties resulting from its oxidation in the 

Hummers method. More oxidative content can generate more reactive oxygen species (ROS), 

which contribute to the higher bactericidal ability. GO possesses a high oxidation level, with 

oxidized groups such as C-OH, C-O and C-O-C, and can result in high oxidation performance 

for antibacterial capacity (Han et al., 2019). In our previous work (Yamaguchi et al., 2016), 

GO was characterized by FTIR analysis and the presence of these functional groups in GO 

surface was proved. Also, the ROS functional groups were observed in MnFe2O4-G nanohybrid 

samples when performing the XPS analysis (Yamaguchi et al., 2016), indicating that the 

complete reduction of GO was not achieved, and that these functional groups may have 

contributed to the better efficiency of the nanohybrid nanomaterial compared to bare MnFe2O4. 

However, the slight difference in antibacterial efficiency may be related to the charge of 
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the nanohybrids, which could have contributed to the improved adsorption of bare MnFe2O4 by 

the attraction of negatively charged bacteria cells through Coulombic interaction. The potential 

zeta characterization analysis (Yamaguchi et al., 2016) showed that MnFe2O4 is more positively 

charged compared to GO and MnFe2O4-G. Thus, our nanohybrids have a negative global 

charge, specially graphene, while bare MnFe2O4 nanoparticles have a positive charge, which 

may have contributed to the electrostatic attraction and later ion release, and thus presented a 

higher E. coli removal (Hegab et al., 2016; Ji et al., 2016). 

Chella et al. (2015) found a similar behavior when using MnFe2O4-G nanocomposite for 

antibacterial investigations. They obtained lower cell inactivation percentages (82%) than those 

obtained in the present study using 100 μg mL-1 of MnFe2O4-G for 2h of contact time. Another 

recent study, Sakho et al. (2019) reported 90% of E. coli death rate using 15 μg mL-1 of 

nanohybrid MnFe2O4-G after 2 h of contact time. In both studies, they attributed the 

antibacterial activity to the oxidation stress and membrane interaction (Liu et al., 2011). They 

explained that the antibacterial activity mechanism functioned by binding the hybrid composite 

with the E.coli cell wall by adsorption and electrostatic attraction and the cell wall rupture 

occurred by direct contact with the graphene nanosheets and also ROS generation, which 

induced oxidative stress to the membrane, disturbing the cell structure, leading to the death of 

bacterial cells. Graphene-based materials, which contain a great number of functional groups, 

are likely to interact with bacterial cell structures, resulting in damage and their death (Chella 

et al., 2015; Sakho et al., 2019). These mechanisms are further explained below, and presented 

in Figure 4, together with the major antibacterial mechanisms proposed for MnFe2O4-G 

according to the several mechanisms reported in the literature for graphene and graphene metal-

oxide based nanocomposites. 

 
Figure 4. Major proposed mechanisms for antibacterial activity of MnFe2O4-G nanocomposite. 

Sharp-edge cutting effect: The physical damage in the bacteria membrane by graphene 

sharp edges is one of the main mechanisms of the antibacterial activity. The destruction of the 

integrity of the bacteria lipid bilayer upon direct contact with the atomically sharp edges of 

graphene nanosheets leads to bacterial inactivation, as they mediate the release of functional 

intracellular contents and form pores that could lead to osmotic imbalance, resulting in the 

reduction of the energy barrier required for membrane penetration (Hegab et al., 2016; Hu et 

al., 2010; Ji et al., 2016).  
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Wrapping: The cell wrapping antibacterial physical activity mechanism is caused by the 

graphene sheet area, which hinders the bacterial growth in cell suspensions. Isolated from the 

external environment, the bactericidal activity of graphene is amplified as the sheet area 

increases. The bacteria is trapped in a large graphene nanosheet, becoming isolated and inactive, 

affecting their interaction with cells in the environment, which has the consequence of 

preventing nutrient acquisition and, subsequently, cellular growth and proliferation (Liu et al., 

2012b). This mechanism is more bacteriostatic, as it inhibits the growth of bacteria temporarily 

and normally does not kill them (Xia et al., 2019). 

Insertion and extraction: The destruction mechanisms of graphene insertion and lipid 

extraction can cause bacterial membrane stress leading to a reduction in cell viability. When 

graphene is in contact with the bacteria, the graphene nanosheet starts to vibrate around the 

bacteria cell (swing mode); then the insertion mode starts, when the sheet edge moves in and 

pierces the cell membranes, due to the strong van der Waals interactions. Finally, the extraction 

step is when the nanosheet extracts the phospholipids from the lipid bilayers of the bacteria cell 

membrane causing damage to the cell and cytoplasm leakage (Hegab et al., 2016). 

Oxidative stress: Oxidative stress leads to an imbalance between oxidation and 

antioxidation, which interferes with the bacterial metabolism, disrupts essential cellular 

functions, destroys cell structure, oxidized lipids, DNA and proteins that can ultimately lead to 

cell destruction and/or cellular growth inhibition. The large production of ROS, direct oxidation 

and charge transfer by MnFe2O4-G is believed to be the primary mechanism of cytotoxicity 

causing the oxidative stress of bacteria (Rojas-Andrade et al., 2017). Also, when the ROS-

mediated oxidation of lipid molecules takes place, the result is the formation of lipid peroxide 

radicals which initiate a chain reaction that leads to cell membrane oxidative destruction 

(Begum et al., 2020; Hegab et al., 2016). 

Electronic transport disruption: The electron transfer from the bacterial membrane to the 

graphene surface is also a mechanism of the antibacterial activity of MnFe2O4-G. The negative 

charges of the bacterial cells interact with the graphene nanosheet edges which act as good 

electron acceptors and, therefore, contribute toward bacterial cell membrane damage. 

Respiratory chain electrons are extracted from the electron transport chain by graphene through 

a charge transfer mechanism, as graphene has high electronic conductivity. The electron 

transference can damage the membrane integrity, cause a depletion of the intracellular 

respiratory chain to extracellular molecular oxygen and provoke oxidative stress on bacteria 

metabolism, eventually causing its inactivation. Also, electron transfer from antioxidant 

biomolecules to graphene can also directly cause damage to bacterial antioxidant systems. In 

addition, the electron transfer occurring on MnFe2O4-G surface can generate free oxidative 

radicals, which are toxic to bacteria (Han et al., 2019; Hegab et al., 2016; JI et al., 2016; Rojas-

Andrade et al., 2017). 

Synergic effect: The synergic effect is composed of the cytotoxicity effect of metal oxide 

nanoparticles enhanced by the graphene substrate, due to reduced agglomeration of metal oxide 

nanoparticles. The BET analysis performed previously (Yamaguchi et al., 2016) for MnFe2O4-

G and MnFe2O4 samples indicated that BET surface area presented a more than 4-fold increase. 

With this increase in surface area, the active surface area for adsorption properties towards 

bacteria cells is also increased, providing enhanced stability to immobilized metal oxide 

nanoparticles, and more effective release of cytotoxic nanoparticles in proximity to the bacterial 

cell, increasing bacterial inactivation (Begum et al., 2020). Additionally, the graphene substrate 

affords additional membrane damaging effects, such as wrapping of bacteria and lipid 

extraction, which increase the overall antibacterial performance. Also, there is a close 

relationship between the cytotoxic effects of ROS generated by MnFe2O4-G and its destructive 

effects on bacterial membranes, which enables the metal cations (Mn2+ and Fe3+) to enter the 

bacteria more easily acting synergistically with ROS to destroy DNA and proteins (Begum et 
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al., 2020; Rojas-Andrade et al., 2017). Furthermore, the positive ions released are easily 

absorbed by the bacterial membrane surface, with negative charge, leading to cell wall damage 

by pit formation. This electrostatic interaction between positive charge of metal ions and 

negative charge of membrane cells causes changes in the efflux and influx of biomaterials from 

bacteria. Moreover, in the surface or inner part of bacteria, small nanoparticles (~10 nm) can 

bind to sulfur-containing amino acids with thiol functional groups as they have more affinity to 

attach metal ions; this attachment may lead to the enzyme malfunction (Alavi and Rai, 2019). 

Other mechanisms were also reported in the literature, such as photothermal reaction and 

photocatalytic activity for microorganism inactivation. However, our experiments were 

performed without light and/or infrared irradiation. An enhanced antibacterial activity can be 

achieved by sunlight irradiation provoked by high oxidative stress, as sunlight produces ROS, 

and accelerates the electron transfer from bacteria to graphene, by this means destroying 

bacterial antioxidant systems and causing great membrane disruption (Han et al., 2019). Thus, 

a possibility to improve the antibacterial performance of MnFe2O4-G obtained in this work 

could be achieved using visible light irradiation in antibacterial assays. 

4. CONCLUSIONS 

The MnFe2O4-G nanohybrid was successfully synthesized in this research, as verified by 

SEM and TEM analysis. MnFe2O4 nanoparticles of an average particle size of 25 nm were 

anchored in crumpled large and transparent graphene nanosheets. The nanohybrid presented 

higher antibacterial activity when compared to GO and bare MnFe2O4 nanoparticles. The 

bactericidal activity of MnFe2O4-G was thoroughly discussed and it was concluded that 

graphene exerts its antibacterial action via physical damage such as direct contact of its sharp 

edges with bacterial membranes, destructive extraction of lipid molecules and wrapping 

mechanisms. Further, the chemical damage of bacteria is caused by oxidative stress with the 

generation of ROS and charge transfer. Furthermore, the synergic effect is observed when 

graphene and MnFe2O4 are together in the hybrid nanomaterial, obtaining improved 

antibacterial efficiency due to the reduced agglomeration of metal oxide nanoparticles, 

adsorption of bacterial cells, effective release of cytotoxic ions with greater proximity and the 

simultaneous damaging effects of graphene and metal cations on bacteria. Thus, due to the 

superior antibacterial properties obtained and to its good biocompatibility, MnFe2O4-G has 

been shown to have important potential for antibacterial purposes in water and wastewater 

treatment processes. 
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ABSTRACT  
The objective of this work was to propose and evaluate a model to estimate transit water 

losses and surface runoff in a Brazilian semi-arid basin, fundamental components in the 

hydrological studies of the region, such as in the verification of hydrological connectivity. The 

study area was the Orós Reservoir Basin, located in the state of Ceará. The modeling of transit 

water loss and surface runoff were developed based on the work of Araújo and Ribeiro (1996) 

and Peter et al. (2014). In the proposed model, the parameter of loss in transit (k) was estimated 

at 0.027 km-1 for a section of the river basin, and when simulated for other stretches it provided 

good flow results at the end of the stretch, obtaining an NSE of 82%. The value of the runoff 

coefficient was estimated at 3% and when evaluating a spatial variation of this coefficient in 

the basin, the values varied from 2% to 12%, and the use of specialized runoff coefficient (RC) 

values promoted a higher NSE in the discharge simulation in the basin. It is concluded that the 

proposed model to estimate transit water losses and surface runoff demonstrated a high 

efficiency in the simulation of hydrological processes. The basin of Orós reservoir presented a 

high variability of the coefficient of surface runoff, justifying the need for a greater spatiality 

of this coefficient in heterogeneous environments. 

Keywords: coefficient of runoff, hydrology, modeling. 

Avaliação da perda de água em trânsito e do escoamento superficial 

em uma bacia semiárida brasileira 

RESUMO 
O objetivo deste trabalho foi propor e avaliar um modelo para estimar perdas de água em 

trânsito e o escoamento superficial em uma bacia semiárida brasileira, componentes 

fundamentais nos estudos hidrológicos da região, como na verificação da conectividade 

hidrológica. A área de estudo foi a bacia hidrográfica do reservatório Orós localizada no Estado 

do Ceará. A modelagem da perda de água em trânsito e do escoamento superficial foi 

desenvolvida com base nos trabalhos de Araújo e Ribeiro (1996) e Peter et al. (2014). No 

modelo proposto, o parâmetro de perda em trânsito (k) foi estimado em 0,027 km-1 para um 

trecho do rio da bacia e quando simulado para outros trechos proporcionou bons resultados da 

vazão no final do trecho, obtendo um NSE de 82%. O valor do coeficiente de runoff foi 

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.2545
mailto:jcmnogueira1@hotmail.com
https://orcid.org/0000-0003-3312-6980
https://orcid.org/0000-0001-5597-7386
https://orcid.org/0000-0003-3634-3622


 

 

Rev. Ambient. Água vol. 15 n. 4, e2545 - Taubaté 2020 

 

2 Cristian Epifanio Toledo et al. 

estimado em 3% e ao avaliar uma variação espacial desse coeficiente na bacia, os valores 

variaram de 2% a 12%, sendo que a utilização os valores do escoamento superficial (RC) 

especializados promovem um maior NSE na simulação das descargas na bacia. Conclui-se que 

o modelo proposto para estimar as perdas de água em trânsito e escoamento superficial em uma 

bacia semiárida brasileira, demonstrou uma alta eficiência na simulação dos processos 

hidrológicos. A bacia do reservatório de Orós apresentou alta variabilidade do coeficiente de 

escoamento superficial, justificando a necessidade de maior espacialidade desse coeficiente em 

ambientes heterogêneos. 

Palavras-chave: coeficiente de escoamento, hidrologia, modelagem. 

1. INTRODUCTION 

The Brazilian Semiarid region has been regularly impacted by drought. On average, one 

severe drought occurs per decade; and sometimes, it occurs continually for many years, which 

leads to conflicts over water use. Political decisions prioritized the construction of reservoirs, 

and in Ceará, for example, in only one hydrological basin of the state (Alto Jaguaribe), 4,717 

public and private reservoirs were identified in 2011 (Toledo et al., 2014). This policy of dam 

construction produced a “high-density reservoir network”, predominantly composed of small- 

and medium-sized reservoirs, which consists of a system whose management is complex 

(Mamede et al., 2018). 

In other parts of the world (Gooseff et al., 2017; Ayalew et al., 2017), dense reservoir 

networks have also been studied using hydrological models, and those studies have emphasized 

that these networks have been causing interference in water discharge dynamics, by increasing 

the risk of cascading dam failures and provoking the disruption of hydrological connectivity.  

Many elements influence hydrological connectivity, particularly climate, the 

characteristics of the landscape and anthropic interventions. The climate directly influences the 

pattern and distribution of flow within a river basin. As a general rule, in the semi-arid and arid 

regions the conceptual model of hydrological connectivity is more difficult to achieve and 

occurs less frequently due to limitations like the losses in transit of the runoff (Bracken and 

Croke, 2007). 

Water loss in transit can be defined as the part of the stream flow or reservoir outflow that 

does not reach a specified downstream point within a specified time. The determination of loss 

in transit is of key importance when calculating the flow rate required for hydrological 

connectivity between river sections (Mvandaba et al., 2018; Toledo et al., 2018). An approach 

to transit water loss along rivers in semiarid regions has used a continuity equation along the 

river course. This equation is based on the mass balance, taking into account water removal and 

losses resulting from infiltration and evaporation along a watercourse (Araújo and Ribeiro, 

1996). 

In the case of loss of flow through downstream infiltration, the long runoff process 

provides an increase in the probability of infiltration of upstream flow (Medeiros et al., 2010), 

with this infiltration being influenced by the characteristics of the landscape, such as soil and 

topography. The soil affects the volume of water that can be infiltrated and defines the rate at 

which it can occur; and land with higher slope topography allows water to flow more quickly 

over the surface, which provides less time for water infiltration into the soil (Klein and Klein, 

2014). 

In this context, this work proposed and evaluated a model to estimate water losses in transit 

and surface runoff in a Brazilian semi-arid basin, fundamental components in the hydrological 

studies of the region, such as in the verification of hydrological connectivity. This work also 

provided an aid tool for decision makers to better understand these processes. 
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2. MATERIALS AND METHODS 

The study area was the Orós Reservoir Basin, which is located in the Alto Jaguaribe Basin. 

The Orós Basin is located in the southwestern portion of the State of Ceará - Brazil, a region 

classified as semi-arid, with an annual average temperature of 28°C, insolation of 2800 hours 

and precipitation between 500 and 1000 mm, with an average of 751 mm. It has a drainage area 

of 24211 km², corresponding to approximately 97% of the Alto Jaguaribe Basin and 16% of the 

state. Toledo et al. (2014), with the support of satellite imagery, identified 4717 public and 

private reservoirs in 2011 in the Orós Basin, with total water storage capacity of 3646 hm³ and 

720 km² of flooded area.  

The losses in transit were considered proportional to the flow in the river and estimated 

according to the modified equation of Araújo and Ribeiro (1996) (Equation 1), which is based 

on mass balance and considers that the withdrawals and water loss are distributed along a 

watercourse, making it possible to estimate the flow at the end of a river stretch. Thus, the 

determination of transit water loss (‘k’), using the modified equation of Araújo and Ribeiro 

(1996), was performed for the study area, providing a calibration and validation for this 

parameter. I emphasize that evaporation in the course of the river was considered negligible in 

the original equation as well as in the proposed Equation 1. 

𝑄𝑖𝑛𝑝(𝑛) = 𝑄𝑛−1 ∙ 𝑒−𝑘.∆𝑥𝑛 + (∆𝑥𝑛. 𝑞 + 𝑄𝐿𝑂𝐶)                     (1) 

Where, Qinp(n) is the discharge at the end of a stretch “n” (m³ s-1);  

Q(n-1) is the discharge at the end of the previous stretch (n-1) and thus discharge at the 

beginning of the current stretch;  

“k” is the transmission loss coefficient;  

∆xn is the length of stretch “n” (km);  

𝑞 is the distributed or diffuse discharge that enters the rivers (m3 s-1 km-1);  

QLOC is the discharge that enters the river in concentrated mode from an affluent river. 

To perform the calibration and validation of parameter ‘k’, a stretch of the Jaguaribe River 

was chosen, located between in the municipalities of Jucás and Iguatu (Figure 1A). It is 61.4 

km long and is monitored by hydrometric stations upstream known as Sítio Patos, and Iguatu, 

downstream. Another advantage of choosing this stretch is that the discharges of the river 

affluent to the stretch, Bastiões and Cariús, are monitored by hydrometric stations (QLOC), all 

located in the Orós Basin. All the hydrometric stations mentioned are controlled by the 

Geological Survey of Brazil (Companhia de Serviço Geológico do Brasil), whose information 

is available in the HidroWeb database, being sampled in a time series from 2000 to 2011. 

The calibration of transmission loss parameter ‘k’ was manually performed by trial and 

error, in which the starting value in use was 0.001 km-1, which was increased by 0.0001 km-1 

in each cycle, always seeking to optimize the objective function by means of the index of Nash 

and Sutcliffe – NSE. In the validation, the discharges simulated with the calibrated ‘k’ 

parameter, for a different period (calibration – 2000 to 2005 and validation – 2006 to 2011) 

than the one used in the calibration, were compared with the discharges measured at the 

hydrometric station. 

The contribution of distributed flow (𝑞) are surface runoff flows that enter the sub-stretch 

of the river by small draining courses and/or by direct runoff from the slope to the river. For the 

distributed flow, as well as the flow of an affluent river without hydrometric monitoring, the 
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proposal is to use the Rational Method Equation; however, in the estimation of the distributed 

flow (𝑞), the total flow in the section is divided by the length of the river (x), obtaining the 

specific flow per unit of length. 

 
Figure 1. MAPA A - Location of the hydrological stations, their sub-basins, and the section 

of the Jaguaribe River used to estimate the loss in transit of water; and MAPA B - Location 

of the 18 strategic reservoirs and their sub-basins used to estimate runoff. 

Precipitation was considered equal to the time of 24 hours, the area equal to the size of the 

basin of direct contribution to the river stretch on both sides, and the runoff coefficient (RC) 

was estimated varying over time as a function of the antecedent precipitation Equation 2, based 

on Peter et al. (2014):  

𝑃𝑡+∆𝑡 ≠ 0 → 𝑅𝐶𝑡+1 = 𝑅𝐶𝑡 + 𝐾𝑎𝑚𝑝𝑙  𝑃𝑡+∆𝑡 = 0 →  𝑅𝐶𝑡+1 = 𝑅𝐶𝑡 . 𝐾𝑟𝑒𝑑        (2) 

Where, RCt+1 is the runoff coefficient in the new time step;  

RCt is the surface runoff coefficient of the preceding time step;  

Pt+1 is the precipitation in the new time step;  

Kampl is the amplification factor; 

Kred is the reduction factor of the runoff coefficient. 

Obtaining the runoff coefficient takes into account that, on each rainy day, soil moisture 

tends to increase; consequently, the infiltration rate is reduced and surface runoff increases. 

Similarly, when there is no rain the soil tends to get dry, and thus infiltration increases, thereby 

reducing surface runoff. In order to simulate the drying and wetting of soil, amplitude and 

reduction parameters were proposed to correct the runoff coefficient, called Kamp and Kred, 

respectively. 
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In this study, values of Kamp and Kred were calibration for the whole basin of the Orós 

Reservoir and for each sub-basin of the 18 reservoirs considered strategic (Figura 1 B) for the 

management of the water resources of the basin and are monitored by the Water Resource 

Management Company of the State of Ceará (COGERH). The values of Kamp and Kred 

obtained for the sub-basins, besides providing an analysis of the temporal variability, also allow 

observation of the spatial variability of the coefficient runoff.  

The calibration of parameters Kamp and Kred was performed with the Simplex method for 

solution of linear problems and the Generalized Reduced Gradient method (GRG) for solution 

of non-linear problems. Thus, the measured discharges (registered) were compared with the 

simulated discharges of the study areas, considering the Rational Method Equation and 

Equation 2. To start the searching process, the initial RC value was 0.04 and the parameters 

Kamp and Kred received the values of 0.60 and 0.92, respectively (Peter et al., 2014). The criteria 

to stop the calibration corresponded to the maximum value in the function-objective of NSE. 

In order to prevent physically unreal values, one restriction was enforced: the parameters Kamp 

and Kred should be higher than or equal to 0.001. 

In the validation, the discharges simulated using the calibrated parameters Kamp and Kred, 

were compared to the measured discharges of a different period than the one used in the 

calibration, and the efficiency coefficient NSE was used for evaluating performance. For 

comparison purposes, comparisons were also made between measured discharges and 

simulated discharges by using fixed RC values 0.02; 0.03; 0.04; 0.05; 0.06; 0.07; 0.08 and 0.09.  

The calibration of parameters Kamp and Kred for the whole area of Orós Basin was based on 

the discharge data of hydrometric station Sítio Patos and precipitation data of pluviometric 

stations found in the draining area (13670 km2) of the referred hydrometric station. The 

calibration of the specific values of Kamp and Kred for each sub-basin of the strategic reservoirs 

of Orós Basin was based on the pluviometric data of the area and the daily affluent flows of the 

reservoirs. These affluent flows were determined by the water balance in surface reservoirs 

according to Costa et al. (2012), which included the measured data of volume, outflow of the 

reservoirs, precipitation and evaporation of the climatological stations situated in the sub-basin 

area. 

3. RESULTS AND DISCUSSION 

After analysis of the data from the Sítio Patos station for the period of 2000 – 2011, 142 

events were identified (Figure 2). The events lasted from 1 to 27 days and the daily discharge 

in Sítio Patos station (Qo) ranged from 0.34 to 426 m3 s-1. These events provided daily discharge 

values in Iguatu station (Qf) from 0 to 920 m3 s-1 and in Sítio Dantas and Cariús stations, from 

0 to 696 m3 s-1. The indirect control area (Asc) of 948 km2 generated lateral diffuse discharge 

(𝑞) between 0.004 and 1.66 m3 s-1 km-1, which results in a total entry discharge which varies 

depending on the event from 0 to 102 m3 s-1. Discharge losses per event varied from 2 to 100%, 

with an average of 70%. These values are consistent with those found by Costa et al. (2013), 

that when analyzing the transmission losses in the rivers of the State of Ceará, found loss values 

between 25 and 100% of the drained volume. 

The analysis of losses of drained volume according to annual rainfall showed that in years 

of low rainfall, e.g., 2001, transmission losses were 100% of the discharge that had entered the 

section. However, in humid years, such as 2008 and 2009, in which time intervals between the 

events in the rainy period were short (< 6 days), the average water losses of the events were 

28% of the discharge that had entered the stretch.  

The lower relative loss of drained volume in humid years is attributed to the continuous 

fluvial discharge. In the first events of fluvial discharge, that is, at the beginning of the rainy 

season each year, large losses of drained volume occurred, as in other years. This volume is lost 
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in recharging the alluvial aquifers that are present along the river channel, as in other years. 

However, precipitation constancy and, consecutively, the continuous presence of fluvial 

discharge cause less considerable losses. 

 
Figure 2. Values of entry discharge and exit discharge in the analyzed stretch between the 

hydrometric stations Sítio dos Patos and Iguatu of the Jaguaribe River from 2000 to 2011. 

To develop some comprehension of the magnitude of transmission losses, it is essential to 

understand the factors that affect these losses. Hacker (2005) mentions that among the most 

important factors affecting channel losses are: size and sequence of floods; geology and soils 

of the valley and channels; the gradient, depth, size and continuity of channels; riparian 

vegetation; depth to the water table; soil-moisture content; gross and gravitational pore space 

in the soil; man-made structures and alterations; antecedent and current rainfall; and the content 

and nature of sediment in the stream discharge.  

Several authors as Costa et al. (2013) highlight in their studies some of these factors with 

greater emphasis and comments that transmission losses are strongly related to runoff volume 

and river velocity. Large floods are normally associated with greater absolute channel losses. 

The increase in infiltration is due to higher hydraulic head at the surface, unless such floods 

occur under saturated conditions. The infiltration rate depends strongly on the soil 

characteristics of the river bed. A gravely, sandy channel and valley may have much higher 

intake rates per day than finer soils, such as silts and loams or even less for clays. Another 

interesting point is that the transmission losses occur in any climate but are most common in 

arid and semi-arid regions. 

The value of the calibrated transmission loss parameter (k) was 0.027 km-1, that is, for each 

km, 2.7% of the discharge is lost. After the Modified Equation of Araújo and Ribeiro              

(Equation 1) was applied with use of the calibrated parameter, NSE was 82% and determination 

coefficient (R2) was 0.89 (Figure 3A) as a result. The calibrated value of the “k” loss is 

consistent with values found in the literature. For example, Araújo (2002), when analyzing the 

transmission losses in a 12 km stretch of the Juazeiro River, in the basin of the Coreaú River in 

the State of Ceará, used the original equation of Araújo and Ribeiro (1996). 

They found an average “k” loss for the river of 2.3% km-1, a value that engendered 

excellent adjustment in the regression curve, with the discharge values measured at five points 

along the river. Lima et al. (2007) measured the hydraulic gradient between the river and the 

aquifer, using wells and piezometers. They found the existence of a maximum discharge in the 

river-aquifer direction of 9 m3 h-1 for each 250 m stretch of the river; that is, 0.01 m3 s-1 for each 

km of the river in the central region of Ceará, in the Vale do Forquilha. 
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Figure 3. Measured and simulated discharge values at the 

station of Iguatu, from the events used in the calibration (A) 

and validation (B) of the transmission loss coefficient (k) for 

the hydrographic basin of Orós Reservoir. 

In the validation of the simulated discharges of the events for the end of the section, there 

is a variation of 0.4 to 3507 m3 s-1 compared with 0 to 4112 m3 s-1 as measured in the 

hydrometric station of Iguatu (Figure 3B). Therefore, the model again demonstrated a good 

simulation capacity of the final discharge of a section after yielding an NSE of 81% and R2 of 

0.81. Based on the good results of NSE for both calibration and validation, the proposed 

transmission loss equation and its loss coefficient “k” are classified as efficient in order to 

simulate the hydrological processes that involve them, according to Moriasi et al. (2007).  

The major difficulties found in the parameterization of the transmission loss coefficient in 

this study were the uncertainties inherent with the hydrometric data (reading errors and data not 

shown); with pluviometric data (low representativeness of the average value, because of the 

low number of pluviometric stations – 131 for 25000 km2); with the identification of events 

(error in the separation of surface runoff); and with simplifications of the model. According to 

Costa et al. (2013), the scarcity of hydrological data, especially streamflow discharge and 

groundwater level series, restricts understanding of transmission loss processes that are 

associated with the lack of information on spatial river dynamics, and generates uncertainty 

regarding transmission losses' analysis in large rivers. 

One clear example of data uncertainty is the flaw that occurred in the hydrometric station 

of Iguatu in 2004, in which, after measuring a series of large discharges, records stopped for 8 

days (from 09/02 to 16/02), even with an average daily precipitation of 7.8 mm during that 

period.  In 17/02, the station recorded 1619 m3 s-1, and again stopped registering for 106 days, 

although there was in that period a total precipitation of 418.3 mm in the basin and the stations 

Sítio Patos, Sítios Dantas and Cariús registered discharges of 4163, 6323 and 8431 m3 s-1, 

respectively. 

The runoff coefficient equation - RC (Equation 2) varies as a function of the antecedent 

precipitation. For this reason, initially, the ratio between the surface runoff and the antecedent 
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precipitation of the basin was investigated in order to determine the best variation of the runoff 

coefficient over time. This analysis showed that the precipitation of 5 antecedent days offered 

the best correlation (R2) with the discharge recorded at the basin hydrometric station, when 

compared with the antecedent precipitation of 1, 2 and 10 days (Figure 4). The antecedent 

precipitation of 5 days is consistent with the value recommended by the method of the Soil 

Conservation Service – SCS to parameterize the “curve number” (CN). Many authors, e.g., 

Silveira et al. (2010), also recommend the use of the antecedent precipitation of 5 days to 

estimate surface runoff in hydrographic basins. 

 
Figure 4. Illustration of the ratio between the antecedent precipitation of one day and the 

accumulated precipitations of two, five and ten days, and the discharge of the Jaguaribe 

River recorded in the hydrometric station of Iguatu for the period of 2000 to 2011. A) 

Precipitation on 1 antecedent day; B) Precipitation on 2 antecedent days; C) Precipitation 

on 5 antecedent days; and D) Precipitation on 10 antecedent days. 

In the calibration of the RC equation with single values of parameters Kamp (amplification 

factor) and Kred (reduction factor) for the whole Orós Basin (C1), the values achieved were 

0.006 and 0.29, respectively (Table 1). However, in the calibration of the same parameters Kamp 

and Kred, for sub-basins of the strategic reservoirs (C2) the values ranged from 0.001 to 0.018 

and from 0.10 to 0.96, respectively. This wide difference in the values of Kamp and Kred 

obtained when comparing the sub-basins, as well as when compared the sub-basins with the 

whole basin, evidences the importance of the spatial distribution of the parameters, reflecting 

in a greater accuracy in the determination of the surface flow. 

The results found in this study differed widely from the values reported by Peter et al. 

(2014), which estimated the parameters Kamp and Kred at 0.60 and 0.92, respectively, also for 

the whole Orós Basin. This big difference in the values of parameters Kamp and Kred can be 

attributed to the change in the analysis of antecedent precipitation (Pt-∆t). The authors op. cit. 

used the precipitation of only 1 antecedent day, while the present study used the precipitation 

of 5 antecedent days (accumulated over 5 days). 
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Table 1. Values of amplitude (Kamp) and reduction (Kred) parameters of the 

temporal variation and/or spatial of the runoff coefficient (RC): C1 found for the 

whole basin using data from the hydrometric Station Sítio Patos installed in the 

Jaguaribe River and C2 determined for the “sub-basins” of the 18 strategic 

reservoirs in the basin of the Orós reservoir, evidencing the variation of the runoff 

coefficient within the basin.  

Calibration Base point of the calibration Kamp Kred RCaverage 

C1 Station Sítio Patos – Rio Jaguaribe 0.006 0.29 0.03 

C2 Arneiroz II reservoir 0.015 0.32 0.05 

C2 Benguê reservoir 0.004 0.70 0.02 

C2 Canoas reservoir 0.002 0.91 0.04 

C2 Do Coronel reservoir 0.004 0.10 0.03 

C2 Faé reservoir 0.002 0.70 0.02 

C2 Favelas reservoir 0.018 0.80 0.06 

C2 Forquilha II reservoir 0.010 0.12 0.02 

C2 Muquém reservoir 0.016 0.11 0.07 

C2 Orós reservoir 0.005 0.80 0.05 

C2 Parambu reservoir 0.005 0.31 0.03 

C2 Pau Preto reservoir 0.004 0.79 0.04 

C2 Poço da Pedra reservoir 0.001 0.91 0.02 

C2 Quincoé reservoir 0.003 0.30 0.02 

C2 Rivaldo Carvalho reservoir 0.003 0.90 0.04 

C2 Trici reservoir 0.012 0.12 0.03 

C2 Trussu reservoir 0.018 0.91 0.12 

C2 Valério reservoir 0.001 0.96 0.03 

C2 Várzea do Boi reservoir 0.018 0.40 0.07 

The analysis of the calibrations showed that the values of Kamp and Kred in the calibration 

for the whole basin are at the same order of magnitude when compared with the average values 

found in the calibration for the sub-basins (Kamp = 0.008. Kred = 0.56 and RC = 0.04). However, 

the results of the calibration for the sub-basins demonstrated a high variability of RC inside the 

Orós basin. This high variability is attributed to the combination of factors that interfere in 

different ways in the process of surface runoff, such as pluviometric precipitation, topography, 

vegetation, depth of the water table, evaporation, use and physical properties of the soil. Santos 

et al. (2010) emphasized the difficulty in individually identifying the importance of these 

factors previously mentioned in the mesoscale, because of its multiple influences on surface 

runoff. 

By comparing the efficiency values (NSE) found with RC which vary according to 

parameters Kamp and Kred (calibrated for the sub-basins) with the values found by using RC 

fixed in time and space (Figure 5), it can be seen that the use of fixed RC reduced the efficiency 

of simulating the discharges of most of the analyzed sub-basins. Still, the simulations with fixed 

RC have evidenced that the Orós Basin has regions with different hydrological responses.  

Peter et al. (2014), performing simulations with the original ResNetM model also for the 

Orós basin, concluded that the lack of overflow (bleeding) of many reservoirs is an indicator of 

the need to include spatialization of the runoff coefficients (RC) in the model. We can relate 

this necessity to the fact that the basin shows different types of soil and vegetation coverage, 

thus having a direct influence on the runoff of the basin. Thus, it is again confirmed that spatial 

RC has to be considered inside the hydrographic basins. 

4. CONCLUSIONS 

Based on the analysis carried out in this research, it can be concluded that the methodology 

proposed to estimate the losses of water in transit and surface runoff in a semi-arid Brazilian 
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basin demonstrated a high efficiency in the simulation of the hydrological processes, being 

recommended for hydrographic studies. 

 
Figure 5. Efficiency values (NSE) found in discharge simulations in sub-basins of hydrographic 

basin of the Orós Reservoir, taking into account the runoff coefficient found with parameters Kamp 

and Kred calibrated for the sub-basins of the strategic reservoirs (C2) and the runoff coefficients 

found in the literature (0.02 to 0.09). 

Considering the previous 5-day precipitation in determining the runoff coefficient, a 

significant improvement in the basin runoff estimates was obtained when compared to the 

simulations considering precipitation of 1, 2 and 10 days of anticipation, or even compared with 

flow simulations using flow coefficients obtained in the literature. 

The hydrographic basin of Orós Reservoir presented high variability of the surface runoff 

coefficient, justifying the need for a greater spatiality of this coefficient in heterogeneous 

environments.  
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ABSTRACT  
The semiarid region of Pernambuco has a large water deficit, leading the population to 

explore groundwater resources such as alluvial aquifers. The state of Pernambuco also stands 

out for having the second-largest textile manufacturing center in Brazil. However, the direct 

discharge of textile effluents from the region's industries has intensified the negative impacts 

on water conservation and alluvial soils. This work characterized the sorption of Direct Black 

22 dye (DB22) in two layers of alluvial soil in the Capibaribe-PE basin. Batch experiments 

(kinetics and sorption isotherms) allowed the evaluation of the retention potential and mobility 

of this compound in this environment. Sorption kinetics were verified for stirring times of 0.25; 

0.5; 1; 2; 4; 6; 8; 10; 12; 24; 48 and 72 hours and the experimental data was adjusted to the first- 

and second-order kinetic models. The isotherm occurred with concentrations of 1; 5; 10; 15; 

20; 32.5 and 40 mg.L-1 and experimental data was adjusted to the linear, Freundlich and 

Langmuir models. The sorption kinetics of DB22 was best described by the second-order 

model, while the Freundlich and Linear models properly fitted sorption isotherms for Layers 1 

and 2. The organic matter contents and the cation-exchange capacity of the soil layers 

influenced the sorption of the dye. The superficial layer privileges dye retention phenomena, 

while in the subsurface layer dye mobility phenomena prevail. 

Keywords: contamination, emerging pollutants, groundwater, isotherms, semiarid, wastewater. 

Sorção do corante têxtil Direct Black 22 em solo aluvionar 

RESUMO 

O semiárido pernambucano é uma região que apresenta grande déficit hídrico, levando a 

população a explorar os recursos hídricos subterrâneos como os aquíferos aluvionares. O estado 

de Pernambuco também se destaca por conter o segundo maior polo de confecções têxteis do 
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Brasil. No entanto, o lançamento direto de efluentes têxteis provenientes das indústrias da 

região tem intensificado os impactos negativos na conservação da água e dos solos aluvionares. 

O objetivo deste trabalho consiste na caracterização da sorção do corante Direct Black 22 

(DB22) em solos de duas camadas de um aluvião na bacia do Capibaribe-PE. Os ensaios de 

Bacth (cinética e isotermas de sorção) permitiram avaliar o potencial de retenção e mobilidade 

desse composto nesse ambiente. A cinética de sorção foi verificada com os tempos de agitação 

de 0,25; 0,5; 1; 2; 4; 6; 8; 10; 12; 24; 48 e 72 horas e os dados experimentais foram ajustados 

aos modelos cinéticos de primeira e segunda. A isoterma ocorreu com concentrações de 1; 5; 

10; 15; 20; 32,5 e 40 mg.L-1, e os dados experimentais foram ajustados ao modelo linear, de 

Freundlich e de Langmuir. A cinética de sorção do DB22 foi melhor descrita pelo modelo de 

segunda ordem e as isotermas de sorção para Camadas 1 e 2 ajustaram-se adequadamente aos 

modelos de Freundlich e Linear. Os teores de matéria orgânica e a capacidade de troca catiônica 

das camadas de solo foram propriedades que influenciaram na sorção do corante. A camada 

superficial privilegia fenômenos de retenção do corante enquanto que a camada subsuperficial 

privilegia fenômenos de mobilidade do corante. 

Palavras-chave: águas residuais, águas subterrâneas, contaminação, isotermas, poluentes emergentes, 

semiárido. 

1. INTRODUCTION 

Water availability in quantity and quality for multiple uses is an inherent concern of the 

population living in semiarid regions in northeastern Brazil. However, despite this problem, 

part of this region stands out as the second-largest textile manufacturing center in Brazil. The 

Pernambuco municipalities of Caruaru, Toritama, and Santa Cruz do Capibaribe are the main 

cities of this textile hub (Oliveira and Braga, 2014). 

Alluvial deposits are geological formations that commonly occupy the beds of temporary 

rivers in the northeastern semiarid region. These deposits act as natural water reservoirs, 

allowing water supply during critical scarcity periods (Brito et al., 2018). Despite being an 

essential water supply source, these formations are the destination of indiscriminate wastewater 

disposal by the region's textile industries. This considerably raises the risk of environmental 

contamination, as the release of textile effluents promotes the entry of various pollutants into 

the environment (Ali et al., 2009; Shehzadi et al., 2014; Konicki et al. 2017). For example, 

Shalaby et al. (2016) point out that the wastewater from these industries is a complex mixture 

of dyes and heavy metal compounds, and Vikrant et al. (2018) highlighted that 15% of the dyes 

are lost in effluents during the dyeing process. 

Among the materials used by the textile industries, dyes, which are emerging pollutants, 

offer a high possibility of environmental contamination (Montagner et al., 2017), being 

potentially hazardous for both the environment and human health (Munagapati et al., 2019; 

Nazir et al., 2020), even at low concentrations. There is also a lack of legislation to regulate 

their maximum allowable concentration in effluents (Souza and Souza, 2016). Therefore, to 

enable the development of studies concerning the analysis of groundwater vulnerability and 

conservation of its quality, it is fundamental to assess retention capacity and mobility of dyes 

in soils of alluvial deposits (Qu et al., 2008; Dawodu and Akpomie, 2016; Silva Júnior et al., 

2019; Alves et al., 2020).  

Furthermore, Direct Black 22 (DB22), which is an azo dye characterized by the presence 

of the double bond between two nitrogen atoms (-N = N-) (Graciani, 2014), stands out as one 

of the most-used dyes among the textile industries of Pernambuco’s Agreste (Amorim et al., 

2013). Investigations regarding the behavior of azo dyes, such as DB22 in alluvial deposits of 

the Capibaribe watershed, are still minimal. Therefore, considering these facts, this research 
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evaluated DB22 sorption through sorption kinetics and isotherm experiments in two soil layers 

of an alluvial deposit of Pernambuco semiarid region. 

2. MATERIALS AND METHODS 

2.1. Study Area 

The study area is located in the Poço da Lama Ranch in the city of Brejo da Madre de 

Deus, bordering the city of Santa Cruz do Capibaribe in Pernambuco's State, Brazil (Figure 1). 

Soil samples were taken from the dry bed of the Capibaribe River, which is formed by a deposit 

of alluvial sediments. The aquifer in this area is widely exploited as a source of groundwater 

resources. The region has an average rainfall of 600 mm/year and potential evapotranspiration 

of 1900 mm/year, with semiarid climatic conditions and native vegetation cover of Caatinga 

(Braga et al., 2015). Geologically, the study area is located in the Borborema Province, with 

crystalline rocky features and hydrogeology of fissural domain (Beltrão et al., 2005). 

 
Figure 1. Location of the cities of Brejo da Madre de Deus and Santa Cruz do 

Capibaribe. 

2.2. Physical and Chemical Properties of Soils 

Batch experiments were performed with soil samples collected at two depths of the alluvial 

deposits. The first soil belongs to the most superficial layer (Layer 1), with a thickness of 

approximately 50 cm. The second soil belongs to the subsequent layer (Layer 2), which is about 

60 cm thick. Some physicochemical properties of these soils were determined by Rabelo 

(2018), and are presented in Table 1. 

According to Table 1, Layer 1 (superficial) has higher clay (7.03%) and organic matter 

(2.1 7%) contents than Layer 2, which presented a clay portion of 2.34%. These soils were 

classified as Loamy Sand and Sand, respectively. Vimonses et al. (2009) and Yagub et al. 

(2014) verified that information about the clay content in sorption studies is essential because 

this characteristic can influence the sorption of the DB22 dye. The pH values in H20 were higher 

than the pH in KCl. These results are attributed to the effect of the KCl solution, which, in 

contact with the soil, induces cation exchange, with consequent increase of acidity (Plieski et 

al., 2004; Ebeling et al., 2008). Layer 1 (3.75 m2.g-1) has a specific surface greater than Layer 
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2 (2.56 m2.g-1). The iron (Fe) content in Layer 1 was higher than in Layer 2. This element can 

be presented in different phases and, consequently, with varying states of oxidation. Studies 

such as Siqueira et al. (2008) and Parsa and Chianeh (2012) prove the use and efficiency of iron 

oxide compounds in textile dye adsorption. In terms of silicon and aluminum oxides, they 

facilitate electrostatic attraction and cation exchange between the soil and the dye molecule 

(Freitas et al., 2015). 

Table 1. Particle-size distribution and soil classification. 

Physicochemical Properties  Layer 1 Layer 2 

Clay (%)  7.03 2.34 

Silte (%)  10.55 3.52 

Sand (%)  82.42 94.14 

Textural class  Loamy Sand Sand 

Organic Carbon average (g.g-1)  1.26% 0.97% 

Organic Matter average (g.g-1)  2.17% 1.67% 

Specific Surface (m2.g-1)  3.75 2.46 

pH water  8.26 6.00 

pH KCl  6.87 5.48 

Exchangeable Bases (cmolc/dm-3) 

Ca 2.70 0.75 

Mg 1.80 1.25 

Na 2.40 0.62 

K 0.10 0.07 

Al 0.00 0.00 

H 0.41 0.57 

Sum of Bases (cmolc/dm-3)  7.0 2.7 

Cation Exchange Capacity (cmolc/dm-3)  7.4 3.3 

Saturation of Bases (%)  94 83 

Fe (mg.kg-1)  13897±445 7928±443 

Al (mg.kg-1)  64760± 1852 58802±1847 

Si (mg.kg-1)  384913± 11468 416429± 11468 

2.3. Point of Zero Charge 

The surface charge of both soil layers was evaluated to define the pH value at which the 

adsorption of ions that determine H+ and OH- potential is the same without interfering in the 

specific pH range of the environment. The methodology for the determination of the Point of 

Zero Charge (PZC) followed the recommendation proposed by Regalbuto and Robles (2004). 

The pH range where PZC occurred was used as an experimental adjustment parameter in the 

sorption experiments. 

2.4. Direct Black 22  

The dye used for this study was Direct Black 22 (DB22, CAS 6473-13-8), which was 

chosen because it is widely used by the textile industries of the Confection Center in 

Pernambuco’s Agreste (Amorim et al., 2013). Direct Black 22 is suitable for dyeing cellulosic 

fibers such as cotton, wool, viscose, rayon, and paper. It has the appearance of black powder 

and water solubility of 40 g.L-1 (at 90°C). Its molecular structure can be seen in Figure 2; 

molecular weight is 1083,97 g.mol-1, and melting point is higher than 360°C. The DB22 used 

in this study is from Henan Coreychem Co., Ltd, with 98% purity, and it was manufactured in 

China. 
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Figure 2. Molecular Structure of Direct 

Black 22. 

2.5. Preparation of hydrolyzed dye 

The DB22 solution was prepared with 65 mg of the dye diluted in 2 L of distilled water 

and was hydrolyzed according to Santos (2012) methodology. At this stage, the initial pH of 

the dye solution prepared with distilled water was adjusted to 11.00 with a 20% (w/v) 

concentration of the NaOH solution. The NaOH used is from the Merck company with a               

98% degree of purity, and it was manufactured in Brazil. This solution was heated to 80°C for 

60 minutes and stirred on a magnetic stirrer. At the end of this period and the solution cooling, 

the pH was adjusted until the PZC with HCl (0.1N) solution was obtained. The HCl used is 

from the Merck company with a 37% degree of purity, and it was manufactured in Brazil. This 

type of hydrolysis procedure is typically used in the preparation of dyes for dyeing garments in 

the textile industry. Thus, this solution served to analyze the behavior of the characteristic dye 

solution of textile industries in the study region. 

2.6. Batch tests 

Sorption tests were performed in triplicate and were based on the method described by 

Martins and Mermoud (1998) and Silva Júnior et al. (2019). For the kinetic study, 50 ml of a 

32.5 mg.L-1 solution of DB22 and 5g of soil in a 250 ml Erlenmeyer were added. The samples 

were then placed in a shaking incubator and shaken for 0.25; 0.5; 1; 2; 4; 6; 8; 10; 12; 24; 48 

and 72 hours. At the end of each experiment, the supernatant liquid was filtered through 0.45 

μm membranes, and DB22 concentration was determined on a UV/VIS spectrophotometer with 

a wavelength of 481 nm. 

The obtained data were used to calculate the amount of dye adsorbed per gram of residue, 

according to Equation 1. 

𝑆𝑡 =
𝐶𝑜−𝐶𝑒

𝑀
               (1) 

Where Co is the initial dye concentration in solution (mg.L-1); Ce is the equilibrium 

concentration of the dye in solution (mg.L-1); V is the volume of the solution (L); M is the dry 

mass of the adsorbent in solution (mg); St is the sorption in time (mg.kg-1). 

The curves resulting from the sorption kinetics were evaluated by fitting the data to the 

First and Second-Order models according to Equations 2 and 3, respectively (Yaneva and 

Koumanova, 2006). 

𝑙𝑜𝑔 𝑙𝑜𝑔 (𝑆𝑒1 − 𝑆𝑡)  = 𝑙𝑜𝑔𝑆𝑒1 −
𝑘1

2,303
𝑡                                                                       (2) 

1

𝑆𝑒2−𝑆𝑡
=

1

𝑆𝑒2
+ 𝑘2𝑡                                                                                                                   (3)   

Where Se1 is the sorption capacity in equilibrium (mg.kg-1) and k1 is the first-order sorption 

constant rate (h-1). The term Se2 is the second-order sorption capacity in equilibrium (mg.kg-1) 

and k2 is the second-order sorption constant rate (kg.mg-1.h-1). 
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After defining the equilibrium time in the kinetic study, sorption isotherm experiments 

were performed to evaluate sorption capacity as a function of dye concentration. Samples were 

prepared in the same way as for sorption kinetics. DB22 concentrations used for this experiment 

were 1; 5; 10; 15; 20; 32.5 and 40 in mg.L-1. The isotherm mathematical models used were the 

linear, Langmuir and Freundlich. These equations are efficient in determining the parameters 

of dye sorption in the soil (Caliman et al., 2009). The Linear, Langmuir and Freundlich models 

are presented in Equations 4, 5 and 6, respectively. 

𝑆 =  𝐾𝐷𝐶𝑒                                                                                             (4) 

𝑆 =  
𝐾𝐿𝑆0𝐶𝑒

1+𝐾𝐿𝐶𝑒
                                                                                           (5) 

𝑆 =  𝐾𝐹𝐶𝑒
1/𝑛

                                                                               (6) 

Where S is the amount of dye adsorbed in mg.kg-1 of soil, Ce is the dye concentration in 

the equilibrium solution (mg.L-1), KD is the soil-solution partition constant expressed in L.kg-1; 

KL represents the Langmuir constant expressed in L.mg-1, S0 is the maximum sorption capacity 

in mg.kg-1, KF is the Freundlich's constant expressed in (kg-1mg1-1/nL1/n), and n is a 

dimensionless parameter. 

3. RESULTS AND DISCUSSION 

3.1. Point of Zero Charge 

The determination of the PZC value is an essential step in this study. This information will 

assist in adjustments in the solutions’ pH during the batch test. Studies such as Lucena (2018) 

prove the influence of this electrokinetic characteristic on dye sorption. The results of the point 

of zero charge (PZC), which was 5.02 for Layer 1 and 6.05 for Layer 2, indicate that the pH is 

acidic for both soils. 

3.2. Sorption Kinetics 

Sorption kinetics tests provide valuable insight into the behavior of dye sorption in soils. 

First and second-order kinetic models were used to help understand the behavior of the 

interaction between the pollutant and the solid soil matrix. The results of DB22 sorption kinetics 

for both soils can be seen in Figure 3. 

 
Figure 3. Sorption kinetics curve of the studied soils: a) Layer 1; b) Layer 2.  

According to the results of sorption kinetics in Figure 3, Layer 1 required 8 hours to reach 

equilibrium and adsorbed approximately 120 mg of DB22 per kg of soil. Layer 2 achieved 

equilibrium in about 4h, and during this time, adsorbed approximately 40.86 mg.kg-1. Layer 1 

therefore presents more sorption sites, which, according to Yagub et al. (2014), increases dye 
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sorption, and so adsorption on Layer 1 was thereby higher.  

According to the obtained equilibrium times, it is possible to consider the dye sorption as 

an instantaneous phenomenon, in which chemical equilibrium is quickly reached. This 

consideration is based on kinetic studies in which equilibrium is achieved within no more than 

24 hours (Bukallah et al., 2007; Hong et al., 2014; Dawodu and Akpomie, 2016). Regarding 

the equilibrium time, the results are in agreement with what is presented by Caliman et al. 

(2009), who concluded that the stirring time of 8 hours is the most appropriate to obtain the 

adsorption of an azo dye in a soil that has similar particle-size characteristics as the studied soil. 

Albanis et al. (2000) observed slower sorption, between 4 and 6 hours, for an azo dye in fly ash 

mixtures on a soil of low organic-matter content. 

These results indicate that DB22 has a higher potential to be sorbed in Layer 1 than in 

Layer 2. This phenomenon can be explained by the higher presence of clay in Layer 1 (7.03%) 

than in Layer 2 (2.34%), and because the textile dye has a high ability to interact chemically 

with minerals in the soil (Duarte-Neto et al., 2014; Santori et al., 2011; Souza et al., 2016). 

According to Table 1, Layer 1 has a higher OM content (2.17%) than Layer 2, resulting in a 

potentially higher reactivity between the soil and the DB22. According to Linhares et al. (2010), 

OM is a factor that influences the higher sorption of organic substances. 

First-order kinetic model values were obtained from a linear regression between ln (Se–St) 

by time (h). Regression coefficients for the first-order kinetic model were 0.39 and 0.12 for 

Layer 1 and Layer 2, respectively (Table 2). These low values demonstrated that DB22 sorption 

for the studied soils does not follow the first-order kinetic model.  

The plots of t/St as a function of time (h) for the DB22 sorption with the soils of both layers 

at a concentration of 32.5 mg.L-1 resulted in straight lines. Regression coefficients were higher 

than 0.999 for both soils (Table 2). This result indicates that the sorption kinetics of DB22 

follow the second-order kinetic model. 

Table 2. Kinetic parameters adjusted for the First and Second-order models for both 

soil layers. 

Soil First-order model Second-order model 

 
Se1 

(mg.kg-1) 

k1 

(h-1) 
r² 

Se2 

(mg.kg-1) 

k2 

(kg.mg-1.h-1) 
r² 

Layer 1 23.17 0.0295 0.3955 123.4568 0.011511 0.9996 

Layer 2 5.7902 0.0191 0.1249 40.6504 0.2420 0.9998 

The sorption capacities’ values in equilibrium corroborate the higher sorption affinity of 

DB22 with Layer 1 because for both adjusted models the values of Se1 and Se2 were higher. Qu 

et al. (2008) and Caliman et al. (2009) also noticed similar results in their studies with azo dyes, 

where the second-order model represented the process more faithfully. They found Se2 equal to 

281 and 224 mg.kg-1, respectively. The summary of the parameters obtained from the 

adjustments of the First and Second-Order kinetic models for the DB22 kinetics data and the 

studied soils are presented in Table 2. 

3.3. Sorption Isotherms 

Sorption isotherms are extremely important in the determination of maximum adsorption 

capacity of the studied soils, and in understanding the nature of the sorption process. The curves 

of DB22 sorption isotherms for the studied soils are presented in Figure 4. This study used 

Linear, Langmuir and Freundlich isotherm models to adjust the experimental data. 

The adjustment of the isotherm to the Linear model is obtained from the regression 

between St and Ce, which resulted in linear regression coefficients of 0.99 for Layer 1 and 0.97 

for Layer 2. This indicates that this Sorption isotherm model is suitable for both soils. KD value 
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for Layer 1 was 5.28 L.kg-1, and for Layer 2 was 0.99 L. kg-1. KD is a parameter often related 

to pollutant mobility in the soil and/or sediment. High KD values indicate strong sorption and 

low values indicate weak interaction between the dye molecule and the solid matrix surface. 

Thus, low KD values indicate high mobility and contamination risk of the surface and 

groundwater by leaching. Analyzing the KD of the studied soils, Layer 1 has a higher ability to 

retain DB22, and Layer 2 has a higher leaching potential. 

 
Figure 4. Langmuir, Freundlich, and Linear model adjustments for Layer 1 (A) and Layer 2 (B). 

Analogous results were also found by Bukallah et al. (2007) and Dawodu and Akpomie 

(2016) in analyses performed with dye and soil with particle-size characteristics similar to the 

ones presented in this study. According to Ribeiro et al. (2007), most processes that cause 

contaminant attenuation in groundwater are more active in the biologically active soil zone, as 

a result of their higher clay and organic matter content. 

Analyzing Figure 4, it is observed that the isotherms are better adjusted to the Freundlich 

model. The Langmuir model reasonably represents the experimental data of Layer 1, but it does 

not characterize Layer 2 well. The parameters of the linear, Freundlich, and Langmuir models 

are shown in Table 3. The values of the determination coefficients (r2) of the Freundlich model 

for both layers are greater than 0.99. Therefore, the best adjustments of the experimental data 

for Layers 1 and 2 resulted from the application of the Freundlich model, as verified by Bukallah 

et al. (2007), Qu et al. (2008), and Dawodu and Akpomie (2016). The KF values (Table 3) were 

8.64 (kg-1mg1-1/nL1/n) and 0.18 (kg-1mg1-1/nL1/n) for Layers 1 and 2, respectively. The sorption 

capacity of DB22 is strongly correlated with the organic matter content and clay fraction, which 

contributes to the DB22 sorption, as these values are quantitatively higher in Layer 1. This 

finding agrees with Ketelsen and Meyer-Windel (1999), and Qu et al. (2008), who reported a 

positive correlation between the studied dyes and the soil clay content. Regarding KF values, 

the results agree with other studies conducted with azo dyes such as Qu et al. (2008) and Uğurlu 

(2009). 

Caliman et al. (2009), Morris et al. (2008), and Germán-Heins and Flury (2000) performed 

the adjustments according to Langmuir models for isotherms of a system composed of an azo 

dye and sandy soil. These authors obtained KL (L.mg-1) of 0.00365, 0.0124 and 0.0157, 
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respectively. The low values indicate that the binding energy between sandy soils and dyes of 

the same type as DB22 is weak, indicating high mobility. 

Table 3. Langmuir and Freundlich isotherms parameters for the 

alluvial soil’s layers of the Capibaribe River dry bed. 

Models  Layer 1 Layer 2 

Linear 
KD(L.kg-1) 5.286672 0.999598 

r2 0.993927 0.979776 

Freundlich 

KF(kg-1mg1-1/nL1/n) 8.640709 0.186793 

n 0.836228 1.501927 

r2 0.996656 0.996152 

Langmuir 

KL(L.mg-1) 0.011056 6.67E-05 

S0 588.2885 15008.5 

r2 0.996125 0.979655 

4. CONCLUSIONS 

A second-order model best described the sorption kinetics of DB22, and the Freundlich 

and Linear models properly adjusted the sorption isotherms for Layers 1 and 2. The organic 

matter content and the cation exchange capacity of both soil layers influenced the dye sorption. 

The superficial layer privileges dye retention phenomena while the subsurface layer favors dye 

mobility. 
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ABSTRACT  
Water erosion is the principal degradation process of tropical soils, and its effects can be 

measured by modeling techniques. Erosion models provide a diagnosis of the soil loss intensity 

and can support the planning of soil conservation practices. Models with low data requirements, 

such as the Revised Universal Soil Loss Equation (RUSLE) and, more recently, the Erosion 

Potential Method (EPM), are mainly applied in Brazil. Thus, the objective of this work was to 

estimate water erosion soil-loss rates using the EPM and RUSLE models on a tropical subbasin, 

followed by a comparison of their outcomes. The models’ application considered soil physical 

parameters, edaphoclimatic conditions of the area, land use, and subbasin management 

practices. The accuracy of the methods was verified using total transported sediment and water 

discharge data. We compared the models using Pearson's correlation analyses, considering a 

5% of significance. We found a predominance of moderate-intensity erosion with average soil 

loss of 1.17 and 1.46 Mg ha-1 year-1, measured by EPM and RUSLE, respectively. The EPM 

model underestimated soil losses by 15.27%, and RUSLE overestimated by 19.08%, indicating 

a higher percentage of areas with high erosion rates (4.60%). The models presented results with 

a different order of magnitude, but with significant correlations, indicating that both methods 

pointed out similar zones of intense and light-erosion rates. 

Keywords: RUSLE, Soil Conservation, Soil Losses. 

Modelagem da erosão hídrica pelo Método de Erosão Potencial e pela 

Equação Universal de Perda de Solo Revisada: uma análise 

comparativa 

RESUMO 
A erosão hídrica é o principal processo de degradação dos solos tropicais e seus efeitos 

podem ser mensurados por técnicas de modelagem.  A modelagem fornece um diagnóstico 

sobre as taxas erosivas e é capaz de auxiliar no planejamento de práticas de conservação do 

solo. No Brasil, são aplicados principalmente modelos com baixa exigência de dados, como a 
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Equação Universal de Perda de Solo Revisada (RUSLE) e, mais recentemente, o Método de 

Erosão Potencial (EPM). Desta forma, o objetivo do trabalho foi estimar as perdas de solo por 

erosão hídrica em uma sub-bacia hidrográfica tropical, localizada no sudeste brasileiro, 

utilizando o EPM e a RUSLE e comparar os seus resultados. A aplicação dos modelos 

considerou as características físicas, edafloclimáticas, o uso de solo e as práticas de manejo da 

sub-bacia. A precisão dos métodos foi verificada usando dados de sedimentos totais 

transportados e de descarga de água e realizou-se a análise de correlação entre os resultados, 

utilizando o coeficiente de correlação de Pearson, com 5% de significância. Na sub-bacia 

ocorreu predomínio de erosão em intensidade moderada com perda de solo média de 1,17 e 

1,46 Mg ha-1 ano-1, mensuradas pelo EPM e RUSLE, respectivamente. O modelo EPM 

subestimou as perdas de solo em 15,27% e a RUSLE superestimou em 19,08%, apontando 

maior porcentagem de áreas com elevadas taxas erosivas (4,60%). Os modelos apresentaram 

resultados com ordem de grandeza distintas, porém com correlação significativa indicando que 

ambos os métodos apontam maiores e menores taxas erosivas, nas mesmas áreas da sub-bacia. 

Palavras-chave: Conservação do Solo, Perdas de Solo, RUSLE. 

1. INTRODUCTION 

Water erosion is the major degradation process on tropical soils that can cause several 

negative impacts and compromise the sustainability of agricultural production. The total of soil 

losses by water erosion in Brazil is currently estimated in about 850 million Mg year-1 (Merten 

and Minella, 2013), generating local impacts by the damages in plantations that cause soil-

nutrient removal, as well as external effects like siltation and water-body pollution (Posthumus 

et al., 2015). 

Conventional methods that involve field experiments to determine erosion rates and 

identify susceptible zones are expensive and require a high demand for time. Also, it can be 

impracticable to implement these procedures on a hydrographic basin-scale (Ganasri and 

Ramesh, 2016; Efthimiou et al., 2017). Therefore, the use of modeling techniques can help to 

overcome these limitations and to obtain precise and effective results.  

Erosion models are easy to interpret, require minimal resources, and can be executed with 

available information. These models, when combined with Geographic Information Systems 

(GIS), allow the spatialization of results and identify high erosion risks, contributing to the 

planning of mitigation measures (Ganasri and Ramesh, 2016). 

Brazil lacks data availability, especially regarding soil maps that are scarce or unavailable, 

and climate due to the non-spatialized information and several blanks on the 

hydrometeorological station's database. There are other problems concerning the data 

acquisition, once the information is scattered between different agencies, which lead to the 

selection of models that comply with low data demand criteria and can provide a satisfactory 

diagnosis. 

The Revised Universal Soil Loss Equation (RUSLE), developed by Renard et al. (1997), 

is the most widespread method to evaluate erosion processes (Ganasri and Ramesh, 2016), and 

the Erosion Potential Method (EPM), created by Gavrilovic (1962), stands out for its ease of 

application, which led it to be used in studies involving tropical Brazilian soils (Tavares et al., 

2019; Sakuno et al., 2020). However, few studies have compared the efficiency of the two 

models or the precision of their results (Amorim et al., 2010). 

Since the precise assessment of erosion is an essential element to design and implement 

targeted and effective soil conservation measures, our goal was to estimate soil loss rates by 

water erosion using the EPM and RUSLE models on a tropical subbasin, followed by a 

comparison of their outcomes. We tested the hypothesis that both models present a similar 
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spatial distribution of soil loss, pointing to similar zones of intense and light-erosion rates. 

2. MATERIAL AND METHODS 

2.1. Experimental Site 

The study was performed in the José Lúcio Creek Subbasin (Figure 1), which belongs to 

the Rio Grande Basin, located in Conceição do Rio Verde, Minas Gerais, Brazil (from 479251 

to 483469 meters W, and from 7574201 to 7570015 meters S, Zone 23K, Datum SIRGAS 2000 

UTM). 

The climate in this area, according to the Köppen classification, is subtropical highland 

(Cwb), characterized by humid hot summers, and dry, tempered winters, with an average annual 

temperature of 20ºC and precipitation of 1,500 mm (Alvares et al., 2013). The study field is in 

the Mantiqueira Mountains, the altitude ranges between 893 and 1,339 m (Figure 1A) and the 

relief is predominantly undulating, with an average inclination of 19.6% (Figure 1B).  

We extracted the Digital Elevation Model (DEM) from the level curves of Minas Gerais, 

obtained in the Infraestrutura de Dados Espaciais do Sistema Estadual de Meio Ambiente e 

Recursos Hídricos (SISEMA, 2019) and with this model we elaborated a Declivity Map using 

the Slope tool from ArcMap 10.3 (ESRI, 2015). Using the digital Soil Map of Minas Gerais 

(UFV et al., 2010) and field observations, we elaborated the digital map of soils of the area 

(Figure 1C), which showed that dystrophic Red Latosol and dystrophic Tb Haplic Cambisol are 

predominant, with 89.5% and 10.5%, respectively.  

 

Figure 1. Location map, digital elevation model (A), slope map (B), digital soil map with soil 

collection sites (C) and land use map (D) of José Lucio Creek Subbasin, Conceição do Rio Verde, 

south of Minas Gerais, Brazil. Notes: dystrophic Red Latosol (LVd) and dystrophic Tb Haplic 

Cambisol (CXbd). 
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The subbasin is occupied with coffee cultivation (46.2%), native and regenerating forest 

(48.7%), facilities (0.6%) and drainage net (4.5%) (Figure 1D). The Land Use Map was 

elaborated using a history of occupation of the Rio Verde Farm (Ipanema Agricultural SA) and 

satellite images from Landsat 8 Operational Land Imager (OLI), on bands 2, 3 and 4, orbit/point 

219/75, obtained from Divisão de Geração de Imagens (INPE, 2019), which processing was 

also done using ArcMap 10.3 (ESRI, 2015). 

2.2. Erosion Potential Method (EPM) 

Erosion Potential Method (EPM) is an empirical model to estimate water erosion in 

hydrographic basins, taking into account parameters related to the climate, topography, soil 

type, and land use. The model has been widely applied worldwide and has recently been adapted 

to Brazilian edaphoclimatic conditions (Efthimiou et al., 2017; Sakuno et al., 2020).  

The intensity of the erosion process (Z) (Gavrilovic, 1962) can be calculated by               

Equation 1: 

𝑍 = 𝑌 ⋅ 𝑋𝑎 ⋅ (𝜑 + √𝐼𝑠𝑟
2 )             (1) 

Where, Y = soil resistance to water erosion, range from 2 to 0.25; Xa = land use and 

management coefficient, range from 1.0 to 0.05; φ = coefficient of visible erosion features, 

range from 1.0 to 0.1; and Isr = average inclination of the area in percentage (%).  

The Y value from the LVd and CXbd was 0.8 e 0.9, respectively. Latosols are the main 

soil in the area, which indicates that the subbasin presents high resistance to erosion. The Xa 

coefficient of 0.33 demonstrated that the subbasin presents high vegetal density and good soil 

cover. The φ value of 0.28 indicates the predominance of surface erosion. The parameters Y, 

Xa, and φ were determined based on tabulated values, established by Gavrilovic (1962) and 

adapted to the Brazilian edaphoclimatic conditions by Sakuno et al. (2020). The relief of the 

area is mostly undulating, with an average slope (Isr) of 19.60%. The Isr was determined using 

the Declivity Map (Figure 1B). 

Zones with Z values higher than 1.0 are the ones with severe erosion, while areas with Z 

values lower than 0.19 represent those with less intense degradation (Gavrilovic, 1962). Using 

the Z coefficient, the real soil loss (Wyr) can be estimated in Mg ha-1 year-1, as shown in 

Equation 2: 

𝑊𝑦𝑟 = (√
𝑡0

10

2
+ 0.1) ⋅ 𝐻𝑦𝑟 ⋅ 𝜋 ⋅ √𝑍3

2
∙ 𝐷𝑠           (2) 

Where, t0 = average temperature in ºC year-1; Hyr = average annual precipitation, in mm; 

Ds = soil average density in kg dm-3.   

The area presents a mean temperature of 20°C (t0) and a mean annual rainfall of 1,500 mm 

(Hyr). We obtained climate factors (Hyr and t0) using data from a rainfall station, operated by 

the Instituto Nacional de Meteorologia (INMET, 2019), and located near the study area. The 

Ds of the area was determined through analysis of undisturbed soil samples (Blake and Hartge 

1986), collected all over the subbasin, and presented a mean value of 1.24 kg dm-3 (Figure 1C). 

Next, its values were incorporated into the equation to convert the unit m3 year-1 to Mg year-1 

so the results could be expressed in the same unit as RUSLE, making the comparison doable. 

Most predictive water erosion models do not consider the delivery, deposition, or 

transportation of sediments into the water bodies, and EPM innovates in this issue, because it 

has in its structure the retention coefficient (Ru) which is a way to determine the fraction of 

sediments retained in the subbasin, thus how much sediment is carried into the watercourses, 

representing the real soil loss. Therefore, the Ru coefficient was calculated according to Zemljic 

(1971), using Equation 3. 
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𝑅𝑢 =
(𝑂⋅𝐷)0,5∙(𝐿+𝐿𝑖)

𝐹⋅(𝐿+10)
              (3) 

Where, F = sub basin total area (8.60 km2); O = perimeter (13.50 km); D = average 

difference of elevation (0.17 km), obtained by the difference between the average altitude 

(1,066 m) and the minimum altitude (900 m); L = main watercourse length (5.20 km); and Li 

= secondary length (3.48 km). 

2.3. Revised Universal Soil Loss Equation (RUSLE)  

RUSLE (Equation 4) is an empirical equation to estimate water erosion that considers six 

individual and linearly related parameters (Equation 4). RUSLE is used worldwide due to its 

high degree of flexibility, allowing the model to be adapted to different regions with different 

edaphoclimatic conditions. In addition, there is extensive scientific literature that allows 

comparability of model results (Alewell et al., 2019). 

𝐴 = 𝑅 ∙ 𝐾 ∙ 𝐿𝑆 ∙ 𝐶 ∙ 𝑃              (4) 

Where, A = average annual soil loss, in Mg ha-1 year-1; R = rainfall erosivity factor, in MJ 

mm ha-1 h-1 year-1; K = soil erodibility factor, in Mg ha-1 MJ-1 mm-1; LS = topographic factor, 

given by the relationship between length (L) and inclination of the relief (S), dimensionless; C 

= cover and management factor, dimensionless; and P = conservation practices factor, 

dimensionless. 

Using the erosivity map of Minas Gerais from Aquino et al. (2012), we determined the R-

factor of the subbasin as 6,800 MJ mm ha -1 h-1 year-1, while for the K-factor, that represents 

different susceptibility of soils to erosion, we adopted values that ranged from 0.026 to 0.035 

Mg ha-1 MJ-1 mm-1 for dystrophic Red Latosol (LVd) and dystrophic Tb Haplic Cambisol 

(CXbd), respectively (Silva et al., 2009; Tavares et al., 2019). 

To determine the LS-factor, we used the Digital Elevation Model (DEM) and the Raster 

Calculator tool from ArcGIS 10.3, following Equation 5, established by Moore and Burch 

(1986). The final values ranged from 0 to 188, according to the topography, with an average of 

5.6. 

𝐿𝑆 = (
𝐹𝐴∙10

22.13
)
0.4

∙ (
𝑠𝑖𝑛(𝑆)

0.0896
)
1.3

             (5) 

Where, LS = topographic factor, dimensionless; FA = flow accumulation that is expressed 

as the cell numbers of the DEM grid; S = subbasin declivity (degrees); and 10 = DEM spatial 

resolution (m). 

The C-factor varies, according to the vegetation cover, from 0 to 1, where higher values 

represent a higher soil degradation due to the impact of rainfall and to the surface runoff 

(Beskow et al., 2009). This factor was established based on the literature, being 0.0866 for 

coffee cultivation zones (Prochnow et al., 2005) and 0.015 for forests (Silva et al., 2016). 

The P-factor also varies between 0 and 1 and expresses the potential that management 

practices have to reduce soil erosion, where lower values indicate efficient conservation 

practices (Beskow et al., 2009). Coffee cultivation zones in the study area obtained 0.5, and 

forests, 0.01. 

The RUSLE estimates total sediments eroded from the subbasin and, to calculate the 

delivery rate, its outcome was multiplied by Ru coefficient. Lastly, the spatial distribution of 

the soil loss estimates obtained with both RUSLE and EPM were done using the Raster 

Calculator Tool, from ArcGIS 10.3 (ESRI, 2016), generating the soil-loss maps. 

We performed a Pearson correlation test between the results of both methods, with a 

significance of 5%, relating five thousand points representing image pixels. These points were 
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randomly extracted from the soil losses maps of RUSLE and EPM with a 10 meters minimum 

distance of each other. Thereunto, we used the Create Random Points and Extract Value to 

Point tools from ArcGIS 10.3 (ESRI, 2016). 

2.4. Models Validation 

The validation of the models was done using the observed sediment calculation, which can 

be executed with data of the total of sediments transported in the water discharge (observed 

sediment), as proposed by Beskow et al. (2009). 

Initially, we developed a discharge curve relating precisely the total of transported 

sediments with the water discharge (Figure 2), with data (total solids in water, and flow) from 

1997 to 2010 (there was no data collected since then), obtained through an Measurement Station 

located near the estuary of the José Lúcio Creek (477209 m W and 7592560 m S), operated by 

the Instituto Mineiro de Gerenciamento de Recursos Hídricos (IGAM). 

Then, after calculating the annual Observed SD using the discharge curve and information 

about the daily runoff obtained from the Agência Nacional de Águas (ANA, 2019), the outcome 

of transported sediment was compared to the soil loss estimates provided by RUSLE and EPM 

modeling. 

 
Figure 2. Water discharge curve (total solids in water x 

flow) on the José Lúcio Creek Subbasin, Conceição do Rio 

Verde, southern Minas Gerais, Brazil. 

3. RESULTS AND DISCUSSION 

Ribeirão José Lucio Sub-basin is predominantly covered by high-density coffee cultivation 

and woodland. The good vegetative coverage is reflected in the low value of the Z coefficient, 

which was 0.23, indicating that in the subbasin areas with low susceptibility to erosion 

predominate. Both RUSLE and EPM soil loss estimates are highly influenced by vegetative 

cover, and this is the main factor of anthropic interference in the erosion process (Renard et al., 

1997). 

The EPM estimated total soil losses in the subbasin at 10,125.56 Mg year-1, while the 

RUSLE result was 30% higher (13,449.01 Mg year-1). The result is similar to that of Efthimiou 

et al. (2016), who compared the application of the RUSLE and EPM models in Greece, 

observed an estimate of the soil loss carried out by RUSLE about 10% higher than the results 

of the EPM. 

The retention coefficient (Ru) of the sub-basin was calculated at 0.995, indicating that 

9.95% of the sediments generated in the area reach watercourses (real soil loss), contributing to 

the silting up and the depreciation of water quality (Bispo et al., 2017). 

Based on Ru, EPM and RUSLE estimated the real soil loss at 1,007.49 and 1,343.15 Mg 

year-1, with average losses of 1.17 and 1.56 Mg ha-1 year-1, respectively. Comparing the results 
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of soil losses with the observed sediment value of 1.31 Mg ha-1 year-1, we found that EPM 

underestimated the results by 15.27%, while RUSLE overestimated by 19.08%. Soil loss 

measured by EPM was closer to observed sediment. However, both methods exhibited 

satisfactory accuracy, and Pandey et al. (2007) supports the premise that errors below 20% 

allow the validation of soil-erosion model results. Thus, the results of the models are efficient 

for assessing the current state of soil degradation in the subbasin, as well as for planning 

measures to reduce water erosion. 

The maps of soil losses generated by EPM and RUSLE are shown in Figure 3, pointing to 

lower erosion rates in the forest areas. 

 
Figure 3. Spatial distribution of the soil loss estimates of Potential Erosion 

Method (EPM) and Revised Universal Soil Loss Equation (RUSLE) in the José Lúcio 

Creek Subbasin, Conceição do Rio Verde, southern of Minas Gerais, Brazil.  

The range of the variation in soil losses for the subbasin was higher for RUSLE (ranging 

from 0 and 101 Mg ha-1 year-1), while EPM estimated the losses between 0 and 5.6 Mg ha-1 

year-1. Despite this disparity, the results of both models presented a significant correlation (p < 

0.001) (Figure 4), indicating that even with different orders of magnitude, the two models 

pointed to similar zones of intense- and light-erosion, which is notable on Figure 3. 

 
Figure 4. Linear correlation between estimates of soil losses 

generated by the Potential Erosion Method (EPM) and the 

Revised Soil Loss Equation (RUSLE) in the José Lúcio Creek 

Subbasin, Conceição do Rio Verde, southern Minas Gerais, 

Brazil.  
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Following the proposal of Avanzi et al. (2013) and Beskow et al. (2009), we classified the 

erosion rates qualitatively to determine the intensity of the process. Both models showed a 

predominance of very weak erosion, which can be explained by the adoption of conservation 

practices on the coffee crops, and also by the presence of areas with dense vegetative cover. 

RUSLE found a higher percentage of areas with severe degradation process (4.6%), while EPM 

detected only 0.07% of the subbasin with moderate erosion, with no occurrence of severe soil 

losses (Table 1). 

Table 1. Soil loss classes estimated by Erosion Potential Method and by 

Revised Universal Soil Loss Equation for the José Lúcio Creek 

hydrographic subbasin, Conceição do Rio Verde, southern Minas Gerais, 

Brazil. 

Soil Loss (Mg ha-1 year-1) 
EPM RUSLE 

Soil Loss Classes* 
Area (%) 

0 – 1 53.86 66.54 Very weak 

1 - 2.5 15.70 10.58 Weak 

2.5 – 5 30.41 12.80 Weak to Moderate 

5 - 7.5 0.07 5.48 Moderate 

> 7.5 0.00 4.60 Severe 

*Soil loss classes adapted from Beskow et al. (2009) and Avanzi et al. 

(2013). Notes: EPM = Erosion Potential Method; RUSLE = Revised 

Universal Soil Loss Equation. 

The most alarming results generated by RUSLE can be explained by the LS factor, which 

showed great variation (0 to 188), due to the relief characteristics in the subbasin, with higher 

values of the LS factor concentrating in the places of greater slope. The relief has a high 

influence on the variation in RUSLE results (Beskow et al., 2009). On the other hand, for the 

EPM model, the impact of the relief (Isr) on the estimates is high, but has less weight in the 

variation of the results than the coefficients Xa, Y, and Hyr (Dragičević et al., 2017). In addition, 

the high vegetative cover of the sub basin provides a lower value of Xa, which minimizes the 

results of the EPM model. 

According to Ebrahimzadeh et al. (2018), the RUSLE classifies regions based on the risk 

of soil erosion in a reliable way, and making field observations, the author found out that sites 

with high soil loss estimated by the model were highly susceptible to the erosive process. Based 

on this statement, and considering that both models presented acceptable errors (< 20%), it can 

be considered that RUSLE was more efficient in pointing out the areas most susceptible to 

erosion than the model EPM. 

It is worth mentioning that both RUSLE and EPM estimate subbasin soil losses, but cannot 

measure the actual rate of water erosion or determine the type of soil erosion (Ebrahimzadeh et 

al., 2018). Therefore, the models are diagnostic tools that should be interpreted critically and 

combined with other techniques, such as field experiments, when possible. 

Finally, even in areas where low soil loss was estimated by the models, soil conservation 

practices must be introduced to minimize water erosion as much as possible and ensure the 

future conservation of agricultural systems. 

4. CONCLUSION 

The models EPM and RUSLE estimated water erosion in the José Lúcio Creek Subbasin 

with satisfactory precision, with low cost and ease of application. 
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EPM underestimated soil losses by 15.27%, while RUSLE overestimated them by 19.08%, 

with alarming results pointing to 4.6% of the study area presenting high erosion rates. 

 Both models present a similar spatial distribution of soil losses, pointing to the same areas 

with high erosion rates, supporting the tested hypothesis. The models can be used as tools for 

planning erosion mitigation practices in the subbasin. 
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ABSTRACT  
Plastic is a useful material; but along with its benefits also come several disadvantages. One of 

these is the consequences of the improper discarding of plastic in the environment and its eventual 

fragmentation into microplastics. Plastic can reach rivers and affect their biota as microparticles from 

its degradation. The entry of plastic into the food chain occurs by the consumption of fish or other 

organisms. Furthermore, persistent organic pollutants can accumulate, and the consumption of materials 

containing plastic pollutants can cause several physiological problems in animals. Such pollutants can 

reach man when water or fish is consumed. There are numerous studies in the marine environment that 

show that microplastics significantly interfere with marine biota; but there are relatively few studies 

addressing this topic in freshwater environments. This work characterized the diet of the most abundant 

fish species in an urban river of the Upper Paraná Brazil Watershed, investigating the occurrence of 

microplastic. As much as the studied river suffers from urban river syndrome, a wide variety of food 

consumed by fish was found. The stomach content of 220 individuals belonging to fourteen species was 

analyzed. In the stomach content analysis, 16 types of food items were found, most of them 

autochthonous. The species analyzed were grouped into four trophic categories, with iliophage as 

dominant one. The presence of microplastics was found in 2% of the studied individuals, two individuals 

of the species Rhamdia quelen, one specimen of Hoplosternum littorale and one specimen of Astyanax 

fasciatus. 

Keywords: benthic species, sediment, urbanization. 

Ecologia alimentar e presença de microplástico no conteúdo estomacal 

de peixes neotropicais em um rio urbano da bacia do alto rio Paraná 

RESUMO 
O plástico é um material relevante, mas junto com seus benefícios também surgem diversos 

problemas, um deles são as consequências do seu descarte irregular no meio ambiente e sua eventual 

fragmentação em microplásticos. O plástico pode alcançar rios e afetar sua biota através da sua 

degradação em micropartículas. A entrada de plástico na cadeia alimentar ocorre pelo consumo dos 

peixes ou outros organismos. Além disso, poluentes orgânicos persistentes podem acumular nessas 
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micropartículas, e ao serem ingeridos pela biota podem causar vários problemas fisiológicos. Tais 

poluentes podem atingir o homem ao consumir água ou peixe. Existem inúmeros estudos no ambiente 

marinho que mostram que os microplásticos interferem significativamente na biota marinha, mas 

estudos que abordam esse tópico em ambientes de água doce ainda são incipientes. O presente trabalho 

teve como objetivo caracterizar a dieta das espécies de peixes mais abundantes em um rio urbano da 

Bacia do Alto Paraná, investigando a ocorrência de microplástico. Por mais que o rio estudado sofra da 

síndrome do rio urbano, verificou-se uma grande variedade de alimentos consumidos pelos peixes. Foi 

analisado o conteúdo estomacal de 220 indivíduos pertencentes a 14 espécies. Na análise do conteúdo 

estomacal, foram encontrados 16 tipos de itens alimentares, a maioria autóctone. As espécies analisadas 

foram agrupadas em 4 categorias tróficas, sendo o iliófago dominante. A presença de microplásticos foi 

encontrada em 2% dos indivíduos estudados, dois indivíduos da espécie Rhamdia quelen, um espécime 

de Hoplosternum littorale e um espécime de Astyanax fasciatus. 

Palavras-chave: espécies bentônicas, sedimento, urbanização. 

1. INTRODUCTION 

Analysis of the food habits of fish allows us to outline several processes of ecology 

involved in their diets (Ribeiro et al., 2014). Thus, the investigation of diet based on stomach 

content analysis provides consistent information about the trophic organization of fish 

communities as well as species biology, and is an important asset in the evaluation of interactive 

processes in aquatic environments (Bennemann et al., 2006). Studies regarding diet can also 

highlight and elucidate the impacts to which aquatic ecosystems are subjected, such as 

impoundment, effluent discharge, and channeling, among others. More recently, the study of 

fish diet has been used to detect the presence of microplastic and characterize more susceptible 

trophic groups. 

Plastic is an important component of several materials and objects today, with numerous 

applications and a wide use (Andrady and Neal, 2009; Faggio et al., 2018; Savoca et al., 2019a; 

2019b). It is, however, considered one of the main pollutants that act on aquatic ecosystems 

(Islam and Tanaka, 2004), accounting for 60% to 80% of the waste found in marine 

environments (Derraik, 2002; Moore, 2008). Regarding freshwater ecosystems, information is 

still sarce (Pinheiro et al., 2017), a fact corroborated by Guzzetti et al. (2018), Blettler and 

Wantzen (2019), Prokić et al. (2019) and Pagano et al. (2019). These authors reinforce the need 

for research on this subject, although there is already a rush of researchers to develop studies 

on it. This is justified by the strong evidence that the ingestion of plastic by aquatic organisms 

occurs globally (Azevedo-Santos et al., 2019). Studies have recently been conducted that 

highlight the contamination of freshwater ecosystems by microplastics (Wagner et al., 2014); 

however, information is still limited, and little has been disseminated regarding these 

environments and their biota.  

Microplastic consists of plastic particles measuring between one and five millimeters and 

it has been raising concerns as it shows a consistent and growing presence on both marine and 

freshwater environments. These environments have great potential to be exposure vectors and 

transfers of persistent and highly toxic organic compounds (Thompson et al., 2004); this 

increases their ability to accumulate these compounds over time (Wurl and Obbard, 2004; 

Strungaru et al., 2018; Alimba and Faggio, 2019). Microplastics can be generated by the 

breakdown of larger plastic particles, and may originate in personal care products such as 

exfoliation products and some toothpastes. Another possible origin is pellets, which are small 

plastic granules that correspond to the main shape of plastic resins and are used as raw material 

in industries to produce several objects (Manzano, 2009). The disposal of plastics in freshwater 

environments is practically the same as the oceans, such as direct dumping into rivers, or being 

carried into nearby bodies of water by rain or wind, or through the disposal of synthetic fibers 
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from fishing or cosmetic equipment (Browne et al., 2011). 

There are few studies focused on microplastic intake by freshwater fish, and Wagner et al. 

(2014) shows only five studies have investigated its occurrence in freshwater fish. Among 

these, we can mention a study in China, where it was found that the fragments most ingested 

by freshwater fish are microplastic fibers (Jabeen, 2016). In Brazil, a study by Silva-Cavalcanti 

et al. (2017) in the Pajeú River in the city of Serra Talhada in northeastern Brazil, collected 48 

individuals of H. littorale, and of this total, 75% of the samples contained microplastic in the 

stomach content. Therefore, our work investigated the diet of the main fish species of an urban 

stretch of a tropical river and verified the occurrence of microplastic in their stomach contents. 

2. MATERIAL AND METHODS 

2.1. Area of study 

The present study was conducted on the Sorocaba River (Figure 1), in the urban area of 

Sorocaba, located in the state of São Paulo, Brazil. The river is 180 km long, and its source is 

located in the municipality of Ibiúna. Its mouth in the Tietê River, in the municipality of 

Laranjal Paulista (Smith, 2003). 

 
Figure 1.  The municipality of Sorocaba, indicating the Sorocaba River and the 

sampling points analyzed. 

2.2. Ichthyofauna sampling 

The samples were gathered in June 2017 and January 2018, at five points along the river, 

located in the municipality of Sorocaba (Figure 1). Sampling sites were defined according to 

their distinct hydrological and ecological characteristics between the sampled points. Fish 

collections were made using standby nets divided into two batteries containing eight nets, ten 

meters long and 1.5 meters high, with mesh sizes varying (3.0 cm, 4.0 cm, 5.0 centimeters, 6.0 

centimeters, 7.0 centimeters, 8.0 centimeters, 10.0 centimeters, 12.0 centimeters, between 

opposite nodes), remaining in place for 12 hours (Malabarba and Reis, 1987). The captured 

specimens were then weighed, measured (standard length) and separated into plastic bags 

containing information about the time of the year and location. The specimens were fixed using 

10% formaldehyde and preserved in 70% alcohol, stored in plastic containers and deposited in 

the Laboratório de Ecologia Estrutural e Funcional de Ecossistemas of the Universidade 
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Paulista, on the Sorocaba campus, where they were screened and identified through 

identification keys and specialized literature. The collections were performed under the 

registration of SISBIO license (Authorization No. 6017122) and with a CEUA certificate of the 

Universidade Paulista (UNIP) No. 004/18. 

2.3. Stomach Content and Data Analysis 

The specimens were dissected to remove the stomachs, with the beginning of the incision 

in the anal opening and ending near the region of the pectoral fins (Santos et al., 2009). The 

stomachs were measured (centimeters) and weighed (grams) and later stored in plastic 

containers with information of the species, location and date of collection, and were preserved 

in 70% alcohol (Carmo et al., 2015). Some of the residues found in the analyzed stomachs were 

visually identified as microplastics, using a stereomicroscope, and it was not possible to analyze 

them through other types of identification. In order to be classified as microplastics, particles 

between 1 and 5 millimeters were considered, according to Arthur et al. (2008). 

For the analysis of stomach content, adult individuals were used, so that the results were 

not altered by possible variations in the diet of juvenile individuals (Abelha et al., 2001). Food 

items were analyzed by stereomicroscope and identified to the lowest taxonomic level possible 

by consulting the specialized literature, and were classified into autochthonous and 

allochthonous. For each of the analyzed species, the food index (Kawakami and Vazzoler, 

1980) was determined by collection point and for each species, where IAi = (FOi * Pi)/∑(FOi  

* Pi ) * 100, where: IAi is the food index of item i, FOi is the frequency of occurrence of item 

i and Pi is the weight of item i. This method allowed the determination of the food preference 

of fish species and their trophic level, and could be applied even to smaller food items (Corrêa 

and Smith, 2019). 

3. RESULTS  

Two hundred and twenty individuals belonging to 14 species were analyzed, among which 

90 in individuals collected in the dry period; the month of collection in that period was June. 

The month of collection in the rainy period was January, and in this period 130 individuals were 

collected. The most abundant species collected in the two periods were: Prochilodus lineatus, 

Astyanax fasciatus, Hoplosternum littorale and Hoplias malabaricus. The variation in the size 

of all individuals collected was between 3.9 cm and 40.7 cm (Table 1). 

Table 1. Number of individuals collected during the dry and rainy season and variation in 

standard length.  

Species 
Abundance 

(Dry) 

Abundance 

(Rain) 

Dry Size Range 

(cm) 

Rain Size 

Range (cm) 

Astyanax fasciatus 4 32 6.7 – 10.6 7.1 – 9.2 

Astyanax lacustris 8 2 3.9 – 9.1 8.6 – 8.9 

Crenicichla lacustris - 2 – 8.6 – 8.9 

Geophagus brasiliensis - 3 – 14.8 – 18.2 

Hoplias malabaricus 20 4 16.1 – 40.8 23.8 – 35.6 

Hoplosternum littorale 10 15 7.8 – 24.6 13.5 – 19.3 

Hypostomus sp. - 10 – 11.7 – 40.7 

Hypostomus ancistroides 9 16 14.3 – 29.3 11.5 – 25.5 

Hypostomus margaritifer 4 6 16.4 – 22.7 19.6 – 24.7 

Prochilodus lineatus 24 26 20 – 38.3 15.6 – 31.8 

Pterygoplichtys ambrosetti 5 11 6.9 – 31.2 10.1 – 28.7 

Rhamdia quelen 4 1 18.2 – 34.6 12.5 

Steindachnerina insculpta 2 2 9.9 – 22.7 9.4 – 9.5 

Serrasalmus maculatus - 1 - 8.5 
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3.1. Stomach content 

Sixteen types of food items were identified, among which only cladoceran, crustacean and 

coleoptera were present only in the rainy season; all other items were present in the two seasons 

evaluated. The most abundant food items in the two periods were plant material and sandy and 

muddy sediment (Tables 1 and 2, supplementary material). Among the 16 types of food items, 

most were identified as being of autochthonous, totaling 10 items. While the other 6 items were 

characterized as items of allochthonous (Tables 1 and 2, supplementary material). Four trophic 

groups were identified (Omnivore, Insectivore, Piscivore and Iliophage), seven Iliophages in 

the rainy season and six species in the dry season, making this trophic group the most abundant 

among the animals analyzed (Table 2). 

Table 2. Trophic group (established based on% IAi, Supplementary Tables 1 and 

2) consumed by the ichthyofauna of the Sorocaba River. Number of individuals 

with microplastic in stomach content (NIWM). 

Species Trophic group (rain) Trophic group (dry) NIWM 

Astyanax fasciatus Insectivore / Omnivore Omnivore 1 

Astyanax lacustris Insectivorous Omnivore - 

Crenicichla lacustris Insectivorous - - 

Geophagus brasiliensis Insectivorous - - 

Hoplias malabaricus Piscivorous Piscivorous - 

Hoplosternum littorale Iliophage Iliophage 1 

Hypostomus sp. Iliophage - - 

Hypostomus ancistroides  Iliophage Iliophage - 

Hypostomus margaritifer Iliophage Iliophage - 

Prochilodus lineatus Iliophage Iliophage - 

Pterygoplichtys ambrosetti Iliophage Iliophage - 

Rhamdia quelen - Insectivore / Piscivore 2 

Steindachnerina insculpta   Iliophage Iliophage - 

Serrasalmus maculatus Piscívoro - - 

3.2. Plastic debris 

Plastic fragments classifiable as “microplastics” were found in the stomach contents of 

four individuals: Rhamdia quelen (2 individuals), Hoplosternum littorale (1 individual) and 

Astyanax fasciatus (1 individual) (Table 2). These specimens were collected at three sampling 

points. Individuals of the species Rhamdia quelen had ingested the microplastic during the dry 

season, while individuals of Hoplosternum littorale and Astyanax fasciatus in the rainy season 

(Tables 1 and 2, supplementary material). The plastic particles found had different shapes, but 

the type of plastic material was possible to identify only visually, wherein the size of the 

microplastics found varied by approximately 1 and 3 millimeters. Among the debris, one 

included latex paint and the others degraded plastic fragments (Figure 2). 

4. DISCUSSION 

The stretch of the studied river presents typical conditions of the urban river syndrome, as 

described by Walsh (2005). Nevertheless, the fish showed a considerable variety of food items 

ingested. The urban character of the river determined the predominance of autochthonous items, 

which limits and drastically reduces the availability of allochthonous items coming from the 

riparian forest, which has been significantly altered in the studied stretch. The results show that 

among the six trophic categories commonly found in freshwater courses, most of the 

representative trophic groups are present in the studied river (four categories), suggesting 

environmental changes (Souto et al., 2016), since the abundance trophic guilds is very 

dependent on environmental conditions (Vidotto-Magnoni and Carvalho, 2009). 
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Figure 2. Stereoscopic microscope. (a) Small fiber found in Astyanax fasciatus. (b) Packaging remnant 

found in Hoplosternum littorale. (c) Small fiber found in Rhamdia quelen. (d) Probable trace of ink 

found in Rhamdia quelen.  

The trophic change observed in the present study from the rainy season to the dry season 

was the result of the greater supply of autochthonous food in the rainy season, which favored 

greater specialization in the species diet (Junk and Wantzen, 2004) which emphasized that 

hydrological changes affect not only the quantity, but also the quality of the food. This result 

corroborates with the premise that most neotropical fish have sufficient capacity to adjust their 

diet (food plasticity) (Hahn and Fugi, 2007), and when a food becomes available many species 

are able to take advantage of this resource (Gerking, 1994), exploring items from these food 

categories that are in greater quantity (Marçal-Shimabuku and Peret, 2002). 

The presence of microplastic in the food content of three species studied indicates how 

much the rivers are already affected by this debris, there are still few published works carefully 

studying these phenomena, mainly in Brazil. Of the three species in which microplastics were 

found, R. quelen and H. littorale have benthic habits, with a habit of foraging the bottom, 

whether in search of organisms or debris present in the sediment (Hahn et al., 1997 and Ximenes 

et al., 2011). The ingestion of microplastic by these species may have occurred accidentally, 

when these individuals ingested sediment or food present in the substrate, since the microplastic 

tends to be deposited in the beds of water bodies (Chubarenko et al., 2016; Jabeen, 2016). 

Benthic species have a greater amount of microplastics than pelagic fish, noting that the feeding 

habits and habitats of freshwater fish play an important role in the ingestion of this debris 

(Sanchez et al., 2014). The present study corroborates this statement, when it was found that H. 

littorale ingested plastic debris mixed with sediment when it foraged the bottom substrate, 

which was documented by Silva-Cavalcanti et al. (2017). When found in large quantities, 

microplastics can harm the health of fish, for example through the accumulation of heavy metals 
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and the loss of satiety (Kuśmierek and Popiołek, 2020). However, despite having been found 

in low quantities in the present study, this result can already be considered an indication that 

the health of fish can be impaired over time due to the increase in plastic in aquatic ecosystems. 

Our results showed that of the four fragments of microplastic found, the exact origin of the 

microplastic is uncertain; two of them resemble plastic fibers. The particles found (all between 

1 and 3 millimeters in size) apparently come from larger plastic particles, being fragments, and 

reinforcing the fact that the microplastics ingested by the fish came from larger materials that 

were degraded until they reached the environment where they were ingested. Studies developed 

in other rivers have shown that plastic fibers are found in large quantities in freshwater fish 

(Sanchez, et al., 2014; Peters and Bratton, 2016 and Jabeen, 2016; Silva-Cavalcanti et al., 

2017). In addition to the fibers, two other fragments resemble the plastic packaging that was 

degraded to the point of microplastic, which certainly contributed to its being consumed, in 

addition to another particle that, although not necessarily plastic, is a particle of anthropic origin 

that seems to have been generated by some type of latex-based paint and can accumulate 

pollutants and cause damage. In the present study, only visual analysis was performed, which 

makes it difficult to know the origin of this debris and its composition. More careful analysis 

and the use of equipment capable of identifying the type of plastic is of great relevance to assess 

the origin and impacts to be caused (Teuten, 2009; Gregory, 2009; Setala et al., 2014). 

The presence of microplastics in fish in the present study corroborates other studies that 

suggested that fish inhabiting freshwater environments in urbanized areas are more exposed to 

ingestion of microplastics (Jabeen, 2016; Silva-Cavalcanti et al., 2017, Phillips and Bonner, 

2015; Peters and Bratton 2016). Microplastics cause negative physical effects to fish by 

preventing the absorption of nutrients due to their accumulation in food appendages and damage 

to gastrointestinal tissues, and physiological effects causing behavioral changes (Pinheiro et al., 

2017; Derraik, 2002; Moore, 2008). Freshwater fish are extremely vulnerable to microplastic 

pollution and urbanized areas are the most susceptible to this situation. The investigation of 

microplastics in aquatic freshwater environments should be encouraged, as in recent years 

research is still very focused on the marine ecosystem, with very little research on freshwater 

ecosystems (Azevedo-Santos et al., 2019). We hope that in the future the knowledge gaps that 

still exist in relation to freshwater ecosystems will be minimized with the increase in research 

on the theme and the management of urban solid waste will be expanded. This is a key issue to 

be solved, especially in developing countries like Brazil. 

It is likely that future studies of microplastics in tropical rivers such as the Sorocaba River 

will reveal new evidence regarding pollution by these agents, and the results may lead to 

discussions of how to mitigate the effects, since this problem impacts the entire aquatic 

ecosystem and its biota, becoming a public health issue. 

5. CONCLUSION 

This study showed that the Sorocaba River is affected by microplastics and that fish 

consume these particles. The study also justified the concern raised at the beginning of the 

research, as microplastics were detected by the analysis of the stomach contents of the fish. The 

three species that ingested the microplastics are considered omnivorous and explore the bottom 

or the water column. Further studies involving not only the stomach contents of fish, but also 

the analysis of sediments found at different points of the river and studies involving 

invertebrates can help to clarify the magnitude of the impact caused by microplastics in the food 

chain, reinforcing the need for future research. 
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ABSTRACT  
This study monitored a drip irrigation system with different hydraulic heads, using control 

charts. The study included 25 tests, and was conducted at the Experimental Nucleus of 

Agricultural Engineering of the State University of Western Paraná, located in the municipality 

of Cascavel, Paraná. The drip irrigation system was operated by gravity, and had four hydraulic 

heads (10, 11, 12 and 15 kPa). The uniformity of the system was determined based on 

uniformity distribution. Uniformity monitoring was performed using Shewhart and 

exponentially weighted moving-average (EWMA) control charts. An increase in the hydraulic 

head increased uniformity. The use of 12 and 15 kPa hydraulic heads yielded good performance, 

whereas 10 and 11 kPa yielded regular performance. The use of control charts proved to be 

efficient; the Shewhart control chart was more robust, whereas the EWMA control chart, which 

indicated trends and deviations not shown by Shewhart control charts, was more sensitive. 

Keywords: EWMA control chart, micro irrigation, Shewhart control chart, uniformity. 

Gráficos de controle no monitoramento da irrigação por gotejamento 

com diferentes cargas hidráulicas 

RESUMO 
Nesse estudo, um sistema de irrigação por gotejamento com diferentes cargas hidráulicas 

foi monitorado por gráficos de controle. Este experimento foi conduzido no Núcleo 

Experimental de Engenharia Agrícola da Universidade Estadual do Oeste do Paraná, localizado 

no município de Cascavel, Paraná. Neste estudo, o sistema de irrigação por gotejamento foi 

conduzido por gravidade, com 4 cargas hidráulicas (10, 11, 12 e 15 kPa); 25 ensaios foram 

realizados para cada carga hidráulica. Além disso, sua uniformidade foi determinada pelo 

coeficiente de uniformidade de distribuição. O monitoramento da sua uniformidade foi 

realizado pelos gráficos de controle de Shewhart e da Média Móvel Exponencialmente 

Ponderada (MMEP). O aumento da carga hidráulica aumentou a uniformidade de distribuição. 

O uso das cargas hidráulicas de 12 e 15 kPa obtiveram uma boa uniformidade, enquanto que as 
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cargas hidráulicas de 10 e 11 kPa produziram uma uniformidade regular. A utilização dos 

gráficos de controle mostrou ser eficiente, o gráfico de controle de Shewhart demonstrou ser 

mais robusto, enquanto que o gráfico de controle MMEP, indicou tendências e desvios não 

apresentados pelo gráfico de controle de Shewhart, sendo mais sensível. 

Palavras-chave: gráfico de controle MMEP, gráfico de controle Shewhart uniformidade, 

microirrigação. 

1. INTRODUCTION 

Drip irrigation requires high investment in construction and equipment for water 

collection, conduction, control and distribution, in addition to energy and labor costs (Da Silva 

et al., 2003). Hence, the use of drip irrigation is limited for small rural producers who do not 

have the required financial resources. 

One technique that reduces the initial cost and the variable cost of drip irrigation is gravity 

irrigation. In this technique, reservoirs are raised to a minimum height of 1m for the supply of 

water in small areas, thus eliminating the use of hydraulic pumps (Souza et al., 2009). The 

possibility of performing drip irrigation without electricity and the low cost of the dripper make 

this tool more attractive, as it can contribute to the development of small rural producers. 

One of the main parameters used in the evaluation of drip irrigation systems is the 

uniformity of water application over the irrigated area (De Souza et al., 2006). Uniformity 

characterizes an irrigation system based on the difference in water volume applied by emitters 

and directly affects irrigation management, efficiency, cost, as well as crop quality and 

productivity (Azevedo and Saad, 2012). Further, irrigation control prevents physiological and 

phytosanitary problems, thus reducing unnecessary losses of water, energy and nutrients 

(Trevisan et al., 2016). 

Control charts are most frequently used to monitor the performance of processes over time 

(Vieira, 2014). A control chart is a graphic representation of sample measurements of a given 

process and indicates the need to investigate and adjust a process according to the size of 

deviations presented. 

Shewhart’s and exponentially weighted moving-average (EWMA) control charts are 

among the best-known and the most frequently used ones (Frigo et al., 2016). The success of 

Shewhart’s control chart is owing to its simplicity, in which the ease of the decision rule is 

based only on examining the last observed point. However, this is also a major disadvantage, 

as any information provided by the previous sequence of points is disregarded, which renders 

the Shewhart control chart relatively insensitive to minor changes in the process (Walter et al., 

2013). 

Minor variations in a process cannot be perceived by the Shewhart control chart; in this 

case, it is advisable to use the EWMA control chart. This control chart is more sensitive in 

detecting minor deviations from the average of a process. Therefore, such a method offers high 

speed and credibility in identifying minor mismatches in the process. 

Vilas Boas (2016) reported that the use of control charts in irrigation provides several 

benefits: compliance with irrigation quality standards, monitoring of systematic errors in the 

irrigation process, provision of information regarding the status of the irrigation process, 

calculation of measurement uncertainty in irrigation, provision of objective evidence for 

demonstrating quality of measurements, and provision of a source of historical data on the 

measurement process in irrigation. Andrade et al. (2017a) concluded that micro irrigation 

uniformity can be analyzed through control charts. 

Irrigation systems are commonly monitored using control charts; however, they are rarely 

monitored using hydraulic heads. Therefore, this study was conducted to evaluate the 
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uniformity of a drip irrigation system with different hydraulic heads through Shewhart and 

EWMA control charts. 

2. MATERIAL AND METHODS 

The study was performed at the Experimental Nucleus of Agricultural Engineering of the 

State University of Western Paraná, located in the municipality of Cascavel, Paraná, Brazil, 

with geographical coordinates of 24º58’ S and 53º27’ W. 

The system consisted of flat drip tubes (SIPLASTTM, Model P1) with a diameter of 16 mm, 

an inlet filter with an area of 7.5 mm2, and a total of eight holes. There was a 0.20 m space 

between the drippers, and potential flow equation = 0.19.pressure0,52. Considering a main line 

and four lateral lines, the system included 75 drippers per line, thus totaling 300 drippers. To 

reduce clogging, a 120-mesh screen filter was installed close to the reservoir. 

For data collection, the methodology proposed by Keller and Karmeli (1975) was used, 

which involved determining the flow in four emitters per lateral line; the first dripper, drippers 

located at 1/3 and 2/3 of the lateral line length and the last dripper in four lateral lines. The 

system was pressurized by gravity. Figure 1 shows the experimental set-up and the data 

collection technique. 

 
Figure 1. Experimental set-up and data collection technique. 

After assembling the system, four different hydraulic heads were evaluated: 10, 11, 12 and 

15 kPa. A total of 25 tests were performed for each hydraulic head, and the number of samples 

recommended by Montgomery (2016) for quality control tests was used. Furthermore, a 
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descriptive statistic was performed to measure the central tendency. 

To assess the uniformity of the irrigation system, the distribution uniformity (UD) 

proposed by Merrian and Keller (1978) was used, as expressed in Equation 1. 

𝑈𝐷 =  (
𝑄25

�̿�
)               (1) 

Where:  

UD: uniformity distribution, (%);  

Q25: average of the ¼ smaller flow rates of the drippers, (L h-1); 

�̿�: arithmetic mean of flows (L h-1). 

The following classifications were used to classify the UD data, which are listed in Table 1. 

Table 1. UD classification. 

UD Classification 

>90% Excellent 

80-90% Good 

70-80% Regular 

60-70% Bad 

<60% Unacceptable 

Source: Bernardo et al. (2008).  

To monitor UD, a Shewhart control chart was prepared to investigate the parameters during 

the tests. It is necessary to prepare the control charts to determine the upper control limit (UCL) 

and lower control limit (LCL) using Equations 2 and 3, respectively. 

𝑈𝐶𝐿 =  �̿� + 3 
𝐴𝑀̿̿ ̿̿ ̿

𝑑2
              (2) 

𝐿𝐶𝐿 =  �̿� + 3 
𝐴𝑀̿̿ ̿̿ ̿

𝑑2
              (3) 

Where:  

UCL: upper control limit;  

LCL: lower control limit;  

�̿�: data average;  

𝐴𝑀̿̿̿̿̿: average of data amplitudes; 

𝑑2: constant equal to 1.128 for n = 2, considering individual measures (Montgomery, 

2016). 

In addition to the Shewhart control chart, the EWMA control chart was used, which 

detected minor variations in behavior and provided a new estimate of the new process average, 

which might change the desired quality characteristics. This control chart accumulates 

successive information, weighs the samples, and provides more weight to the most recent 

information. 

The EWMA control chart consisted of plotting Zi versus sample number i (or time), which 
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can be calculated using Equation 4, according to Roberts (1959). 

𝑍𝑖 = 𝑢0 =  �̿�                  (4) 

Where: 

0 < 𝜆 ≤ 1; 

Zi = u0 =  �̿� (target value or mean value in xi control).  

The variance of the variable Z is expressed as Equation 5. 

𝜎𝑧𝑖 
2 =  𝜎2  (

𝜆

2 − 𝜆
) [1 −  (1 −  𝜆)2𝑖]            (5) 

Where:  

𝜎: standard deviation of the data in relation to the mean;  

𝜆: weight assigned to each sample;  

𝑖: order of sample used. 

Roberts (1959) reported that the UCL and the LCL of the EWMA control chart can be 

calculated by Equations 6 and 7, respectively. 

𝑈𝐶𝐿 =  �̿� + Lσ√
 λ

(2−  λ)
 [1 − (1 −   λ)]𝑧𝑖                                                                                                           (6) 

𝐿𝐶𝐿 =  �̿� − Lσ√
 λ

(2−  λ)
 [1 −  (1 −   λ)]𝑧𝑖                                                                                         (7) 

Where:  

�̿�: average of the data;  

λ: weight assigned to each sample, which varies from 0 to 1;  

L: number of standard deviations to control the mean to be detected;  

𝑖: order of sample used. 

In this study, 0.25 is the weight constant of the sample, and for the width of the λ limits 

the factor is L = 2. 

3. RESULTS AND DISCUSSION  

An exploratory analysis was performed to provide a general characterization of the 

irrigation process. Table 2 summarizes the descriptive statistics for UD using different 

hydraulic heads. 

The greatest uniformity was achieved using 15 kPa hydraulic head (89.91%), and the 12 

kPa hydraulic head performed relatively well (87.12%). However, the 11 kPa hydraulic head 

indicated a regular uniformity (79.11%), whereas the 10 kPa hydraulic head demonstrated the 

lowest uniformity (77.00%). Gris et al. (2012) used hydraulic heads measuring 1.5 and 2.0 m 

in a drip irrigation system with cassava wastewater and obtained UD values exceeding 90%. 

Souza et al. (2009) evaluated drip irrigation systems by gravity using microtubes and obtained 

an average UD value of 87%. 
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It is observed that the hydraulic head is proportional to uniformity; the higher the hydraulic 

head, the greater the uniformity. A situation finding has been discovered by Klein et al. (2013), 

who used 15, 18 and 20 kPa hydraulic heads in irrigation and fertigation systems, and 

consistently obtained greater uniformity at 20 kPa. According to Hermes et al. (2018), the 

hydraulic head affects the flow rate during irrigation. The distribution uniformity generally 

increases with the hydraulic heads (Ella et al., 2009). 

Table 2. Exploratory analysis of UD of drip irrigation 

system tests with different hydraulic heads.  

Hydraulic heads 10 kPa 11 kPa 12 kPa 15 kPa 

Minimum 59.69 66.95 78.51 83.66 

Q1 68.87 70.95 85.37 87.24 

Average  77.00 79.11 87.12 89.81 

Q3 83.72 84.47 90.12 92.28 

Maximum 89.73 89.07 91.46 95.47 

Standard deviation 8.23 7.26 3.23 3.01 

Variance  67.73 52.74 10.47 9.11 

CV (%) 10.69 9.18 3.72 3.36 

Asymmetry -0.57 -0.46 -0.73 -0.12 

Kurtosis  -0.83 -1.38 0.58 -0.76 

Notes: Q1: First quartile, Q3: Third quartile, CV: 

Coefficient of variation.   

Shewhart control charts for different hydraulic heads are shown in Figure 2. It was 

observed that the hydraulic head classified as regular in terms of uniformity (10 and 11 kPa), 

presented points outside the control limits, indicating points outside of the statistical control 

process, whereas the 12 and 15 kPa hydraulic heads, whose uniformity was classified as good, 

were under statistical control, with no trend or no point was outside the control limits. In the 

study by Andrade et al. (2017b), although most processes were simple, they were classified as 

controlled by the Shewhart control chart and considered significant for the evaluation of 

irrigation. 
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Figure 2. Shewhart’s control charts for drip irrigation with different hydraulic heads.  

The 10 kPa hydraulic head presented an isolated point outside the control lines, which can 

be caused by factors such as low pressure (Saraiva et al., 2014), clogging of drippers, energy 

fluctuations, pressure variations, and climatic factors (Justi and Saizaki, 2016). During the first 

tests to 10 and 11 kPa, the process was under control (1st to 13th tests). Over time, there was a 

decrease in the quality of process that is attributed to non-controllable factors such as the 

clogging of emitters, temperature and pressure (Chinchilla et al., 2018).  

By analyzing the EWMA control chart for the UD variable (Figure 3), it is evident that the 

drip irrigation process is out of statistical control, because in addition to presenting points 

outside the UCL and LCL (10 and 11 kPa), descending sequences also decreased from the 13th 

test (10 and 11 kPa) until the end, characterizing a decrease in the uniformity of the system. 

Sequences of six points in the descending order characterize an out of statistical control process 

(Montgomery, 2016). The EWMA control chart is the most suitable for micro irrigation 

assessment, as it detects minor variations in the process (Siqueira et al., 2018). 

The 12 and 15 kPa did not present points outside the control limits. With the increase in 

the hydraulic head, system pressure, and water speed, the clogging of drippers decreased, and 

the system uniformity increased (Silva et al., 2017). Consequently, eight consecutive sequences 

were obtained on the same side of the central line, characterizing the process as out of statistical 

control (Montgomery, 2016). 



 

 

Rev. Ambient. Água vol. 15 n. 4, e2554 - Taubaté 2020 

 

8 Allan Remor Lopes et al. 

 
Figure 3. EWMA control charts for drip irrigation with different hydraulic heads.  

4. CONCLUSIONS 

The increase in hydraulic head increased the uniformity of the drip irrigation system. The 

use of 12 and 15 kPa hydraulic heads demonstrated good performance, with uniformities 

exceeding 80%, whereas the 10 and 11 kPa hydraulic heads demonstrated regular performance. 

The use of control charts was effective in monitoring the system uniformity of drip 

irrigation based on different hydraulic heads. The Shewhart control chart was more robust, 

whereas the EWMA control chart, which indicated trends and deviations not shown by the 

Shewhart control chart, was more sensitive. 

In sum, it is recommended that the drip irrigation system by gravity be used, with hydraulic 

heads greater than 12 kPa.  
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ABSTRACT  
Poor quality water, such as sewage, has become an alternative to reduce the consumption of 

good quality water by irrigation, especially in arid and semi-arid regions; however, water rich in 

salts can be harmful to agricultural systems. This research evaluated the impacts of salinity of 

waters of different qualities on the development of the sunflower culture and on the soil. The 

research was developed in the area of the Environmental Studies Team (EEA/UEFS), and the 

experimental design used was completely randomized, consisting of four treatments: rain water 

(0.20 dS m-1), well water (1.50 dS m-1), cesspool effluent (3.50 dS m-1) and brackish water (5.00 

dS m-1), with the irrigation manually done and the blade calculated based on daily 

evapotranspiration. Irrigation with  effluent promoted a better development of the sunflower crop, 

and the increase in the salinity of the irrigation water in the other treatments promoted a decrease 

in the total fresh and dry phytomasses, plant height, stem diameter, number of leaves, leaf area, 

internal and external diameters of the capitula and in the consumption and efficiency of water 

use. The use of rainwater, well water and cesspool effluent proved to be suitable for irrigation of 

the sunflower crop; however, the latter sodified the soil, which would already be recommended 

for the application of treatments for soil recovery. 

Keywords: agriculture, salts, wastewater. 

Biometria do girassol e atributos químicos de salinidade do solo 

irrigado com águas de diferentes qualidades 

RESUMO 
As águas de má qualidade, como os esgotos, têm se tornado uma alternativa para reduzir o 

consumo de águas de boa qualidade pela irrigação, principalmente em regiões áridas e semiáridas, 

porém, águas ricas em sais podem causar efeitos deletérios aos sistemas agrícolas. Objetivou-se 

com essa pesquisa avaliar os impactos da salinidade de águas de diferentes qualidades no 

desenvolvimento da cultura do girassol e no solo. A pesquisa foi desenvolvida na área da Equipe 

de Estudos Ambientais (EEA/UEFS), e o delineamento experimental utilizado foi o inteiramente 

casualizado, constando de quatro tratamentos: água de chuva (0,20 dS m-1), água de poço (1,50 

dS m-1), efluente de uma fossa séptica (3,50 dS m-1) e água salobra (5,00 dS m-1), sendo a irrigação 

feita manualmente e a lâmina calculada com base na evapotranspiração diária. A irrigação com 
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o efluente da fossa promoveu um melhor desenvolvimento da cultura do girassol, e o aumento da 

salinidade das águas de irrigação nos demais tratamentos, promoveu um decrescimento das 

fitomassas frescas e secas totais, na altura de planta, diâmetro do caule, número de folhas, área 

foliar e nos diâmetros interno e externo dos capítulos, no consumo e na eficiência do uso de água. 

O uso da água de chuva, de poço e do efluente da fossa se mostraram adequadas para irrigação 

da cultura do girassol, porém, a última solidificou o solo, o que já seria recomendável à aplicação 

de tratamentos para recuperação dos solos. 

Palavras-chave: agricultura, água residuária, sais. 

1. INTRODUCTION 

Water characterized as wastewater and saline must always be considered as alternative 

sources for less restrictive uses and to maintain agricultural production in water-scarcity 

environments. However, the presence of salts in these irrigation waters can be a difficult scenario 

and an obstacle to the introduction of these waters in production systems, as these salts can 

influence the germination, growth, production and nutrition of plants. 

Salinity affects crops in two ways: as the concentration of salts in the soil increases, so does 

the osmotic potential of the soil, and the more saline a soil is, the more energy will be spent by 

plants to absorb water and the elements vital to their development; and the toxicity of elements 

such as boron, sodium, bicarbonates and chloride causes physiological problems for crops 

(Silveira et al., 2016). 

When commercially exploring a crop, it is very important to take into account the effects of 

salts on its growth and development parameters as well as the adverse phenomena involved, as 

this can lead to an appropriate management of irrigation and cultivation, in order to allow the use 

of lower quality waters (Dias et al., 2016). 

However, despite its disadvantages, the use of wastewater as an irrigation source has been 

an effective strategy in dealing with the scarcity of water resources in arid and semi-arid regions 

(Azevedo et al., 2013), and its use allows the recycling of water and nutrients, providing the 

production systems of these regions with a greater availability of water and reduced costs for 

fertilizers (Santos Júnior et al., 2014). 

Wastewater provides several micro and macronutrients for plants, mainly nitrogen, 

phosphorus and potassium, necessary for their growth. Nitrogen stands out for being one of the 

main nutrients related to increased yield and for playing a fundamental role in plant growth, being 

responsible for structural functions and for being part of the composition of proteins, proline and 

amino acids. Phosphorus has been one of the macronutrients that most limit production, while 

potassium favors the formation and translocation of carbohydrates and activation of enzymes 

involved in breathing (Aminifard et al., 2010; Ahmadifard, 2014). 

Several researches have pointed out the possibility of irrigation of several plant species with 

poor quality water, being a widely studied practice and recommended by several researchers and 

water managers. From a nutritional point of view, studies have shown positive effects of irrigation 

with high salinity water, such as sewage, on the production and productivity of vegetables, 

proving the fertilizing effect of wastewater in numerous studies and in various cultures such as 

sunflower (Santos Júnior et al., 2014; Oliveira et al., 2017), pepper (Silva et al., 2019), melon 

(Costa et al., 2014), corn (Malafaia et al., 2016), tomato (Jorge et al ., 2017) and watermelon 

(Salgado et al., 2018). 

The good adaptation of the sunflower to different climates and regions, its economic 

importance, and the moderate tolerance to salinity motivated the selection of the crop for research. 

Therefore, this study evaluated the development of sunflower culture as a function of irrigation 

with waters of different qualities and salinities. 
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2. MATERIAL AND METHODS 

The research was carried out in an open field at the headquarters of the Environmental 

Studies Team (EEA) at the State University of Feira de Santana (UEFS), in the municipality of 

Feira de Santana. The municipality of Feira de Santana is located in the semi-arid region of the 

state of Bahia, with geographical coordinates 12º16’00 south latitude and 38º58’00 west 

longitude of Greenwich.  

The experimental design used was completely randomized, consisting of four treatments and 

six replications. The tested treatments were: RW - rainwater collected in the EEA (EC = 0.20 dS 

m-1); WW - well water (EC = 1.50 dS m-1); EF - cesspool effluent (EC = 3.50 dS m-1); BW - 

brackish water (obtained by adding commercial NaCl to well water, EC = 5.00 dS m-1). 

The culture used was the sunflower (Helianthus annus L.), genotype Anão de Jardim, 

supplied by the company “ISLA Sementes”, being indicated for the cultivation in pots and 

considered to be of small size. Sowing was carried out in sowing spots, on 07.07.2019, and 10 

days after sowing (DAS), transplanting and application of treatments were carried out, ending the 

cycle on 09.11.2019. 

The soil originated from a profile from the UEFS campus, collected in the 0 - 150 cm layer. 

The natural soil (NS) used in the experiment showed a granulometric composition of 20% for 

medium sand, 31% for fine sand, 9% for silt and 40% for clay, and using the methodology 

suggested by Silva (2009), it was classified as a clay-sandy soil. The chemical characteristics of 

the natural soil before the treatments were applied are shown in Table 1, being classified by 

salinity (Richards, 1954) as non-sodium and non-saline and by the degree of sodicity (Massoud, 

1971) as non-sodium. 

Table 1. Chemical characteristics of natural soil. 

pH   

(salinity) 

pH 

(in water) 

Sodium  

/cmolc dm-3 

Potassium               

/cmolc dm-3 

Calcium                 

/cmolc dm-3 

Magnesium              

/cmolc dm-3 

Aluminum  

/cmolc dm-3 

Potential     

acidity                 

(H+Al)                  

/cmolc dm-3 

6.20 6.22 0.17 0.18 1.71 1.60 0.00 1.98 

Ca+Mg              

/cmolc dm-3 

Sum of 

bases                    

/cmolc dm-3 

Base 

saturation   

/% 

Organic 

matter                

/g kg-1 

Phosphor              

/mg dm-3 

CEC                        

/cmolc dm-3 

PES                   

/% 

CEse                                  

/dS m-1 

3.31 3.66 65.00 6.00 6.00 5.64 3.01 0.81 

CEC – cation exchange capacity; PES – percentage of exchangeable sodium; ECse – electrical 

conductivity of the saturation extract. 

The chemical and biological characteristics of the irrigation water used in the sunflower 

cycle are shown in Table 2. 

To obtain the desired electrical conductivity in the treatment with brackish water (BW) 

commercial NaCl was added to well water. The amount of sodium chloride (Q NaCl) used in the 

preparation of the water was determined from the initial electrical conductivity of the water, using 

the equation Q NaCl (mg L-1) = 640 x (desired ECw - initial ECw), proposed by Richards (1954), 

in which ECw - electrical conductivity of water, in dS m-1. 

The calculation of the blade applied to each container was performed in a spreadsheet, using 

the Penman-Monteith-FAO method to quantify the reference evapotranspiration, following the 

calculation methodology presented by Allen et al. (1998) for hourly evapotranspiration data. The 

data from the UEFS automatic station were obtained every hour, so an evapotranspiration given 

in mm h-1 was obtained every hour. Daily evapotranspiration was obtained by calculating the sum 

of evapotranspiration from the 24 hours prior to the time of irrigation. 
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Table 2. Chemical and biological characteristics of irrigation water used in the sunflower cycle. 

PARAMETERS RW WW EF BW 

pH 7.00 6.70 8.10 7.20 

RAS 3.65 ± 0.75 8.85 ± 0.28 16.07 ± 0.94 65.54 ± 0.37 

CE/dS m-1 0.20 1.50 3.50 5.00 

Classification by SAR S1: Low sodium water 
S1: Low sodium 

water 

S1: Low sodium 

water 

S4: Very high 

sodium water 

Classification by EC C1: Low salinity water 
C3: High salinity 

water 

C4: Very high 

salinity water 

C4: Very high 

salinity water 

Hardness/mg L-1 0.07 ± 0.01 246.67 ± 1.15 204.00 ± 12.00 269.33 ± 2.31 

Alkalinity/mg L-1 2.80 30.80 ± 2.20 985.60 22.00 ± 2.20 

Calcium/mg L-1 0.00 230.70 ± 1.02 188.32 ± 12.00 250.78 ± 1.68 

Magnesium/mg L-1 0.07 ± 0.01 15.97 ± 0.54 15.68 ± 0.25 18.55 ± 1.59 

Sodium/mg L-1 0.67 ± 0.13 98.32 ± 3.11 162.30 ± 8.20 760.55 ± 2.76 

Potassium/mg L-1 0.27 ± 0.05 16.13 ± 1.36 85.35 ± 5.87 28.55 ± 1.63 

Chloride/mg L-1 10.00 464.00 ± 8.00 546.67 ± 11.55 2213.33 ± 23.09 

Phospor/mg L-1 0.00 0.00 14.47 ± 0.50 0.00 

Nitrogen/mg L-1 0.00 0.00 224.00 ± 28.00 0.00 

BOD/mg L-1 2.50 ± 0.71 3.50 ± 0.71 185.00 0.00 

Total solids                                

/mg L-1 120.00 1060.00 1340.00 3330.00 ± 14.14 

Total coliforms                     

/MLN 100mL-1 
0.00 5.00 x 102 8.00 x 10² 8.00 x 101 

Fecal coliforms                    

/MLN 100mL-1 
ABSENT ABSENT 5.00 x 10² 1.00 x 101 

RW – rain water; WW – well water; EF – cesspool effluent; BW – brackish water; SAR – sodium 

adsorption ratio; EC – electric conductivity; BOD – Biochemical oxygen demand; MLN – Most likely 

number. 

The culture evapotranspiration was obtained by the product of daily evapotranspiration with 

the culture coefficient (Initial, Kc = 0.60 for 28 days; Vegetative development, Kc = 0.95 for 15 

days; Flowering, Kc = 1.09 for 27 days), values recommended by FAO. To determine the daily 

irrigation volume applied to each pot, the difference between the crop evapotranspiration and the 

daily precipitation by the pot's surface area was multiplied. On days when precipitation was 

higher than evapotranspiration, irrigation was not performed. Irrigation was carried out manually 

using graduated containers, with the soil being irrigated daily in order to maintain the container 

capacity. 

The biometric parameters analyzed were: plant height (PLH), stem diameter (SD), internal 

(IDC) and external diameter (EDC) of the capitulum, number of leaves (NL), leaf area (LA), 

number of petals (NP), total fresh phytomass (TFF) and total dry phytomass (TDF). The 

parameters PH, SD, NL and LA were measured at four points along the cycle, at 20, 30, 40 and 

50 DAS and the other parameters at the end of the experiment, the plants being harvested when 

the flower was fully opened. 

The water consumption (WC) of the culture was obtained by the difference between the 

applied volume and the drained volume, and the water-use efficiency (WUE) by the ratio of the 

TFF to the WC. 

At the end of the cycle, soil samples were collected to quantify the salinity parameters. The 

parameters analyzed were: pH, electrical conductivity of the saturation extract (ECse), content 

(Na+) and percentage (PES) of exchangeable sodium. 

The results obtained were subjected to analysis of variance (ANOVA), comparing the data 

by the Tukey Test at the level of 1 and 5% of probability with the use of the statistical software 

RStudio. 
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3. RESULTS AND DISCUSSION 

Table 3 presents the chemical characteristics related to soil salinity before and after the 

sunflower cycle. 

Table 3. Soil classification and summary of the analysis of variance of the pH averages, the 

electrical conductivity of the soil saturation extract (ECse), the content (Na+) and the percentage 

(PES) of exchangeable sodium of the soil before and after the irrigation period. 

 NS SRW SWW SEF SBW 
MEAN 

SQUARES 

pH (salinity) 5.50a 5.30a 5.07a 5.20a 5.10a 0.09ns 

CV/% 1.82 1.89 6.93 3.85 3.92  

ECse/dS m-1 0.81c 0.12d 0.86c 1.85b 3.10a 4.02** 

CV/% 3.70 16.67 5.26 1.62 3.23  

Na+/cmolc dm-3 0.40d 0.22e 0.53c 1.29b 2.70a 3.13** 

CV/% 7.50 4.55 1.10 3.65 0.21  

PES/% 7.09c 3.20d 7.17c 15.89b 30.12a 349.43** 

CV/% 6.53 7.66 0.51 2.21 1.07  

Salinity 

classification 

Non-sodium 

and non-saline 

Non-sodium 

and non-saline 

Non-sodium 

and non-saline 
Sodic Sodic  

Classification 

for sodicity 
Not sodic Not sodic 

Slightly 

sodium 

Moderately 

sodium 

Excessively 

sodium 
 

NS - Natural soil; SRW - Soil after irrigation with rain water (0.20 dS m-1); SWW - Soil after 

irrigation with well water (1.50 dS m-1); SEF - Soil after irrigation with cesspool effluent (3.50 dS 

m-1); SBW - Soil after irrigation with brackish water (5.00 dS m-1); Means followed by lowercase 

letters on the same line do not differ statistically by the Tukey test. ns - not significant; ** - 

significant at 1% probability; CV - Coefficient of variation. 

It can be seen from Table 3 that there was no statistical difference between the pH of the soil 

irrigated with the different waters. According to Tan (1982), two factors may have contributed to 

the non-variation in the pH of the soil: in the chemical composition of the irrigation water, the 

amounts of Na+ and Cl- are higher than the values of HCO3- (alkalinity), prevailing the neutrality 

of NaCl with respect to pH, preventing the hydrolysis of Na+ which can raise the pH, and there 

are no considerable concentrations of Na2CO3 that with water can cause alkaline reactions that 

can result in a pH of up to 10; Another factor is associated with the low content of organic matter 

present in the waters used, since, in waters with a high content of organic matter, during its 

degradation there is the production of carbon dioxide and release of organic acids that may come 

to acidify the soil, decreasing its pH. 

Such behavior was also evidenced by Andrade Filho et al. (2013) who, when analyzing the 

soil salinity of cultivated areas, did not observe a significant difference in soil pH during and after 

irrigation. Costa et al. (2013) observed that the pH of the soil increased and stabilized after the 

middle of the cycle in all treatments in the evaluated soil layers. 

The final values of the electrical conductivities of soils irrigated with brackish and 

wastewater, shown in Table 3, showed significance in relation to the natural soil, changing the 

salinity condition of the natural soil to a sodium soil, and increased the degree of sodicity of non-

sodium for moderately sodic and excessively sodic for soils irrigated with cesspool effluent and 

brackish water, respectively. The soil irrigated with well water showed no statistical difference, 

keeping the conductivity close to that of the natural soil, maintaining the salinity condition of the 

soil in non-sodium and non-saline, with a small increase in sodicity from non-sodium to slightly 

sodium, different from irrigation with rainwater, which promoted the leaching of salts and 

promoted the reduction of the electrical conductivity of the soil, keeping the soil as non-sodium 

and non-saline. 
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It appears that, throughout the cycle, the application of well water, cesspool effluent and 

brackish water promoted an increase in the electrical conductivity of the soil, as shown in                

Figure 1. The soil irrigated with rainwater maintained the almost constant conductivity, without 

significant variations throughout the cycle, which may be associated with the low concentration 

of salts present in this water. 

 
Figure 1. Evolution of the electrical conductivity of the soil along the sunflower cycle 

as a function of the electrical conductivity of the treatments. 

The increase in soil salinity after the use of water rich in salts, maintaining the same irrigation 

management conditions, is expected, since the greater the electrical conductivity of the water for 

the same applied volume, the more salts are increased in the soil (Porto Filho et al., 2011). 

Regarding the increase in EC of soils irrigated with BW and EF, it is concluded that under 

these conditions it would be advisable to apply leaching blades to carry excess salts, since in the 

Northeast region rainfall is irregular and may not be sufficient to cause the necessary leaching. 

Similarly, Lima Neto et al. (2015) and Souto et al. (2016) observed that the electrical conductivity 

of the soil saturation extract increased linearly as a function of the salinity of the irrigation water. 

It can be seen from Table 3 that, except in the soil irrigated with rainwater, there was an 

increase in the concentrations and in the percentage of exchangeable sodium in the irrigated soils 

in relation to the natural soil. The highest PES was obtained in soil irrigated with brackish water, 

followed by soil irrigated with the effluent from the well. There was no statistical difference 

between the PES of the soil irrigated with well water and the natural soil, whereas in the soil 

irrigated with rain water the PES was statistically inferior to the PES of the natural soil due to the 

low salinity of this water. Likewise, Nascimento and Fidelis Filho (2015) and Costa et al. (2013) 

found a significant increase in the PES of cultivated soils when applying water rich in salts. 

The significant and growing increase in Na+ levels in soils that received WW, BW and EF 

can be attributed to the chemical composition of these waters, as they contained considerable 

values of the Na+ ion in their composition. 

According to the analysis of variance, as shown in Table 4, there was a significant effect at 

all times of evaluation for the plant height variable, showing the superiority of the average height 

of plants irrigated with cesspool effluent. Vrânceanu (1977) states that the presence of nitrogen 

can cause an excessive growth of some biometric parameters of the sunflower, such as plant 

height, something that can be observed in the present work, where the nitrogen concentrations in 

the wastewater showed considerable values, which supposedly resulted in the highest average 

plant height, unlike the other treatments, in which nitrogen was absent. 
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Table 4. Summary of the analysis of variance and plant height averages (PLH), in 

cm, at 20, 30, 40 and 50 DAS, depending on the salinity of waters of different 

qualities. 

EVALUATION SEASON RW WW EF BW MEAN SQUARES 

20 DAS 9.12b 8.80bc 15.30a 7.23c 52.07** 

CV/% 11.53 5.75 6.45 19.97   

30 DAS 13.64b 13.20b 22.40a 10.85b 83.66** 

CV/% 11.39 6.34 14.96 17.25   

40 DAS 18.54b 16.68b 33.88a 14.28b 377.75** 

CV/% 12.70 10.34 13.54 7.44   

50 DAS 29.68b 23.93bc 48.70a 20.00c 785.93** 

CV/% 8.76 7.82 16.38 8.75   

RW - rainwater (0.20 dS m-1); WW - well water (1.50 dS m-1); EF - cesspool effluent 

(3.50 dS m-1) and BW - brackish water (5.00 dS m-1). Means followed by lowercase 

letters on the same line do not differ statistically by the Tukey test. ** - significant at 

1% probability; CV - Coefficient of variation. 

It is observed that even with the second highest salinity, the effluent from the well provided 

the highest average plant height in all periods of evaluation. Studies have shown that the increase 

in nitrogen, an organic solute, increases the plants' osmotic adjustment capacity to salinity, also 

increasing the tolerance of crops to water and salt stress (Lacerda et al., 2003). 

For the other treatments tested, there was a decrease in the average plant heights between 

the periods of evaluation. According to Ayers and Westcot (1999), this occurs due to the addition 

of salts imposed on the culture, causing negative effects on physiological processes, reducing 

water absorption by the roots, inhibiting merismatic activity and cellular elongation and reducing 

plant growth. Likewise, Freitas et al. (2012) observed a positive effect when irrigating sunflower 

with treated domestic sewage, whereas Maciel et al. (2012), observed that the increase in the 

electrical conductivity of irrigation water negatively affected the plant-height parameter of the 

sunflower. 

Table 5 presents the summary of the analysis of variance of the stem diameter of sunflower 

plants at different times of assessment, where it can be seen that irrigation with cesspool effluent 

provided an increase in the mean diameter of the stem at all times of evaluation with respect to 

the averages of the other treatments, even with a conductivity of 3.50 dS m-1; this may be related 

to the presence of nutrients in the effluent, such as nitrogen, phosphorus and potassium. Such 

elements are essential for the development of crops and do not exist in other treatments. This 

characteristic was also observed by Andrade et al. (2012), who observed that the diameter of the 

sunflower stem irrigated with wastewater was greater than that of those irrigated with water supply. 

In the treatments with rain, well and brackish water there is a decreasing trend in the average 

stem diameter with increasing salinity. This characteristic was also observed by Maciel et al. 

(2012) and Santos Júnior et al. (2016) when verifying a linear decrease in the diameter of the 

sunflower stem with the increase in salinity. 

According to Table 6, it is noted that the number of leaves of plants irrigated with cesspool 

effluent varied from 12.67 to 27.17 units, statistically higher than the other treatments. It is also 

noted that the increase in salinity of irrigation water did not cause changes in the development of 

leaves, presenting conditions of similar evolution throughout the cycle for the number of leaves 

of plants irrigated with rain, well and brackish water. Similar behavior was observed by Morais 

et al. (2011), who found that the leaf number parameter was not influenced by the different 

salinities, showing similar evolution throughout the cycle. Gomes et al. (2015) and Oliveira et al. 

(2017) observed that the number of sunflower leaves decreased linearly with the increase in 

irrigation water salinity. 
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Table 5. Summary of the analysis of variance and means of stem diameter (SD), 

in mm, at 20, 30, 40 and 50 DAS as a function of the salinity of waters of different 

qualities. 

EVALUATION SEASON RW WW EF BW MEAN SQUARES 

20 DAS 5.67ab 4.94b 6.89a 4.90b 5.21** 

CV/% 17.75 9.35 13.54 14.41  

30 DAS 5.88b 5.73b 8.67a 5.69b 12.70** 

CV/% 16.25 9.19 7.41 12.13  

40 DAS 6.32b 6.27b 10.81a 5.99b 32.12** 

CV/% 10.24 10.10 6.42 11.69  

50 DAS 6.70b 6.46b 11.88a 6.10b 45.11** 

CV/% 10.03 10.31 9.29 12.10  

RW - rainwater (0.20 dS m-1); WW - well water (1.50 dS m-1); EF - cesspool 

effluent (3.50 dS m-1) and BW - brackish water (5.00 dS m-1). Means followed 

by lowercase letters on the same line do not differ statistically by the Tukey test. 

** - significant at 1% probability; CV - Coefficient of variation. 

Table 6. Summary of the analysis of variance and means of the number of leaves 

(NL), in units, at 20, 30, 40 and 50 DAS, depending on the salinity of waters of 

different qualities. 

EVALUATION SEASON  RW WW EF BW MEAN SQUARES 

20 DAS 10.17b 10.17b 12.67a 8.67b 16.50** 

CV/% 9.67 11.50 9.56 9.42   

30 DAS 13.50b 13.83b 22.33a 12.83b 121.04** 

CV/% 20.29 9.61 8.34 11.47   

40 DAS 15.00b 16.33b 27.17a 15.50b 202.11** 

CV/% 16.87 7.41 17.49 13.38   

50 DAS 14.67bc 17.67b 23.83a 13.83c 123.22** 

CV/% 16.51 8.52 12.28 16.75   

RW - rainwater (0.20 dS m-1); WW - well water (1.50 dS m-1); EF - cesspool effluent 

(3.50 dS m-1) and BW - brackish water (5.00 dS m-1). Means followed by lowercase 

letters on the same line do not differ statistically by the Tukey test. ** - significant 

at 1% probability; CV - Coefficient of variation. 

According to Morales et al. (2001), not all parts of the plant are affected by salinity, each 

part of its structure may behave differently and the adaptation to salt stress varies between species, 

genotypes and phenological stages. 

In the leaf-area parameter, it is observed that the plants irrigated with EF were the ones with 

the highest averages (Table 7). When comparing these plants with those irrigated with brackish 

water, with a smaller leaf area, there is a superiority in the leaf area of 131.68; 464.61; 762.14 

and 965.87% for the evaluation periods of 20, 30, 40 and 50 DAS, respectively. Likewise, Santos 

Júnior et al. (2014) observed that plants irrigated with wastewater obtained the highest values of 

leaf area in irrigated sunflower plants in relation to plants irrigated with water supply. 

Leaf size is associated with the availability of nitrogen, responsible for cell division and/or 

elongation, and this element not only influences the rate of expansion, but mainly cell division, 

resulting in the final size of the leaves, making nitrogen the main factor responsible due to the 
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rate of biomass accumulation (Taiz and Zeiger, 2013). This explains the fact that the leaves 

irrigated with effluent present a higher average, even presenting the second highest salinity, 

unlike the other treatments, where nitrogen was absent. According to Jácome et al. (2005), leaves 

with a larger leaf area result in a greater photosynthetic surface and in the elevation of the 

assimilation surface, which results in a higher yield and water control, a fact that may explain the 

better performance of the parameters previously analyzed of plants irrigated with wastewater. 

Table 7. Summary of analysis of variance and averages of leaf area (LA), in cm², at 20, 

30, 40 and 50 DAS, depending on the salinity of waters of different qualities. 

EVALUATION SEASON RW WW EF BW MEAN SQUARES 

20 DAS 195.56b 184.78b 377.43a 162.91b 32661.43** 

CV/% 16.11 5.90 14.27 16.09   

30 DAS 251.34b 234.98b 973.67a 172.45b 834524.71** 

CV/% 18.67 5.76 15.30 9.44   

40 DAS 295.66b 280.69b 1854.37a 215.09b 3698384.72** 

CV/% 14.72 9.39 17.22 11.88   

50 DAS 282.87b 265.03b 2014.61a 189.01b 4689202.93** 

CV/% 13.32 14.39 11.86 15.70   

RW - rainwater (0.20 dS m-1); WW - well water (1.50 dS m-1); EF - cesspool effluent 

(3.50 dS m-1) and BW - brackish water (5.00 dS m-1). Means followed by lowercase letters 

on the same line do not differ statistically by the Tukey test. ** - significant at 1% 

probability; CV - Coefficient of variation. 

In the treatments with rain, well and brackish water, there is a decreasing trend in the leaf 

area of the plants, also observed by Nobre et al. (2011) and Santos Júnior et al. (2016). According 

to Tester and Davenport (2003), when there is a decrease in the leaf area of plants in saline 

conditions, this may be related to a mechanism of adaptation and defense of the plant to saline 

stress, reducing the volume of cells, the transpirant surface and the loss of water by transpiration, 

conserving the water supply in the soil for a longer time. However, this reduction decreases 

productivity by capturing less CO2 and intercepting less light. In addition, the osmotic effect of 

salt stress can be supported by osmotic regulation of cells, favored by the loss of leaf area and the 

concentration of organic and inorganic osmoregulators. 

Table 8 shows a greater growth of the capitulum and a greater amount of petals in plants 

irrigated with the cesspool effluent, generating an increase, when compared to plants irrigated 

with rain water, which obtained the second best yield of 110.69% in IDC, 57.47% in EDC and 

53.93% in NP, a fact that may be associated with the nutritional superiority of wastewater, mainly 

due to the presence of nitrogen and phosphorus absent in other treatments. 

The results obtained by Oliveira et al. (2017) corroborate the present research, where the 

superiority of the parameters of the internal and external diameter of the capitulum and the 

number of petals of plants irrigated with wastewater in relation to those irrigated with water 

supply was also evident. 

Freitas et al. (2012) state that the diameter of the sunflower capitulum is highly sensitive to 

salinity, thus being the variable that best expresses the effects of salinity on the sunflower. Thus, 

the conclusion was that the diameter of the capitulum responded satisfactorily to the salinity of 

the wastewater effluent of the cesspool, which can be used in irrigation for the cultivation of 

sunflowers. 

Except for the treatment with cesspool effluent, there was a decreasing trend in the IDC and 

EDC averages with the increase in the electrical conductivity of irrigation water, which may have 

been caused by the harmful effects that salt stress causes on plants, generated by the difficulty of 

water entering plant cells due to the reduction of the osmotic potential of the soil due to the 
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presence of salts, affecting the development of crops (Tester and Davenport, 2003). 

Corroborating the results of the present research, Dos Santos et al. (2017) observed that both the 

internal and the external diameter were reduced linearly with the increase in salinity of irrigation 

water. 

Table 8. Summary of the analysis of variance and means of the internal (DIC) and 

external diameter (DEC) of the capitulum in cm, and the number of petals (NP), in 

units, as a function of the salinity of waters of different qualities. 

 RW WW EF BW MEAN SQUARES 

IDC 3.18b 3.07b 6.70a 2.30c 23.15** 

CV/% 13.09 11.42 7.90 12.30  

EDC 10.18b 9.77b 16.03a 8.38c 68.67** 

CV/% 5.81 4.96 4.74 2.96  

NP 24.20b 21.17b 37.25a 21.60b 246.95** 

CV/% 14.73 1.93 10.60 9.02  

RW - rainwater (0.20 dS m-1); WW - well water (1.50 dS m-1); EF - cesspool effluent 

(3.50 dS m-1) and BW - brackish water (5.00 dS m-1). Means followed by lowercase 

letters on the same line do not differ statistically by the Tukey test. ** - significant 

at 1% probability; CV - Coefficient of variation. 

In the statistical analysis of phytomass, as shown in Table 9, it is observed that in the 

parameters of fresh and dry phytomass, the means of plants irrigated with cesspool effluent were 

significantly higher than the other treatments, which is in agreement with the studies by Lucas 

Filho et al. (2002), who stated that the higher content of nutrients in the soil due to irrigation with 

wastewater can lead to a better development of the plant, obtaining a greater production of fresh 

and dry matter. Such superiority in the phytomass of plants irrigated with wastewater was also 

observed by Oliveira et al. (2017). 

Table 9. Summary of analysis of variance and averages of total fresh (TFF) and dry 

(TDF) phytomass, in grams, water consumption (WC), in L plant-1, and water use 

efficiency (WUE) in kg m-3, depending on the salinity of waters of different qualities. 

 RW WW EF BW MEAN SQUARES 

TFF 42.52b 38.30b 208.90a 25.97b 42144.17** 

CV/% 20.78 16.63 16.71 4.45  

TDF 7.37b 5.87b 34.01a 3.89b 1123.17** 

CV/% 18.67 15.40 20.89 3.21  

WC 8.00b 7.42b 9.04a 6.67c 9002072.69** 

CV/% 2.68 2.09 3.49 3.82  

WUE 1.02b 0.89b 3.67a 0.58c 7.65** 

CV/% 4.20 6.95 2.17 3.21  

RW - rainwater (0.20 dS m-1); WW - well water (1.50 dS m-1); EF - cesspool effluent 

(3.50 dS m-1) and BW - brackish water (5.00 dS m-1). Means followed by lowercase 

letters on the same line do not differ statistically by the Tukey test. ** - significant at 

1% probability; CV - Coefficient of variation. 

It is noted that the application of wastewater provided an increase of 391.30%, 445.43% and 

704.39% in relation to the treatments with rain water, well water and brackish water, respectively, 

in the TFF. As for the TDF parameter, the cesspool effluent was higher in relation to rain, well 

and brackish water, about 361.47%, 479.39% and 774.29%, respectively, which reinforces the 

use of wastewater in irrigation, and may exempt the need for additional costs with fertilizer and 

manures to increase the development and productivity of the crop. 

The study of dry plant phytomass constitutes one of the most important parameters to be 

evaluated in a crop subjected to different treatments because it represents the result of 
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photosynthetic activity and the absorption of mineral elements in the soil; that is, it represents the 

product of liquid photosynthesis, which is the difference between crude photosynthesis 

(everything that is produced inside chloroplasts) and what is consumed by breathing, and this 

parameter is related to the leaf area, becoming crucial for understanding the development of the 

culture (Peixoto and Peixoto, 2009). 

Regarding the water consumption of sunflower, it is observed that wastewater was the one 

that presented the highest consumption, which may be related to the greater development of the 

crop due to the high nutritional content of the sewage, which generated larger plants in size and 

weight, which consequently generates a higher consumption of water by the crop. The analysis 

of variance for the water use efficiency parameter (WUE) shows the superiority of the total dry 

phytomass production per cubic meter of water applied with the cesspool effluent, presenting a 

better yield over the other treatments, where the wastewater provided an increase in dry mass of 

259.80%, 312.36% and 532.76% with respect to rain, well and brackish water, respectively, 

which may have induced the plants to a higher water consumption. This reinforces the statement 

by Lucas Filho et al. (2002), that the introduction of nutrients in the soil may increase the dry 

mass production of the crops, as well as result in a better production yield; that is, a better capacity 

to convert the volume of water applied in dry mass. 

It is observed in Table 9 that in all parameters evaluated, except for the treatment with 

effluent from the cesspool, there was a reduction in the averages with the increase in salinity, 

which is in accordance with Munns (2005), who states that the increase of salts in the root zone 

tends to reduce the levels of water consumption by plants, causing water stress and decreasing 

the osmotic potential of the soil solution and in the flow of water, in the sense of soil-plant-

atmosphere. The same author also states that, by increasing the electrical conductivity of the 

water, the strain necessary for the plant to remove water from the soil is also increased, making 

the soil potential increasingly negative, making it difficult to absorb this water, which despite 

presence in the soil is not fully available to plants. 

Centeno et al. (2014) and Travassos et al. (2012) observed reductions in phytomasses with 

increased salinity. Travassos et al. (2019) observed a decrease in water consumption with an 

increase in the electrical conductivity of irrigation water. Nobre et al. (2014) and Medeiros et al. 

(2012) found a decrease in the efficiency of water use with the increase in salinity. 

4. CONCLUSIONS 

The irrigation waters did not affect the soil pH; however, they promoted an increase in the 

electrical conductivity, in the content and in the percentage of exchangeable sodium of the soils, 

except for the soils irrigated with rainwater. 

For the treatments with rain water, well water and brackish water, a decreasing trend was 

observed with the increase in salinity in the parameters of phytomass, PLH, SD, NL, LA, IDC, 

EDC, WC and WUE. 

The use of brackish water reduced the majority of sunflower growth parameters, and its use 

for crop irrigation is not advisable. 

Rainwater, well water and wastewater can be used in irrigation in environments of water 

scarcity, such as arid and semi-arid regions. 

Wastewater provided the best crop development for the parameters of growth, consumption 

and water use efficiency. 
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ABSTRACT  
This study evaluates the rainwater harvesting system to determine the chemical quality of 

the water and allocate it for use. Samples were collected in the city of Rio de Janeiro at the 

points of Direct Precipitation (DP), First Flush (FF) and Reservoir (RR). The methodology 

involved carrying out an analysis of Ca, Cd, Cu, Na, Ni, Fe, K, Mg, Pb, Zn, conductivity, 

turbidity, pH and chloride. The R language was used for the principal component analysis, 

Pearson coefficient correlation, hierarchical cluster analysis, Tukey test and boxplot. The 

results show that when there is no interference from the catchment surface (DP), the rainwater 

has a low concentration of metals, although the first millimeters of rain have a concentration 

above what is permissible in the guidelines issued by the Ministry of Health (Ordinance n° 

05/2017). The disposal system (FF) reduced the concentration of pollutants in the RR, but not 

enough to comply with legislation. It was noted that Ca, K and Na are the main metals found 

in rainwater. During the dry period, there were significant correlations between the physico-

chemical and meteorological parameters. The high concentration of metals in the wet period 

suggests that rain assists the cleaning of the atmosphere and that most metals are present in the 

form of aerosols or fine particles suspended in the air. The findings reveal significant 

indications of acid rain and pre-treatment is recommended to ensure rainwater can be used 

safely for more mundane purposes. 

Keywords: metals, multivariate statistical analysis, urban environment, water quality. 
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Avaliação da deposição atmosférica de metais e dos parâmetros físico-

químicos de um sistema de captação de águas pluviais no Rio de 

Janeiro Brasil, por meio de uma análise estatística multivariada 

RESUMO 
Este estudo avalia o sistema de captação de água da chuva para verificar a qualidade 

química da água e alocá-la para uso. As amostras foram coletadas na cidade do Rio de Janeiro, 

Brasil, na Precipitação Direta (DP), First Flush (FF) e Reservatório (RR). A metodologia 

consiste em análises de Ca, Cd, Cu, Na, Ni, Fe, K, Mg, Pb, Zn, condutividade, turbidez, pH e 

cloreto. A linguagem R foi utilizada através da análise de componentes principais, correlação 

linear de Pearson, análise hierárquica de agrupamentos, teste de Tukey e boxplot. Os resultados 

indicam que a água da chuva sem interferência da superfície de captação (PD) apresenta baixa 

concentração de metais, porém os primeiros milímetros de chuva apresentam uma concentração 

acima da permitida pela Portaria nº 05/2017 do Ministério da Saúde. O sistema de descarte (FF) 

reduziu a concentração dos poluentes no RR, mas não o suficiente para atender a legislação. 

Observou-se que Ca, K e Na são os principais metais encontrados na água da chuva. O período 

seco apresentou correlações significativas entre os parâmetros físico-químicos e 

meteorológicos. A alta concentração de metais no período úmido indica que a chuva promove 

a limpeza da atmosfera e que a maioria dos metais está presente na forma de aerossóis e em 

partículas finas suspensas no ar. Os resultados indicam características de chuva ácida e sugere-

se o pré-tratamento da água da chuva para uso com segurança em fins menos nobres. 

Palavras-chave: ambiente urbano, análise estatística multivariada, metais, qualidade da água. 

1. INTRODUCTION  

Water is essential for maintaining the life cycle on earth. The demand for water is 

increasing more rapidly than population growth throughout the world, and this is causing an 

imbalance between the consumption and availability of water resources. Management failure 

and a lack of information on the current situation of natural resources, combined with 

unsustainable development, can have an adverse effect on the availability and quality of water. 

There are a number of factors that harm the quality of water, such as urbanization, pollution, 

deforestation and unsuitable agricultural practices (UNESCO, 2015). About 3.6 billion people 

live in areas where there is likely to be a scarcity of water for at least one month a year, and it 

is predicted that this number could increase to 4.8 - 5.7 billion by 2050. The population 

currently affected by land degradation/desertification and drought is estimated to be about 1.8 

billion people, which makes this the most significant category of natural disaster (WWAP, 

2018). 

Rainwater harvesting is a freely available source that can meet the requirements for water 

in different regions of the world, especially in places where there is a shortage or lack of access 

to water of a good quality (Alim et al., 2020). In addition, the rainwater system reduces the 

municipal consumption of water and mitigates the harmful consequences of urban stormwater 

runoff in extreme events (Ghaffarianhoseini et al., 2015). Despite the large amount of water 

available in Brazil, many regions suffer from a lack of a supply and distribution of water and 

long periods of drought, especially in the country's semi-arid regions. In rural areas, rainwater 

is generally used to meet basic demands, including human consumption, while in urban areas 

rainwater is used as a supplementary source to serve secondary demands (Gomes et al., 2014). 

In developing countries, rapid industrialization and urbanization have increased the 

problem of metallic air pollutants that damage the environment and are a hazard to human 

health (Lu and Yu, 2018). Air contaminants can chemically affect rainfall, especially during 

the dry season (Mimura et al., 2016). Several factors, such as mesoscale circulation, topography 
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and local sources influence the chemical composition of precipitation (Vieira-Filho et al., 

2013). High levels of Zn and Pb have been found in rainwater, which may be caused by metal 

leaching from roofing, and storage tanks or through atmospheric pollution (WHO, 2008). In a 

clean atmosphere, the pH of rainwater is around 5.6 (Charlson and Rodhe, 1982) whereas a 

lower pH is characteristic of acid rain, which is caused by the presence of SO2 and NOx 

oxidation, and leads to the bioavailability and dissolution of trace- and major metals in 

rainwater (Anil et al., 2017; Oliveira et al., 2012). The main sources of metals in the atmosphere 

are petroleum refineries, waste incinerators, coal burning power plants, metal treatment 

services, fuel combustion and road traffic (Connan et al., 2013). The trace metals present in 

urban areas can be found in the roofing, electronic materials, paintwork and the components of 

automobiles (Le Pape et al., 2012).  

The presence of NOx and SO2 in rainwater can be attributed to fossil fuel combustion, 

mainly vehicular and industrial emissions. Resuspended particles and other contaminants can 

be carried through the atmosphere and are responsible for various chemical and physical 

processes (Martins et al., 2014). Particulate matter (PM) and gases present in the atmosphere 

during rainout and washout are incorporated into the water droplets, which act as a water 

distiller (Conceição et al., 2011), and reach the surface of the earth and water resources. After 

this, the pollutants are removed from the atmosphere by wet and dry deposition (Szép et al., 

2019). Atmospheric deposition is responsible for the spatial redistribution and continuous 

cycling of chemical elements through the removal of particles and gases by snow, rain or mist 

in the wet phase or, in the absence of rainwater, in the dry phase (Ohnuma et al., 2014).  

The relative humidity influences the solubilization of water-soluble pollutants in the form 

of aerosols by means of wet deposition, thus triggering the most effective aqueous phase 

reaction (Gioda et al., 2017). Thus, urban and, in particular, industrial areas pose a risk to 

aquatic species owing to the bioaccumulation of elements, such as toxic metals associated with 

PM that are present in atmospheric emissions (Mateus et al., 2018). The effect of metals on the 

environment and the atmosphere has become a serious hazard, since the accumulation of toxic 

metals in human body tissue through inhalation and being passed through the food chain can 

cause damage to internal organs and the nervous system (Kamani et al., 2014). 

The results of revised work on rainwater harvesting systems show an average potential 

savings of 53% can be made in drinking water (Ghisi et al., 2018). These systems have aroused 

considerable interest and play an important role in increasing the availability of water, reducing 

adverse impacts on the environment, improving human health (Diehl de Souza and Ghisi, 2020) 

and providing economic benefits (Pavolová et al., 2019). In Brazil, there are no monitoring 

networks for acid precipitation and only a few studies on the subject have been carried out, 

mainly concentrated in the Southeast and Southern regions (Martins et al., 2019), which are 

areas at risk owing to intense urbanization and industrial activity.  

The physical and chemical characterization of rainwater helps to assess the influence of 

different sources of pollution and the regional and local dispersion of gases and particles, in 

addition to their possible impact on the ecosystem (Laouali et al., 2012). Furthermore, it is 

essential to understand the relationship between air pollution and water and determine the 

nature of the compounds present in the rain and their concentrations, since the available data 

are limited (Gasperi et al., 2014).  

This study was carried out in the urban area of Rio de Janeiro, Brazil, between November 

2017 and October 2018 with the following objectives: (i) to analyze the physico-chemical 

composition and presence of metals in rainwater; (ii) to apply multivariate statistics using the 

R language to assess the pattern of behavior of the physico-chemical and meteorological 

parameters during the dry and rainy season; and (iii) to compare the findings about these 

parameters with the drinking-water quality standards set by the Ministry of Health (Ordinance 

n° 05/2017) when deciding on uses for rainwater. 
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2. MATERIALS AND METHODS 

2.1. Study area 

The city of Rio de Janeiro has approximately 6.7 million people spread over 1,200 km² 

(IBGE, 2019); about 36% of this area is covered by vegetation, mainly the Tijuca National Park 

which comprises 40 km2 (Braga et al., 2018). The Tijuca Forest is an area of mountainous 

tropical forest that forms a natural barrier to air circulation (Silva et al., 2016b), and is regarded 

as the largest urban secondary forest in the world (Silva et al., 2016a). Its topography, 

geographic location, the use and the occupation of the soil and proximity of the oceanic region 

result in a complex rainfall pattern (Brito et al., 2017; Siciliano et al., 2018) (Figure 1).  

 

Figure 1. The study area and collection points. 
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The Geo-Rio Foundation monitors rainfall in the city of Rio de Janeiro - RJ through 33 

strategically-located rainfall stations. It is an early-warning system for landslides and heavy 

rainfall in the city of Rio de Janeiro. According to the historical series from 1997 to 2016, the 

average annual total for the area is 1,212 mm. The highest rainfall occurs in the month of 

January, when there is an average rainfall of 176.6 mm, and August is the driest period with 

39.8 mm (GEO-RIO, 2018). 

The rainwater harvesting system is located on the roof of the multi-sport facility building 

at the college of the State University of Rio de Janeiro (CAp-UERJ), together with a catchment 

area of 80 m² (22°55'39.4" S 43°12'30.4" W), in the district of Rio Comprido, in the north-

central region of the city of Rio de Janeiro. The location is in one of the main north-south 

transition zones of the city, where there is heavy road traffic. During a precipitation event, 

rainwater passes through the roof, flows along conduits to the coarse solid filtration point using 

a 1.0 mm mesh. Then, the water is sent to the first flush (FF) disposal system, which has an 

accumulated storage capacity of 0.20 mm of rain. After reaching this, the rainwater goes 

directly to the 2,460-liter fatboy slim reservoir with polyethylene coating. If the volume of the 

reservoir reaches full capacity, the overflow system is activated. 

2.2. Sampling and chemical analysis 

The analysis of the physico-chemical and rainfall data of the collections carried out from 

November, 2017 to April, 2018 allowed this to be characterized as a wet period (N = 7), and 

the samples obtained between May and October, 2018 were defined as a dry period (N = 6). 

The sampling campaign was carried out from three specific points: (1) Direct Precipitation 

(DP): the collection point without interference from the intake system, that was only influenced 

by local atmospheric conditions, and had the capacity to store up to 700 mm of accumulated 

precipitation; (2) First Flush (FF): the initial capture of rain with a mixture of wet and dry 

deposition. This has the capacity to store 0.2 mm of precipitation and (3) Reservoir (RR): where 

the quality of the stored water determines the operations of the initial disposal system (FF) and 

the possible use of water. The RR point is located about 0.40 meters from the bottom level of 

the reservoir and has a capacity to store up to 23.66 mm of precipitation. This study disregards 

analyses of samples of the dead volume stored in the reservoir, as it is concerned with its 

potential use and the operating conditions of the system.  

The pluviometric data were obtained from the Rio Early Warning System (Alerta Rio, 

2018) operated by the City Hall, and corresponds to the number 4 pluviometer located in the 

district of Tijuca. The Tijuca station is about 1 Km from the location of this study. Thirteen 

campaigns were carried out to collect rainwater and the samples were collected monthly in 1 L 

polyethylene bottles. The stages for the preparation and sample collection were based on the 

National Sample Collection and Preservation Guidance Manual of the National Water Agency 

(ANA, 2011). The chemical analysis of the metals involves a special procedure of washing the 

vials and lids by immersion in a 10% nitric acid solution for 48 h, and then rinsing them with 

MilliQ water 5 times; after this, they are dried on absorbent paper and stored in a dry and clean 

place to avoid contamination. After each collection, 1 L of sample was vacuum filtered through 

a 47 mm glass fiber filter (Merck Millipore) with 0.7 μm porosity and acidified with HNO3 1:1 

until pH <2.  

Greater precision in the quantification of the metals present was achieved by concentrating 

the samples with the aid of a heating plate at a temperature of 80 to 90°C to reduce the volume 

from 250 mL to 10 mL. Straight after this, 40 mL of HNO3 (3 mol L-¹) was added, after which 

the samples were transferred to 50 mL Falcon tubes which were pre-washed with HNO3 and 

stored in the refrigerator at a temperature of 4°C until the time of analysis. The cleaning of the 

flask for the analysis of pH, turbidity, chloride and conductivity entails washing the bottles and 

lids with distilled water. The samples were kept on ice until they arrived at the laboratory. It 

was not possible to perform blank in the field due to the difficulty of accessing the area of the 
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rainwater catchment system. The blank was carried out in the laboratory with the collected 

rainwater and HNO3 used to wash the flasks and in the physico-chemical analyses. 

The pH buffer solution was used in the pH meter calibration for samples in the acid range 

of pH 4 solution, and for the basic range of pH 10 solution. The turbidimeter was calibrated to 

the standards of 0.1 UNT, 8 UNT, 80 UNT and 1000 UNT. The conductivity meter was 

calibrated in accordance with the Digimed DM-S6A conductivity standard. The chloride was 

determined by potentiometry in triplicate using 1 mL of the 50 g L-1 potassium chromate 

solution and 0.013 mol L-1 silver nitrate solution for 50 mL of the sample. 

The analytical methodology is based on the Standard Methods for the Examination of 

Water and Wastewater (APHA et al., 2012). The 10 elements: Calcium (Ca), Cadmium (Cd), 

Copper (Cu), Iron (Fe), Potassium (K), Manganese (Mn), Sodium (Na), Nickel (Ni), Lead (Pb) 

and Zinc (Zn) were analyzed by means of the Flame Atomic Absorption Spectroscopy (EAA) 

method 3-14 with a quantification limit between 0.01 and 0.02 mg L-¹, in the PerkinElmer 

AAnalyst 400 equipment, installed in Resende - RJ, at the Faculty of Technology of the State 

University of Rio de Janeiro. 

Standards were used for the analytical curves, at concentrations of 10, 50, 100, 300, 500 

and 1000 µg L-1. An additional standard of 5000 µg L-1 was used for iron. Acetylene was used 

as a fuel to determine the concentration of metals and compressed air as an oxidizer, with a 

flame temperature of 2100°C - 2400°C. However, in the case of the most refractory element 

such as Ca, it was necessary to replace compressed air with nitrous oxide, which has a flame 

temperature of 2500 to 3100°C. The concentration was determined at room temperature, with 

deionized water used between the analyses. When the sample reading was above the maximum 

calibration point, the sample was diluted with HNO3 solution. The analytical curve was assessed 

every day before the samples were read. 

2.3. Statistical analysis 

The result of a chemical experiment involves analyzing several interrelated variables, and 

for this study Language R version 3.4.4 (R Core Team, 2018) was applied so that the data could 

be handled with multivariate statistics. The R package called FactorMineR was applied for the 

multivariate data. This package is characterized by the use of different data structures, and 

quantitative or categorical variables (Lê et al., 2008). Pearson's correlation coefficient was used 

to determine the behavior of one variable in relation to another. The Tukey test was also 

conducted to compare the data subsets. 

The Principal Component Analysis (PCA) led to the linear transformation of the data and 

enabled the values resulting from this transformation to have their key components in the first 

dimensions (i.e., in the main denominated axes), with the least possible loss of information 

(Lyra et al., 2010). Hierarchical cluster analysis was carried out with the aim of dividing a set 

of objects into several groups to ensure that the objects within the same group are more similar 

to each other (Bratchell, 1989). These are techniques that are considered to be essential in the 

analysis of chemical data (Luna et al., 2014; Moita Neto and Moita, 1998). 

The experiment involved a large number of physico-chemical and meteorological variables 

and they had to be separated into two groups to understand the relationships between them: one 

group for metals and another group for the other physico-chemical variables. Meteorological 

parameters, such as the number of consecutive dry days and the sub-daily rainfall intensity were 

included in these two groups as a way of determining if there was a possible correlation. In 

addition, the data were interpreted by dry periods and wet periods and explained in terms of the 

seasonality of certain parameters. 

With regard to descriptive statistics and boxplot, all the results were included, although, in 

the application of PCA and the linear correlation with a dendrogram, it was necessary to 

disregard variables that had results below the limit of quantification or that did not have any 
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significant variation between the points collected. The data obtained from the Tijuca station 

were used for the selection of rain events, calculation of Consecutive Dry Days (CDD) and sub-

daily rainfall intensity. The sub-daily rainfall intensity was calculated for the first rain event ≥ 

7 mm that occurred in the period between the collections from the reservoir for analysis of 

samples. The CDD represents the sum total of successive days with less than 1 mm of rain. 

2.4. Legislation 

 Despite its increasing use for human consumption in areas where rain is the main source 

of supply, as well as for more mundane purposes, the use of rainwater in Brazil is not subject 

to legislation. As an alternative, the use of drinking water legislation is applied in several studies 

to determine possible uses (Alcolea et al., 2015; Despins et al., 2009; Hoseinzadeh et al., 2016; 

Igbinosa and Aighewi, 2017; Magyar et al., 2008; Olaoye and Olaniyan, 2012; Senevirathna et 

al., 2019; Yaziz et al., 1989). Although a number of projects for rain-use have been undertaken 

in many countries, they have been designed for conserving water, without taking note of other 

benefits that can be derived from the multi-purpose nature of rainwater catchment and storage 

systems (Campisano et al., 2017). 

In Brazil, Ordinance n° 05/2017 of the Ministry of Health (Brasil, 2017) regulates the 

procedures for controlling and monitoring the quality of water for human consumption and its 

drinking water quality standards. In addition to the WHO recommendations, the ordinance 

standardizes the permissible limits for metals, and thus the measures stipulated by the 

legislation of the Ministry of Health (MS) were selected for the comparison of results. 

3. RESULTS AND DISCUSSION 

Thirteen rainwater samples were collected during the period 2017-2018. Analyses of pH, 

chloride, conductivity, turbidity, metals and rainfall were performed at the points of DP, FF and 

RR. Pearson's correlation coefficient with a dendrogram was applied to define the possible 

sources of certain elements and to determine the relationships between the physico-chemical 

parameters of the rain composition. PCA was applied to a set of variables, both to reduce their 

dimensionality and to investigate the relationship between the elements of rainwater and the 

possible sources of pollution. The Tukey graph was used to compare the averages obtained 

between the points of collection of certain parameters. The results are divided into dry and wet 

periods and the averages are shown with the standard deviation of each series. Ordinance n° 

05/2017 of MS was used as a basis for comparing the results obtained. 

3.1. Physico-chemical parameters 

In general, the results of pH and turbidity are beyond the limits of what is permitted by 

Ordinance n° 05/2017; chloride meets the standard and conductivity has no limit (Table 1 and 

Figure 2). The wet deposition obtained by the DP maintained its acidic properties in the dry and 

wet periods. High turbidity was observed in the dry period. The highest concentrations of 

chloride were observed in the dry period, although the samples of DP in the wet period obtained 

the highest average of 10.45 ± 3.41 mg L-1. 

The presence of chloride in rainwater samples can be attributed to marine aerosols and the 

proximity to the sea, as was also reported in a study carried out in the Alto de Sorocaba Basin 

in Southeast Brazil (Conceição et al., 2011) and in Greece (D´Alessandro et al., 2013), or it 

might be derived, for example, from the dissolution of evaporated minerals in the form of soil 

dust (Wu et al., 2012). In addition to natural emissions, Cl- can be attributed to pollution, mainly 

from human activities such as burning biomass, vehicular traffic and the decomposition of 

organochlorine compounds (Conceição and Bonotto, 2004; Négrel and Roy, 1998; Pelicho et 

al., 2006; Sanusi et al., 1996).  
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Table 1. Descriptive statistics for concentrations of physico-chemical parameters. in the wet period and in the dry period. 

Parameter Chloride (mg L-1) Conductivity (μS cm-1) pH Turbidity (NTU) 

Ordinance n° 05/2017     6 – 9.5 5 

Wet 

Point DP FF RR DP FF RR DP FF RR DP FF RR 

Average 10.45 6.82 6.34 50.82 46.03 23.14 4.04 6.15 5.84 5.51 25.31 0.35 

Median 8.77 6.82 5.85 41.09 39.68 23.51 4.23 6.20 6.27 0.45 4.20 0.35 

SD 3.41 3.18 1.16 24.77 22.80 9.87 0.56 0.31 0.50 12.58 35.23 0.19 

Minimum 6.82 2.92 4.87 21.14 22.88 8.85 3.68 5.86 5.14 0.14 0.60 0.10 

Maximum 15.60 11.70 7.80 93.03 84.00 35.73 5.32 6.64 6.65 34.00 96.00 0.70 

Dry 

Point DP FF RR DP FF RR DP FF RR DP FF RR 

Average 7.38 9.42 3.83 165.90 143.77 48.92 3.58 6.35 6.17 3.18 35.96 1.34 

Median 7.80 4.73 1.61 153.85 113.25 43.10 3.63 6.33 6.16 1.12 12.10 1.13 

SD 5.47 13.23 5.52 109.18 101.29 22.47 0.22 0.12 0.23 3.51 51.41 0.69 

Minimum 0.97 0.00 0.00 48.90 68.70 27.90 3.30 6.23 5.96 0.00 0.00 0.62 

Maximum 12.97 34.41 14.33 353.00 344.00 91.20 3.99 6.58 6.61 8.00 129.00 2.60 

Key to initials: DP: Direct Precipitation; FF: First-Flush; RR: Reservoir; SD: Standard Deviation.
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Figure 2. Boxplot for physico-chemical concentrations collected in the wet 

period (W) – shown in grey and dry (D) – shown in white, at the points of 

direct precipitation (DP), first flush (FF) and reservoir (RR). 

The dry period resulted in a wider variation of concentrations, particularly in the first 

millimeters of rain or at the FF point, with a minimum of 0 mg L-1 and a maximum of 34.41 

mg L-1. At this stage, total deposition occurs, and consists of both wet deposition and dry 

deposition, which can lead to higher concentrations of chloride. The accumulation and washing 

of pollutants are extremely dynamic processes, where the variation can be accounted for by the 

continuous changes of pollutants throughout the dry period and throughout the rain event 

(Wijesiri et al., 2016). 

The legislation does not cover conductivity limits. In the assessment of seasonality, the 

highest values were recorded in the dry period, with average concentrations of 165.90 ± 109.18 

μS cm-1 at the point of DP; 143.77 ± 101.29 μS cm-1 at the FF point and 48.92 ± 22.47 μS cm-1 

at the RR point. Despite the high standard deviation for conductivity, especially in the dry 

period, according to the Tukey test which compares the means two by two, the average means 

are found to be statistically equal (Figure 3). In light of this, it can be assumed that the 

characterization of environmental data is subject to intermittent precipitation events and a wide 

range of meteorological elements and factors, before a greater variability can be found in the 

results obtained from the physico-chemical parameters. In the drier months, there is a higher 

concentration of particulate material, much of it in the form of dissolved solids that are 

deposited and accumulated on the catchment surface and can influence electrical conductivity. 

Close values for conductivity were found in a study that was based on different rainwater 

storage systems in Greece: the first flush located in an industrial area displayed a conductivity 

of 143 μS cm-1, similar to this study (Gikas and Tsihrintzis, 2012). In the rainy months, the 

average conductivity found in the DP, FF and RR was 50.82 ± 24.77 μS cm-1, 46.03 ± 22.80 μS 

cm-1 and 23.14 ± 9.87 μS cm-1, respectively, lower values than those in the period of drought. 

These results demonstrate that rain assists in cleaning the atmosphere through a greater dilution 

of the analytes, where the conductivity showed more critical values in the dry period (Mimura 
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et al., 2016). All the samples analyzed resulted in conductivity below 100 μS cm-1, with a low 

level of mineralization (Vialle et al., 2011). 

 
Figure 3. Tukey test for physico-chemical parameters collected in the wet period (A) and dry (B), at 

the points of direct precipitation (1), first flush (2) and reservoir (3). 

Rainwater samples collected directly from the atmosphere in a rural area close to the forest 

in the city of Guarapuava, Brazil, showed a variation of 4.4 - 24.4 µS cm-1 (Beló et al., 2009). 

In Ganhaizi, and in the city of Lijiang in China, where rainwater samples were also analyzed, 
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the conductivity observed in these locations during the rainy season ranged from 2.14 to 57.2 

μS cm-1, with an average of 11.5 μS cm-1; differences in anthropic activity may be the reason 

for the different results in each city (Niu et al., 2014). The conductivity found in these studies 

show fewer variations than in CAp-UERJ, located in an urban area and there was a high 

concentration of air pollution of vehicular origin. 

The pH range of rainwater is generally between 4.0 and 6.0, with NHx being ionized and 

the H+ ion resulting from the acid-base balance in the rain (Souza et al., 2006). Rainwater 

caused by dissociation of dissolved carbon dioxide (CO2) has a natural pH of 5.6 (Hoinaski et 

al., 2014); however, this value can be reduced and the acidity increased in the presence of 

pollutants originating from human activities (Charlson and Rodhe, 1982). Throughout the 

period of analysis, the FF and RR points showed a minimum average of 5.84 ± 0.50 in RR (W) 

and a maximum of 6.35 ± 0.12 in FF (D). The pH has no direct impact on human health, 

although the low pH value in the water can lead to corrosion in rainwater storage pipes or tanks 

(Lee et al., 2017). 

In the humid period, there is a greater variation in pH than in the dry period; in addition, 

the rain is more acidic in the less rainy period, as has also been confirmed by research on 

rainwater in Minas Gerais (Cerqueira et al., 2014). The highest pH values are found at the points 

where the water traveled through the roof (FF and RR), possibly as a result of the deposition of 

dissolved solids (Hagemann and Gastaldini, 2016). The feces of birds that are considered to be 

alkaline and have a high concentration of NH3 lead to an increase in pH at the points of total 

deposition. The presence of outliers was observed at the points of DP, FF and RR. These outliers 

are common in environmental data, especially in rainwater. The Tukey test was carried out to 

compare whether the data are different from each other and it was found that the PD point is 

statistically different from the other collection points; however, FF and RR had similar 

populations in the two study periods.  

A study carried out in São Paulo concluded that the use of ethanol as a fuel leads to the 

emission of several compounds such as acetic acid and acetaldehyde directly into the 

atmosphere, which means that organic compounds may be responsible for about 44% of the 

acidity present in the wet deposition (Fornaro and Gutz, 2003). All the samples collected 

without roof interference (DP) were below the recommended limit for drinking use in both 

periods (N = 13), which may indicate the presence of acidic substances in the atmosphere. 

During the first flush in the wet period, 28.57% of the samples were slightly below the 

permissible pH limit of 5.86 and 5.96. In the dry period, all the FF samples were within the 

permitted range. At the RR reservoir point, only one result was below 6.0 in the wet period, and 

the same was observed in the dry period. 

Turbidity indicates the degree of attenuation that a beam of light undergoes when it passes 

through water (ANA, 2019). The initial precipitation is stored at the FF point; this consists of 

gases originating from the atmosphere and dissolved in raindrops and particulate matter found 

on the roof, which cause a greater incidence of turbidity at this point and considerably reduce 

the total suspended solids at the RR reservoir point. 

Rainwater is affected by surface runoff and storage conditions (Abu-Zreig et al., 2019); 

the initial 2 mm of rain contains most of the contaminants directed to the FF disposal point (Kus 

et al., 2010b). In this way, the initial precipitation event removes most of the material deposited 

on the catchment surface and stored in the FF; this reveals the need to dispose of the first 

millimeters of rainwater to avoid contaminating the reservoir. The deposition of pollutants from 

the atmosphere over the roof surface during a certain dry period, influences the quality of 

rainwater. The longer the dry period between the precipitation events, the greater the probability 

of pollutants being deposited on the roof surface (Yaziz et al., 1989). Turbidity can be a risk to 

human health if the suspended particles have adsorbed toxic inorganic or organic compounds, 

so it is essential to avoid the first volumes of effective precipitation (Kus et al., 2010a). Results 
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above the limit of 5 UNT were found in the city of Khorramabad in western Iran (Hoseinzadeh 

et al., 2016), at points FF and DP. FF had a total of 6 non-compliant samples, DP had few 

events with turbidity levels above the permitted level with N = 1 in the wet period and N = 2 in 

the dry period. 

PCA in the wet season showed that the first and second components (DIM 1 and 2) 

represented 32.9% and 29.4% of the total variance, respectively. PCA of data is recommended 

when the sum of DIM 1 and DIM 2 is greater than 60%. Most of the variables are well 

represented in the first two components in the wet season, with an emphasis on Conductivity 

and Chloride in the FF, which make a greater contribution to DIM 1 due to their proximity to 

the X-axis and have a strong correlation with the vector size. In the first quadrant, the CDD, DP 

Conductivity, DP Turbidity and FF pH are correlated, although RR Turbidity and RR Chloride 

have a negative correlation because they are in opposite quadrants. The correlation between the 

variables in the total dataset was confirmed by the Pearson correlation coefficient, together with 

the Hierarchical Cluster Analysis (HCA), which were used to visualize the clusters and possible 

correlations. The search for clusters between the variables was an additional way of studying 

the structure of the results provided by the PCA with the HCA. 

In the wet season, most correlations between physico-chemical parameters are weak, and 

the highest correlations occurred between the Turbidity in the DP and the CDD and between 

Conductivity and Chloride in FF, which suggests that Chloride ions may increase the rainwater 

Conductivity. In this study, the relationship between CDD and Turbidity is directly 

proportional, i.e., the longer the time interval without rain, the greater the accumulation of 

suspended particles in the atmosphere that increase turbidity in DP. The correlation is null 

between the Turbidity in the DP and the Turbidity in the RR. The Turbidity in the RR might be 

related to the solids deposited in the roof and the DP Turbidity is only influenced by the 

atmospheric conditions. In the Pearson correlation dendrogram 3 clusters are formed. RR 

Turbidity, DP pH, FF Chloride and FF Conductivity, form the lowest group and these 

parameters are not connected to the other clusters, which shows a low correlation (Figure 4).  

 
Figure 4. (A) Principal component analysis (PCA) and (B) Pearson correlation matrix, together with 

the hierarchical cluster analysis (HCA) of physico-chemical and meteorological parameters in the 

wet period - in direct precipitation (DP), first flush (FF) and reservoir (RR). CDD: Consecutive dry 

days; S_I: Sub - diurnal rainfall intensity. 
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The PCA shows most of the variables are close to each other in the dry season; this 

represents a strong correlation, and suggests a greater contribution is made to the DIM 1 

eigenvector (Figure 5). The PCA also includes two main groups: sub-rainfall intensity, RR 

Turbidity, DP pH and Conductivity and FF Turbidity are in the first cluster and the other 

parameters in the second cluster. The FF and RR Chloride are closely correlated, as well as the 

FF Conductivity and RR Conductivity and FF Chloride and Conductivity. Conductivity 

indirectly measures the presence of ions dissolved in the water, among them the Chloride ion. 

There are close correlations between FF Conductivity and Chloride (r = 0.92), as well as FF pH 

and Conductivity and between FF and RR pH, as the H+ ions dissolved in the water also lead 

to an increase of Conductivity. 

 
Figure 5. (A) Principal component analysis (PCA) and (B) Pearson correlation matrix, together with 

a hierarchical cluster analysis (HCA) of physico-chemical and meteorological parameters in the dry 

period of direct precipitation (DP), first flush (FF) and reservoir (RR). CDD: Consecutive dry days; 

S_I: Sub - diurnal rainfall intensity. 

3.2. Metal 

In the wet period, metals (with the exception of Na) are above the permissible limit set by 

Ordinance n° 05/2017 in at least one sample. The FF can obtain 42.85% of non-compliant 

results, which assists in reducing the concentration of metals at the RR point; however, it is not 

effective enough to reduce this concentration to the recommended limit. In the dry period, 

metals have a lower concentration than in the wet period, and in the case of FF, 22.85% of the 

samples are above what is permissible (Table 2 and Figure 6 and 7).  

The samples collected in the dry season had the highest Ca concentrations and were lower 

in the wet season. The highest mean Ca value that was obtained for the FF samples was 33.16 

± 28.4 mg L-1 in the dry season and the lowest mean value which was for the RR samples was 

1.12 ± 0.21 mg L-1 in the wet season. It should be noted that the dominant components were 

crustal, which increases the alkalinity of the rainwater because it includes components such as 

Mg and Ca (Kulshrestha et al., 2003). There are many possible sources of Ca, such as marine 

aerosols, soil particle resuspension and road dust (Ali et al., 2004), and these can neutralize the 

acidity of rainwater (Han et al., 2011). The legislation does not stipulate if there are any 

permissible limits for Ca.
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Table 2. Descriptive statistics for the metal concentrations and meteorological parameters in the wet period and the dry period. 

Parameter Ca Cd Cu Fe K Mn Na Ni Pb Zn CDD S_I 

Wet 

Ordinance 

5/2017 
    0.005   2   0.3      0.1   200   0.07   0.01   5    

Point DP FF RR DP FF RR DP FF RR DP FF RR DP FF RR DP FF RR DP FF RR DP FF RR DP FF RR DP FF RR   

Average 3.56 9.78 1.12 0.02 0.02 0.02 0.95 13.83 3.54 1.04 4.74 1.48 10.42 14.23 9.82 0.04 0.60 0.04 19.13 19.89 20.83 0.21 0.33 0.13  0.04  0.91 3.71 3.02 4.00 9.37 

Median 2.36 6.12 1.05 0.02 0.02 0.02 0.76 13.46 1.97 0.92 3.81 0.86 9.48 14.61 10.37 0.04 0.26 0.04 18.82 20.90 19.48 0.21 0.24 0.14  0.04  1.00 2.85 2.70 3.00 3.07 

SD 3.28 9.69 0.21 0.00 0.02 0.00 0.39 11.71 5.12 0.53 4.33 1.37 2.35 1.52 4.44 0.02 0.78 0.03 5.28 7.01 2.78 0.05 0.34 0.04  0.04  0.36 2.30 0.88 3.83 11.88 

Minimum 1.00 3.44 0.89 0.02 0.01 0.01 0.59 0.04 0.36 0.38 0.39 0.26 8.29 10.90 1.06 0.01 0.16 0.01 8.77 5.02 17.80 0.17 0.08 0.09  0.01  0.29 2.75 2.61 1.00 1.24 

Maximum 10.56 31.11 1.53 0.02 0.06 0.02 1.57 31.34 13.78 1.91 10.59 4.23 14.61 15.46 15.67 0.06 1.98 0.09 25.74 27.16 25.22 0.25 0.92 0.17  0.06  1.32 8.93 5.02 12.00 30.80 

Dry 

Point DP FF RR DP FF RR DP FF RR DP FF RR DP FF RR DP FF RR DP FF RR DP FF RR DP FF RR DP FF RR   

Average 19.25 33.16 10.31 0.02 0.02 0.02   1.85 0.16 1.64 0.08 4.17 6.98 3.88 0.28 0.39 0.22 5.99 6.49 4.58 0.25 0.30 0.60 0.01 0.01 0.01 1.41 4.05 3.57 1.67 4.19 

Median 18.11 19.88 10.94 0.02 0.01 0.02   0.36 0.13 0.90 0.03 2.81 6.04 2.71 0.30 0.37 0.22 1.99 2.20 1.79 0.25 0.30 0.60 0.01 0.01 0.01 1.44 2.57 2.54 0.00 0.95 

SD 10.20 28.40 5.86 0.01 0.01 0.01   3.11 0.12 1.62 0.12 3.96 4.67 3.05 0.09 0.10 0.02 10.10 10.46 7.39    0.00 0.00  0.40 3.63 2.53 2.58 6.74 

Minimum 7.60 16.00 1.99 0.01 0.01 0.01   0.19 0.04 0.44 0.01 1.27 2.79 2.04 0.19 0.30 0.19 1.29 1.87 0.97 0.25 0.30 0.60 0.01 0.01 0.01 0.93 2.51 2.51 0.00 0.57 

Maximum 33.02 89.45 16.21 0.02 0.03 0.03   6.51 0.34 4.47 0.33 11.96 15.37 9.94 0.41 0.55 0.25 26.58 27.83 19.63 0.25 0.30 0.60 0.01 0.01 0.01 1.92 11.47 8.73 5.00 17.6 
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Figure 6. Boxplot for metal concentrations collected in the wet period (W) – shown in grey - and dry 

(D) – shown in white, at the points of direct precipitation (DP), first flush (FF) and reservoir (RR). 

The average for the Cd at DP, FF and RR points, in both periods, was above the maximum 

permitted value of 0.005 mg L-1. In the dry season, about 61% of the results for the 

concentration were below the limit of quantification (LQ). Studies have suggested that the 

corrosion of galvanized metallic structures exposed to the urban atmosphere may be responsible 

for high concentrations of Cd, as well as the proximity of highways (Van Metre and Mahler, 

2003), as well as the presence of this metal in the dust that is carried for distances from buildings 

being repaired or renovated (Miguel et al., 1997). Results above 0.005 mg L-1 have also been 

found in other rainwater studies (Alcolea et al., 2015), while at the same time there are records 

of Cd below the limit of quantification (Despins et al., 2009).  

The characterization of rainwater in schools in Ghana showed concentrations of Cd above 

the limit set by the WHO drinking-water quality guidelines (0.003 mg L-1). This can be 

attributed to sources such as batteries, automobiles and oil-burning furnaces (Cobbina et al., 

2015). Analyses of rainwater in Nigeria found that there were anthropogenic impacts on the 

environment and that these are linked to a high-level of gas flaring and oil refining activities 

and obtained Cd above the recommended 0.003 mg L-1 limit. These are among other factors 

that can affect these concentrations, such as wind direction and wind speed, pH, the rainfall 

index and particulate matter concentration (Akintola et al., 2018). 
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Figure 7. Tukey test metals in the wet period (A) and dry (B), at the points of direct precipitation (1), 

first flush (2) and reservoir (3). 

Cu has a seasonal behavior with higher concentrations in the wet season. In the rainy 

season, DP had an average value of 0.95 ± 0.39 mg L-1, unlike the FF samples, where there 

were high concentrations with a mean value of 13.83 ± 11.71 mg L-1. The disposal of rainwater 

(FF) significantly reduced the copper concentration in the water stored in the RR, which had an 

average of 3.54 ± 5.12 mg L-1; despite this, in most of the analyzed samples the reduction was 

not enough to comply with the legislation. Since rainwater is slightly acidic and contains few 

dissolved minerals, it can dissolve metals and other impurities that can be found in the storage 

tank, and this causes discoloration, as well as a bad taste and odor in the harvested rainwater 

(Sánchez et al., 2015). The seasonal variation of Cu can be influenced by local contamination 

or by sources of air masses that have a pattern of behavior that varies between the seasons (Kim 
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et al., 2000). 

In both periods, the FF showed a high concentration of Fe, which might be influenced by 

the dry deposition on the roof where there are particles containing Fe that are removed by the 

first millimeters of rain. Iron is generally classified as an element which naturally originates 

from the earth's crust (Nadzir et al., 2017). However, in the characterization of rain in a study 

carried out in Spain, it was concluded that iron was emitted from anthropogenic sources, on the 

basis of an analysis of retrograde trajectories and the fouling factor that reveals the non-crustal 

origin of this metal (Moreda-Piñeiro et al., 2014). In fine particles, the presence of iron can be 

attributed to the corrosion of the internal parts of vehicles and exhaust pipes (Loyola et al., 

2012). This is because the study site has an urban profile, which can cause emissions of iron-

containing compounds, either anthropogenic or of natural origin, due to its proximity to the 

Tijuca massif. 

Potassium is an element that can be found in the environment and in all-natural waters 

(WHO, 2008), and the presence of this element was observed during the dry and wet season. In 

the rainy season, the concentration increased in all the samples. In the rainy season, the K 

concentration increased at all points. In regions close to the ocean, rainwater has a marine 

influence on elements such as potassium (Tomaz, 2010; Vázquez et al., 2003). Other studies 

have shown that K originates from biogenic sources such as aerosols containing leaf fragments, 

pollen (Forti et al., 2000; Pauliquevis et al., 2012) or air masses containing compounds from 

biomass burning (Vieira-Filho et al., 2013). 

The mean Mn values in the wet season were 0.04 ± 0.02 mg L-1 for DP, 0.60 ±                                

0.78 mg L-1 for FF and 0.04 ± 0.03 mg L-1 for RR. A similar concentration of Mn in wet 

deposition was found in rainwater samples in Santa Maria, Rio Grande do Sul and Greece 

(Hagemann and Gastaldini, 2016; Melidis et al., 2007). In the dry season, only the samples of 

May 2018 were below the limit of quantification (LQ). The other samples had high 

concentrations for DP, FF and RR with average values of 0.28 ± 0.09 mg L-1, 0.39 ± 0.10 mg 

L-1 and 0.22 ± 0.02 mg L-1, respectively. 

The Mn concentrations in the rainfall are higher in the spring and winter, but lower in the 

summer and may be caused by changes in the source of pollutants that can be attributed to the 

wind direction, which has a seasonal effect (Cheng et al., 2011). An evaluation of total 

suspended particulates in urban areas in South-East Brazil concluded that Mn concentrations 

were significantly higher in the dry season and may have resulted from changes in the rainfall 

pattern (Machado et al., 2018).  

A study carried out in Rio de Janeiro for PM2.5 samples showed that Mn usually originates 

from traffic, soil-related sources or raw material in the steel industry (Mateus and Gioda, 2017). 

The initial disposal system proved to be effective in reducing the concentration of this 

compound in the reservoir to a level below that recommended by the guidelines of Ordinance 

n° 05/2017 (0.1 mg L-1). During the whole sampling campaign, Na had the highest 

concentration in the rainy season, ranging from 5.02 to 27.16 mg L-1 for FF samples and a mean 

average of 19.13 ± 5.28 mg L-1 for DP and 20.83 ± 2.78 mg L-1 for RR. There was a lower 

variation for Na results in the dry season, with the highest observed mean average of 6.49 ± 

10.56 mg L-1 for FF, while the other samples had a mean of 5.99 ± 10.10 mg L-1 for DP and 

4.58 ± 7.39 mg L-1 for RR. The system for the capture and storage of rainwater located near the 

coast of Rio de Janeiro can lead to higher Na levels, since it is present in the composition of 

marine aerosols (Al-Momani, 2003). All the points showed results within the 200 mg L-1 limit. 

Water-soluble Na content results in marine spray (Singh et al., 2007; Soluri et al., 2007; Szép 

et al., 2019), and leads to the highest concentrations in the rainy season, when it is transported 

over long distances and via dry or wet deposition (Silva et al., 2017). Studies on PM in Rio de 

Janeiro have shown that there is a higher Na concentration during March and April, which was 

also observed in this study (Quiterio et al., 2004). 
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A reduction in Ni concentration was observed at the reservoir point (unlike the first-flush), 

but it was not enough to comply with the legislation. The highest mean average for Ni samples 

found in the wet season was 0.33 ± 0.34 mg L-1 for FF, and the lowest in the RR with 0.13 ± 

0.04 mg L-1. Ni can appear as the result of the leaching of tubes, connections, taps and steel, 

but its presence decreases over a period of time (WHO, 2008). In the dry season, only 

concentrations of 0.25 mg L-1 in DP, 0.30 mg L-1 in FF and 0.60 mg L-1 in RR were determined 

in the first collection. Ni has been correlated with anthropogenic activities in several studies 

(Kim et al., 2000), and also with traffic emissions (Nadzir et al., 2017) and fuel combustion 

(Gunawardena et al., 2013). 

DP and FF Pb samples in the wet season were below the limit of quantification (LQ). In 

the FF, Pb could only be detected in 2 samples with results of 0.01 mg L-1 and 0.06 mg L-1. 

Rainwater systems in Canada also showed levels of Pb lower than 0.01 mg L-1 in the RR 

(Despins et al., 2009). In the dry season, samples were also observed below LQ (N = 12). The 

cause of Pb emissions is generally attributed to anthropogenic sources (Azimi et al., 2003; 

Moreda-Piñero et al., 2014), such as factors leading to the wear and tear of vehicles 

(Egodawatta et al., 2013). In addition, Pb is also linked to the effects of roadside deposition 

caused by the accumulation of soil residues, fuel additives (Thorpe and Harrison, 2008) and by 

emission of exhaust fumes into the atmosphere (Gunawardena et al., 2012; 2015; Zhang et al., 

2015). 

The Zn in the FF season showed a sample with high concentration of 11.47 mg L-1 and RR 

followed the same pattern with a result of 8.73 mg L-1. Zn was found to be the most abundant 

ion among the metals detected in rainwater (Vlastos et al., 2019); concentrations below 5 mg 

L-1 were reported in urban areas and in areas of heavy traffic (Angrill et al., 2017; Gispert et 

al., 2018). Higher levels of Zn were detected in rainwater collected from galvanized zinc roofs 

(Belghazi et al., 2002; Förster, 1996; Simmons et al., 2001) Although the roof of the rainwater 

catchment system is made of aluminum and zinc, these levels were not found in this study. The 

Zn can perhaps be attributed to the traffic of nearby avenues. This metal is generally found on 

the roads as an organometallic compound used in diesel engine lubricants and in tire wear 

particles (Ball et al., 1998; Davis et al., 2001; Helmreich et al., 2010; Mangani et al., 2005). 

Other studies advocate the use of porous pavements to reduce the number of metal pollutants 

originating from roads (Yu and Zhao, 2012).  

Any metals that had a low variation or led to results below the LQ were not selected for 

the multivariate statistical analysis. In the PCA for DP during the wet season, it was found that 

Fe and the S_I have a negative correlation with the other parameters. The formation of 3 clusters 

was noted in the dendrogram: the first consisted of CDD, Cu, Zn and Na correlated with the 

second cluster formed by Ca, K and Mn and the third cluster with IN_SUB and Fe.  

Pearson's linear correlation matrix used for the wet season for DP, shows that K and Ca 

have the highest correlation (r = 0.98). Na and Zn (r = 0.94), Mn and Ca (r = 0.88) and Mn and 

K (r = 0.79) also have high correlations and may have the same natural and / or anthropogenic 

origin. Cu has negative correlations with most metals, which suggests it is of a different origin 

from the others; the same pattern of behavior was evident for Fe. Zn has moderate correlation 

with Cu, which suggests that Zn might be of a natural and anthropogenic origin. In the case of 

the dry season, Ca and S_I in the PCA showed a low correlation with the other parameters. In 

the dendrogram, there are 3 clusters and the most significant correlations in the dry season were 

found to be between Fe, K, Na, Zn and Mn, which probably originate from natural sources. Ca 

had low correlations with most of the parameters which suggests a different source of emission 

(Figure 8). 
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Figure 8. Principal component analysis (PCA) and Pearson correlation matrix, together with the 

hierarchical cluster analysis (HCA) of physico-chemical and meteorological parameters in direct 

precipitation (DP): (A, B) in the wet period; (C, D) in the dry period. CDD: Consecutive dry days; S_I: 

Sub - diurnal rainfall intensity. 

In the FF wet season, the PCA analysis showed a high correlation and a link between 

Zn and Na as contributory factors. The S_I is inversely correlated to the other parameters, as in 

DP, whereas the S_I is negatively correlated with the metals. Fe has a high correlation with 

other metals, except for Na and S_I, which shows a low correlation. Despite being correlated 

with Mn, Fe is also correlated with the Cu and may have natural soil and anthropogenic sources 

like the vehicular emissions (Loyola et al., 2012). Cu and Zn can be attributed to traffic 

emissions (Gunawardena et al., 2013). In the case of the dry season, the components (Dim 1 

and Dim 2) together represent 88.7% of the data. Fe is the only element in the 3rd quadrant that 

shows a negative correlation with the other PCA components. According to the dendrogram, 

two clusters were formed: the first by S_I and Fe and the second by CDD, Zn, Mn, Ca, Na and 

K. Apart from Fe, the other metals have strong and positive correlations with each other. Fe has 

negative correlations with other metals and probably does not have the same source. The S_I 

did not influence the concentrations of FF metal data (Figure 9). 
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Figure 9. Principal component analysis (PCA) and Pearson correlation matrix, together with the 

hierarchical cluster analysis (HCA) of physico-chemical and meteorological parameters in first 

flush (FF): (A, B) in the wet period; (C, D) in the dry period. CDD: Consecutive dry days; S_I: Sub 

- diurnal rainfall intensity. 

In the reservoir for the wet period, the PCA analysis shows a dispersion of the parameters 

that represent weaker correlations. In general, Fe has negative correlations and probably 

originates from a different source from the other metals. The most significant correlations were: 

K and Cu, Na and Cd and S_I and Ca. 

There was no variance or contribution made by the CDD vector in the dry period, as there 

were no consecutive dry days on the dates selected for PCA analysis. It can be seen that the 

metals are more correlated than in the wet period. The closest correlations occurred between: 

Ca and Cu, K and Cu and Ca and K, probably from the same natural and / or anthropogenic 

source. The metals that may have had different sources were: Mn and Fe (r = - 0.94) and Mn 

and Na (r = - 0.80) (Figure 10). 
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Figure 10. Principal component analysis (PCA) and Pearson correlation matrix, together with the 

hierarchical cluster analysis (HCA) of physico-chemical and meteorological parameters in reservoir 

(RR): (A, B) in the wet period; (C, D) in the dry period. CDD: Consecutive dry days; S_I: Sub - diurnal 

rainfall intensity. 

4. CONCLUSION  

This study carried out a research project into the chemical composition of rainwater at 

different points of a rainwater capture and storage system. After 1 year of monitoring, the results 

revealed that Ca, K and Na are the main metals found in rainwater. The R language was 

important to evaluate the possible sources and the visualization of groups between the physical-

chemical and meteorological parameters. The findings suggest an anthropogenic origin linked 

to traffic emissions for Cu, Zn and Fe. It was found that Na, K, Ca, Mn and Fe may have a 

natural origin. Wet deposition is characterized by a low concentration of metals. However, 

when it comes into contact with the catchment surface, rainwater has a high concentration of 

pollutants, demonstrating the impact of urbanization on the quality of rainwater. It is suggested 

that the volume of discard be increased to decrease pollutants that reach the reservoir. The high 

concentration of metals in the wet period suggests that rain assists the cleaning of the 

atmosphere and that most metals are present in the form of aerosols and fine particles suspended 
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in the air. It was thus concluded that rainwater is not suitable for drinking purposes; pre-

treatment is essential to ensure rainwater can be used safely for more mundane purposes. In 

future studies, it is recommended that the cations and anions of metals in rainwater be 

investigated to determine the existence of long-term volatile organic compounds, in addition to 

investigating the potential impact of metal contamination on human health. 
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ABSTRACT  
Urbanization in river basins contributes to the anthropogenic eutrophication of their water 

bodies, leading to the proliferation of toxic algae such as cyanobacteria. There is a characteristic 

pattern of seasonality in algal blooms and cyanobacterial communities, although these algae 

may be present or even dominant for most of the year, causing practical problems associated 

with high cyanobacterial biomass and potential health threats. The increased concentration of 

toxins originating from these algae, cyanotoxins, in water-supply reservoirs puts the population 

at serious risk, since they are not removed by conventional treatment and filtration. This study 

analyzed possible associations between climate elements and cyanobacteria biomass in the 

Guarapiranga dam reservoir, located in the metropolitan region of São Paulo, Brazil. 

Meteorological variables were studied exclusively in relation to the cyanobacteria biomass, in 

order to perceive the influence of weather and climate in this complex system and to provide 

data for modeling future climate change scenarios. For this purpose, cyanobacteria count data 

were used for the period from 2010 to 2016, grouped by month, in addition to the atmospheric 

variables. The strongest correlation with the blooms was with Irradiation and Total Rainfall, 

explaining 30% of cases of the occurrence of cyanobacteria proliferation at the point of 

collection GU 101. Despite the notable influence of climatic seasonality on the algae blooms, 

this difference varies and is not homogeneous, depending on the location and the species 

studied.  

Keywords: climate change, cyanobacteria, environmental health. 

Florações de cianobactérias e variáveis atmosféricas, uma contribuição 

no escopo da saúde ambiental 

RESUMO 
A urbanização de bacias hidrográficas contribui para a eutrofização antropogênica dos 

corpos d’água, levando à proliferação de algas tóxicas como as cianobactérias. Há um padrão 

característico de sazonalidade nas florações de algas e das comunidades de cianobactérias, 

apesar destas algas estarem presentes, ou mesmo dominantes, na maior parte do ano, trazendo 

problemas práticos associados com a grande biomassa de cianobactérias e suas potenciais 

ameaças à saúde. O aumento de concentrações de toxinas originárias destas algas, as 
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cianotoxinas, na água de reservatórios de abastecimento expõe a população a sérios riscos, uma 

vez que elas não são removidas por tratamento convencional ou filtragem. O principal objetivo 

deste estudo foi analisar as possíveis associações entre os elementos do clima e a biomassa de 

cianobactérias na represa Guarapiranga, localizada na Região Metropolitana de São Paulo, 

Brasil. A variáveis meteorológicas foram estudadas exclusivamente em relação à biomassa de 

cianobactérias, a fim de verificar a influência do tempo e do clima neste sistema complexo e 

prover dados para a modelagem para futuros cenários de mudanças climáticas. Com esse 

propósito, dados de contagem de cianobactérias, do período 2010 a 2016, agrupados por mês, 

foram usados em associação às variáveis atmosféricas. A irradiação e a pluviosidade total foram 

as variáveis que apresentaram as correlações mais fortes com as florações, explicando 30% dos 

casos de proliferação de cianobactérias no ponto de coleta GU 101. Apesar da notável influência 

da sazonalidade climática nas florações de algas, ela não é homogênea, dependendo da 

localização e da espécie estudada.   

Palavras-chave: alteração climática, cianobactéria, saúde ambiental. 

1. INTRODUCTION 

Urbanization in river basins contributes to anthropogenic eutrophication of their 

waterbodies. The problem frequently stems from a lack of basic sanitary infrastructure in 

informal settlements, inadequate drainage, as well as inefficient industrial discharge treatment 

systems and agricultural water-runoff prevention. These dynamics trigger an increase in 

nutrient concentrations, such as nitrogen and phosphorus, in the bodies of water, causing an 

imbalance in the limnologic environment and facilitating blooms or blossoming of potentially 

toxic algae, cyanobacteria. The increase in the concentration of toxins originating from these 

algae, cyanotoxins, in the water supply puts the population at serious risk.  

The cyanotoxins from these algae are harmful to humans and are difficult to remove from 

the water with conventional treatment. They are hydrosoluble and pass through conventional 

treatment systems, being resistant even to boiling, generating risks of poisoning for the 

population.  The epidemiological outcomes of poisoning by cyanotoxins include 

gastrointestinal disorders, neuromuscular dysfunctions, allergic reactions, neoplasms, and even 

death (Azevedo, 1998). More recently, a study (Pedrosa et al., 2019) suggested that they might 

be a cofactor in most severe cases of congenital Zika syndrome. Cyanobacteria thus imply very 

serious risks for public health.   

Cyanobacteria proliferation in water-supply reservoirs requires the application of special 

water purification techniques for removal, and the use of energetic oxidants such as ozone 

(Rapala et al., 2002), chlorine and potassium permanganate (Rodríguez et al., 2007), or 

ultrafiltration and nanofiltration (Teixeira et al., 2005; Gijsbertsen-Abrahamse et al., 2005), 

which increase the treatment and distribution workload and in many cases render these 

processes unviable.  

When temperature, light and nutritional conditions are favorable, surface layers of fresh- 

and sea waters may see an increase in cyanobacteria (WHO, 2011). There is a standard seasonal 

characteristic to algae blooms and cyanobacteria communities; however, these algae can be 

present or even dormant throughout most of the year, causing practical problems associated 

with elevated cyanobacteria biomass and potential health threats through the increase in toxins 

(WHO, 1999). The proliferation of cyanobacteria in eutrophic environments mostly occurs 

during months in which the temperature of the water is around 22ºC or warmer (Fonseca et al., 

2010; Ribeiro, 2007). In freshwater environments, with basic pH, temperatures between 15ºC 

and 30 ºC and high concentrations of nitrogen and phosphorus, this microorganism experiences 

accelerated growth (Cavalcante et al., 2009). Increases in the density of cyanobacteria have also 

been observed during the rainy season, directly related to the increased availability of nutrients 
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in this period (Oliver and Ribeiro, 2015).  Nutrient availability is controlled not only by the 

artificial addition of chemical and organic compounds and elements, but also by external 

ecosystem factors, like wind, precipitation and incidental radiation (Esteves and Suzuki, 2011). 

There is a relationship between global warming and the proliferation of toxic algae throughout 

the world (Paerl and Huisman, 2008). The scientific literature thus identifies a series of factors 

that encourage the proliferation of cyanobacteria, principally the eutrophication of waters, given 

the important role that nutrients play in this process. Regarding the influence of climatic and 

meteorological factors, the literature highlights annual seasonality and global warming, without 

precisely identifying which elements are most important.    

With the intention of contributing to predict bloom episodes and promote preventive 

actions, this study analyzed possible associations between climatic elements and the 

cyanobacteria biomass in the Guarapiranga dam reservoir, located in the metropolitan region 

of São Paulo, Brazil. While recognizing that there are other important elements that contribute 

to cyanobacteria biomass, this investigation focused exclusively on the correlation between 

cyanobacterial blooms and meteorological variables in order to determine the influence of 

weather and climate on this complex system.  It is expected that the results can aid the 

construction of mathematical models to predict the abnormal proliferation of cyanobacteria 

under different climate-change scenarios.  

2. MATERIALS AND METHODS 

Located in the metropolitan region of São Paulo, in the State of São Paulo, Brazil, the 

Guarapiranga dam (Figure 1) retains a reservoir for potable water supply. The basin is situated 

in the southern region of the metropolitan area of São Paulo, between 23°20' and 24°00' S 

latitude and 46°20' and 46°50' W longitude, at an altitude of 760 meters above sea level. Its 

climate is typical of southeastern Brazil, transitioning between tropical climates, humid with a 

defined dry period, and permanently humid subtropical climates. Daily mean temperatures 

range from 14°C to 24°C in winter and 20°C to 29°C in summer, dry and wet seasons, 

respectively. 

 
Figure 1. Guarapiranga Reservoir and the City of São Paulo – SP – Brazil in perspective.  
Source: Adapted Image Mosaic (Google Earth Pro, 2020; CNES/LandSat/Copernicus Maxar Technologies). 

The Guarapiranga dam retains a total reservoir area of 33.91 Km², with a depth of 5.7 m 
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(Lamparelli et al., 2014). According to the Basic Sanitary Company of the State of São Paulo 

(Companhia de Saneamento Básico do Estado de São Paulo – SABESP), about 14 thousand 

liters of water per second flow through the dam, and supply 3.7 million people in the southern 

and southeastern parts of the metropolitan area. Its water temperature measured at 3.3 meters 

depth varies between 18.7°C in winter and 26.5°C in summer. Turbidity levels range from 

average 11.5 NTU (Nephelometric Turbidity Unity) in dry winter to 4 NTU in rainy summer.  

It is the most-threatened reservoir among the sources that supply the region, due to its 

branched, narrow and elongated drainage, formed in the base of the watershed’s drainage and 

in a river valley, favoring anthropic action and occupation. The anthropic pressure on the 

Guarapiranga Reservoir comes mainly from informal, irregular settlements located on its 

margins, with poor sanitary and drainage infrastructure, contributing to the eutrophication of 

this limnological environment and to the proliferation of cyanobacteria.  

A study of the taxonomy of its phytoplankton community found that, among the seventeen 

cyanobacterial taxa identified, described and illustrated, five belong to Chroococcales (29.5%); 

two to Synechococcales (11.5%); two to Oscillatoriales (11.5%); four to Pseudanabaenales 

(23.5%) and four to Nostocales (23.5%)(Rodrigues, 2008). The author emphasizes that, among 

the identified taxa present in both Billings and Guarapiranga Reservoirs, nine of them are 

potentially toxic: Microcystis aeruginosa, Microcystis panniformis, Microcystis protocystis, 

Woronichinia naegeliana, Geitlerinema unigranulatum, Planktothrix agardhii, Planktothrix 

isothrix, Anabaena circinalis, Cylindrospermopsis raciborskii (Rodrigues, 2008).  

In Figure 1 it is possible to identify, in grey-orange color, the urbanized metropolitan 

region of São Paulo, and how it surrounds the Guarapiranga Reservoir. Protection zone with 

vegetation cover is limited and transformed in parks, but irregular settlements frequently invade 

these areas, causing very negative anthropic pressure on this freshwater reservoir.  

To verify a possible correlation between cyanobacteria-bloom variations in the 

Guarapiranga Reservoir and selected meteorological variables, the Linear Regression method 

was used in the Stepwise format for variable selection.  

 Cyanobacteria biomass density values were acquired from the Basic Sanitary Company 

of the State of São Paulo (SABESP, 2016). The cyanobacteria measurements are taken by the 

company weekly, maintaining an average of 2 to 3 measurements per week at three points. 

However, only two of them, GU101 and GU104, had monthly data series with uninterrupted 

cyanobacteria measurements. Limnological parameters were not included in the regression 

because the aim of our study was to understand the correlations between Cyanobacterial blooms 

and weather/climate.  

In total, 84 observations for the period from 2010 to 2016 were included in this study, 

organized in monthly average values in order to have a regular pattern and because the process 

does not follow a daily rhythm. The meteorological variables utilized were: Mean Air 

Temperature (Tmean),  Maximum Mean Air Temperature (Tmax), Absolute Mean 

Temperature (Tmax_abs), Minimum Mean Air Temperature (Tmin), Absolute Minimum Air 

Temperature (Tmin_abs), Solar Radiation (Rad), Total Radiation (Rad_tot), Atmospheric 

Pressure (Press), Total Precipitation (Prec_tot), Precipitation Days (Days_prec), Maximum 

Daily Precipitation (Prec_day_max), Mean Wind Direction (Wind_dir_mean), Mean Wind 

Speed (Wind_ave) and Maximum Wind Speed (Wind_max), all monthly. Data was obtained 

from IAG- Institute of Astronomy and Geophysics of the University of São Paulo 

Meteorological Station, located at Parque Fontes do Ipiranga, near the Guarapiranga Reservoir. 

The cyanobacteria variation data from points GU101 and GU104 did not present a normal 

distribution (Figure 2). Thus, the log10 calculation was calculeted, given that normality is a 

premise of regression modelling. In Figure 2, the distribution of the cyanobacteria concentration 

before the transformation (a and b) and after the application of the log10 (c and d) may be 

observed.  
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Figure 2. Histograms of the data from collection points GU101 and GU104 before the transformation 

(a and b) and after the application of log10 (c and d).  

3. RESULTS AND DISCUSSION 

For the study period, Table 1 shows the variability of the variables used. The Maximum 

Mean Temperature Value for this period was 31.8°C, the Minimum Mean Temperature was 

9.7°C. The highest cyanobacteria concentrations in the reservoir were 37,740 cel/mL for 

collection point GU101 and 40,788.3 cel/mL for point GU104, with a standard deviation of 

7,626.4 cel/mL and 7,814.4 cel/mL, respectively. In the 7-year period, 1,342 days registered 

precipitation. On average, there were 15 rainy days per month. For the period, the lowest 

monthly precipitation was 139 mm and the highest monthly value was 653 mm. The average 

wind speed of 5.2 km/h indicates the predominance of weak winds in the region.   

Before creating the regression model, a linear correlation calculation was performed 

between the variables utilized in the study, including dependent and independent variables 

(Table 2). The atmospheric variables included in the models showed the highest correlation 

with the cyanobacteria variations GU104_log and GU101_log, without showing collinearity 

with other variables of the same nature, as was the case of collinearity between Precipitation 

with higher Minimum Air Temperature. The Pearson linear correlation was calculated with a 

statistical significance of 95% (p=0.05).  

For the reservoir point GU 104log, the variables that had the highest correlation values 

were: Maximum Air Temperature, Solar Radiation, Total Rain Precipitation, and Average 

Wind Speed.  

To evaluate the influence of meteorological variables on the concentration of 

cyanobacteria, multiple regression models were made, and to evaluate which had the best 

performance, the values of AIC, F-statistic, adjusted R2 and p value were analyzed. 

For point GU101 (Table 3), the variables that had the highest correlation values were: Solar 

Radiation, Atmospheric Pressure, Total Rain Precipitation, Wind Direction and Average Wind 

Speed.  
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Table 1. Descriptive table of the data employed in the linear regression. 

  GU104 GU104_log GU101 GU101_log Tmax Tmed Tmin Rad Prec_tot Days_prec Wind_dir_ave Wind_ave 

Minimum 1540.1 3.1 611.7 2.7 21.3 14.5 9.7 8.5 1.8 1 1 2.7 

Average 10269.2 3.9 9789.2 3.8 26 19.7 15.5 14.9 139.9 15.9 5.5 5.2 

Maximum  40788.3 4.6 37740 4.5 31.8 24.3 19.8 22 653.2 28 9 6.3 

Sum 862611.3 328.2 822290.1 325.5 2186.9 1654.3 1298.4 1258.3 11759.1 1342 468 443.4 

SD 7814.4 0.3 7626.4 0.3 2.6 2.6 2.8 3 116.2 5.7 2.5 0.6 

*SD, Standard Deviation. 

Table 2. Linear regression matrix of the data variation of cyanobacteria from the Collection points GU101 and GU104 at the Guarapiranga Reservoir and of the 

meteorological data from IAG.  

GU104_log GU104_log GU101 GU101_log Tmean Tmax Tmax_abs Tmin Tmin_abs Ampli Rad Rad_tot Press Prec_tot Days_prec 
Prec day 

max 

Wind 
direc 

mean 

wind 

mean 

wind 

max 

GU101 1                  

GU101_log 0.7 1                 

Tmean 0.8 0.9 1                

Tmax 0.4 0.4 0.4 1               

Tmax_abs 0.4 0.5 0.4 1 1              

Tmin 0.4 0.5 0.4 0.8 0.8 1             

Tmin_abs 0.4 0.3 0.3 1 0.9 0.7 1            

Ampli 0.3 0.2 0.2 0.9 0.8 0.6 0.9 1           

Rad -0.1 0 0 -0.6 -0.4 -0.3 -0.6 -0.8 1          

Rad_tot 0.4 0.5 0.5 0.7 0.8 0.8 0.6 0.6 -0.3 1         

Press 0.4 0.5 0.5 0.7 0.8 0.8 0.6 0.5 -0.3 1 1        

Prec_tot -0.3 -0.3 -0.3 -0.8 -0.7 -0.7 -0.8 -0.7 0.4 -0.7 -0.6 1       

Days_prec 0.1 0 0.1 0.7 0.6 0.4 0.7 0.7 -0.5 0.4 0.3 -0.6 1      

Prec day max 0.1 0.1 0 0.6 0.4 0.4 0.6 0.6 -0.4 0.3 0.3 -0.6 0.7 1     

wind direc 

mean 
0.1 0 0.1 0.5 0.4 0.3 0.6 0.5 -0.3 0.3 0.3 -0.6 0.8 0.6 1    

wind mean 0.1 0.2 0.1 0 0 0.1 0 -0.1 0.3 0.1 0.1 -0.1 0 -0.1 0.1 1   

wind max 0.2 0.2 0.1 0.2 0.2 0.5 0.2 0.2 -0.2 0.5 0.5 -0.3 0 0.3 0.1 -0.1 1  
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Table 3. Multiple Linear Regression Results for point GU101. 

GU101_log 

  DF AIC F-Statistic R² Adjusted p Value 

Model 1 79 1477,335 9.669 0.2947 2.04E-06 

Model 1 A 79 1477,147 9.735 0.2963 1.88E-06 

Model 2 80 1476,467 12.52 0.294 8.56E-07 

Model 3 81 1474,478 19.01 0.3027 1.70E-07 

Model 4 82 1476,576 32.7 0.2767 1.66E-07 

*DF, Degree of Freedom; AIC Akaike information criterion. 

In Model 1, the following meteorological variables were used: Solar Radiation, Total 

Precipitation, Average Wind Speed, and Thermal Amplitude. This first model explained 29% 

of the variation in cyanobacteria biomass in the Guarapiranga Reservoir during the period from 

2010 to 2016. The Akaike information criterion (AIC) value was 1,477.335 using 79 degrees 

of freedom (df). The AIC values served as comparison between the performance and the 

adjustment of spatial regression models. For the AIC values, the lower they are, the better the 

model adjustment. This measurement is based on the assumption of normality and a function 

of probability corresponding to the standard regression model [16]. Following the Stepwise 

method, variables were removed to find the best adjustment. Model 1A used the variables of 

Solar Radiation, Total Precipitation, Wind Direction and Pressure. In this model, the adjusted 

R2 result was the same as the previous model, although the Akaike criterion had improved 

somewhat (1,477.147) and the degrees of freedom had remained the same. In Model 2, the 

variables Radiation, Total Precipitation, and Pressure were included. In this model, the adjusted 

R2 value was also 29%, although the Akaike criterion had decreased to 1,476.467 with 80 

degrees of freedom. In Model 3, the Atmospheric Pressure variable was removed, resulting in 

an adjusted R2 value of 30% and an Akaike value of 1,474.478 for 81 degrees of freedom. And 

lastly, Model 4 considered only the meteorological variable Radiation, obtaining an adjusted 

R2 of 29% with an Akaike of 1,476.576 with 82 degrees of freedom.  

Thus, Model 3 showed best-fitted values, presenting the lowest Akaike value. The 

variables radiation and precipitation thus were responsible for explaining 30% of the monthly 

cyanobacteria biomass variation between 2010 and 2016 in the Guarapiranga Reservoir.   

For correlating meteorological variables with cyanobacteria variation at collection point 

GU 104 (Table 4), Model 1 was composed of atmospheric variables Solar Radiation, Average 

Wind Speed and Total Precipitation, for presenting the highest correlation values. In this model, 

the adjusted R2 result was 14% and the Akaike criterion was -211.0361 for 80 degrees of 

freedom.  

Table 4. Multiple Linear Regression Results for point GU104. 

GU104_log 

  DF AIC F-Statistic R² Adjusted p Value 

Model 1 80 -211,0361 5.686 0.1448 1.40E-03 

Model 2 81 -213,0262 8.63 0.1553 4.00E-04 

Model 3 82 -214,974 17.41 0.1651 7.45E-05 

*DF, Degree of Freedom; AIC Akaike information criterion. 

In Model 2, the variable Precipitation was removed and the adjusted R2 values was 15% 

and the Akaike criterion was -213.0262 with 81 degrees of freedom. The better model for the 

collection point was Model 3, composed only of the variable Solar Radiation, which showed an 

adjusted R2 result of 16% with an Akaike criterion of -214.974 and 82 degrees of freedom, 
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explaining that 16% of the cyanobacteria biomass variations at this point are due only to the 

variation in radiation. 

The results of the regression model between cyanobacteria blooms and atmospheric 

variables indicated that the main atmospheric component that influenced the concentration of 

cyanobacteria was Radiation, explaining 16% of bloom occurrence during the study period 

around GU 104. At point GU 101, Radiation combined with Precipitation explained around 

30% of the cases of cyanobacteria proliferation in the period. The data reinforce results of other 

studies in which Radiation and Rainfall proved to be important components for the proliferation 

of toxic algae (Oliveira et al., 2014; Faria et al., 2013; Gil-Gill et al., 2011). Radiation is 

important for photosynthesis. Rainfall in principle should dilute the contaminants in the water 

and increase dissolved oxygen (DO). However, in very urbanized neighborhoods without 

proper street cleaning and waste collection, runoff brings much organic matter into the 

reservoir, becoming a predisposing factor for cyanobacteria biomass blooms. The same effect 

is caused by rural lots with use of fertilizers that still exist in the Guarapiranga watershed.  

Cyanobacterial blooms occur in reservoirs worldwide, but in greater proportion in areas 

with poorer sanitary conditions or with inadequate treatment of effluents (Oliver, et al., 2019). 

Those conditions are the primary cause of cyanobacteria biomass blooms, but radiation and 

higher temperatures represent important secondary factors. In Poland, summer blooms made 

shallow reservoirs particularly susceptible to eutrophication (Istvanovics et al., 2014). A study 

in Recife, Brazil also indicated that blooms occurred in the dry hot season (Oliveira et al., 2014). 

Besides, cyanobacteria blooms can increase the local temperature of water, due to the intense 

absorption of light. In China, the main environmental parameter that influenced blooms was 

water temperature (Zhao et al., 2013; Wu et al. 2017). The summer period was also related to 

an increase in blooms in China (Xu et al., 1992) and in Poland (Kozak et al., 2017). Another 

study (Henry and Santos, 2008) indicated that a temperature of 25ºC was most favorable for the 

excretion of ammonia and phosphorus by Chironomus larvae, which can be an indicator of 

increased eutrophication of the reservoir during summer, leading to increase in blooms in the 

water body. In the State of New York, USA, a larger quantity of algae was found in the fall and 

summer (Effler et al., 2006). Also, in the northern hemisphere, a larger cyanotoxin biomass 

volume was detected at the end of fall in Portugal (Morais et al., 2010) and in China (Sun et 

al., 2009). At the Guarapiranga watershed, air temperatures are more homogeneous when 

compared to the watersheds in temperate climates, such as in China and the US. The same 

applies to water temperature that can be adequate for cyanobacterial biomass growth year-

round. On the other hand, this study indicated the influence of radiation and precipitation as 

important environmental parameters in tropical/subtropical climates.   

In our study, the multiple regression model was capable of explaining around 30% of the 

algae proliferations. However, it was based on variable data grouped by month. The monthly 

grouping of data might represent a limitation, because it diminishes the observations available 

for correlation analyses. Despite this, the study reinforced that toxic algae proliferations in 

reservoir basins under anthropic pressure, among multifactorial causes, have important 

meteorological components.  

4. CONCLUSIONS  

There are notable influences of meteorological variables on algae biomass blooms, which 

may differ depending on the location and on the species studied. These findings enrich findings 

of former investigations and reinforce the need for further studies regarding the modelling of 

future scenarios of toxic algae proliferation throughout the world under global warming 

forecasts and for the evaluation of future health threats. The study also points to the need for 

global warming prevention and for water pollution control via implementation of adequate 

sanitary infrastructure and services in subnormal housing settlements, in order to protect the 
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aquatic resources that are so crucial for urban development and environmental health.  
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ABSTRACT  
The study assessed the trophic state of three lakes used as fish farms in the region of Junín-

Peru, under different hydrological conditions. Surface water samples were collected from three 

points at each lake in 2018 during the rainy (March-April) and dry (June-July) seasons. Total 

phosphorus, turbidity, and chlorophyll-a (Chl-a) were measured. Trophic indexes (TSI Chl-a, 

and TSI TP) were also computed. The water trophic state categorization was performed by 

adapting and calculating the Trophic State Index (TSI). The TSI (TP) classified the three lakes 

in both seasons (rainy and dry) as mesotrophic (30 < TSI ≤ 60). Pomacocha and Tipicocha were 

classified as eutropic (60 < TSI ≤ 90) in the two seasons according to TSI (Chl a), while Tranca 

Grande was classified as mesotrophic (also two seasons). The results for TSI showed a 

predominance of eutrophic and mesotrophic conditions in all lakes used as fish farms. 

Keywords: chlorophyll-a, lakes, Perú, total phosphorus, Trophic state index.  

Concentração de nutrientes e estado trófico de três lagos andinos em 

Junín, Peru 

RESUMO 
O estudo tem como objetivo avaliar o estado trófico de três lagos utilizados com 

piscicultura na região Junín-Peru, sob diferentes condições hidrológicas. Amostras de água 

superficial foram coletadas em três pontos em cada lago em 2018 nas estações chuvosa (março-

abril) e seca (junho-julho). Foram medidos fósforo total, turbidez e clorofila-a (Chl-a). Além 

disso, os índices tróficos (TSI chl-a e TSI TP) foram calculados. A categorização do estado 

trófico da água foi realizada por meio da adaptação e cálculo do Índice de estado trófico (TSI). 

O TSI (TP) classificou os três lagos em ambas as estações (chuvosa e seca) como mesotróficos 

(30 < TSI ≤ 60). Pomacocha e Tipicocha foram classificados como eutrofóficos (60 < TSI ≤ 
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90) nas duas estações de acordo com a TSI (Chl a), enquanto Tranca Grande foi classificada 

como mesotrófico (também duas estações). Os resultados para TSI mostraram predominância 

de condições eutróficas e mesotróficas em todos os lagos utilizados para a produção de peixes. 

Palavras-chave: clorofila-a, fósforo total, índice de estado trófico, lagoas, Perú. 

1. INTRODUCTION 

Eutrophication is a complex process in which lakes, rivers and coastal waters receive 

enormous quantities of nutrients (especially phosphorus and nitrogen) and sediments that may 

cause accelerated growth of algae and other forms of plant life, which produces a disturbance 

in the aquatic system (Newman, 2005). It is mainly caused by agricultural activities, animal 

feedlots, sewage water, factories, air pollution and urban areas that release nutrients, which are 

washed into water ecosystems (Honkanen and Helminen, 2000). Fish farming is also considered 

an important nutrient source (Honkanen and Helminen, 2000). For example, Jia et al. (2015) 

showed that the use of fish feed and water-purification reagents introduced phosphorus and 

large quantities of sand-sized minerals such as quartz into the lake, which produced 

eutrophication. Nordvarg (2001) used predictive models for evaluating eutrophication effects 

of fish farms in lakes from Sweden and concluded that fish farms increased concentrations of 

dissolved and total phosphorus, total nitrogen, and chlorophyll. Likewise, Mustapha (2014) 

reported that eutrophication increased dissolved oxygen depletion, leading to negative impacts 

on fish growth and production and caused high mortality rates. Smith (2003) examined how 

eutrophication influences the biomass and species composition of algae in both coastal marine 

systems and freshwater, concluding that eutrophication causes predictable increases of biomass 

of algae in lakes, streams, rivers, wetlands, reservoirs, and coastal marine ecosystems.  

In estuarine systems (lakes), the eutrophication process has been usually assessed through 

the determination of trophic state and their categorization into oligotrophic, mesotrophic, or 

eutrophic systems (Naumann, 1927). Common symptoms of additional nutrients include 

excessive growth of planktonic and benthic algaes, macrophytes, large pH changes, high 

turbidity, hypoxia and/or anoxia events, and brown or green water coloration (Adamovich et 

al., 2019; Brugnoli et al., 2019; Paula Filho et al., 2020; Schindler et al., 2008). The 

oligotrophic system is characterized by reduced content nutrients, low growth of algae, 

drinkable and clear water (Margalef, 1983). Mesotrophic systems present a medium level of 

nutrients with clear waters and the presence of submerged aquatic plants, while eutrophic 

systems present high levels of nutrients, representing a serious water-quality challenge 

(Carlson, 1977).  

Environmental factors, such as dissolved inorganic nutrients (nitrite, nitrate, 

orthophosphate, ammonium), algal biomass (chlorophyll-a) and water-transparency status are 

frequently used to describe eutrophication process (Brugnoli et al., 2019). Likewise, the trophic 

condition can be assessed by means of unimetric and/or multimetric indexes based on the 

arithmetical combination of these factors. Unimetric indexes use factors related to water-quality 

monitoring, employing algorithms or a reference previously established. Nonetheless, 

multimetric indices provide a better approximation to assess both spatial or temporal aspects of 

trophic state, and are recommended because they consider biomass production, nutrient 

enrichment, and oxygen content as factors reflecting the main effects and causes of the 

eutrophication. The Trophic State Index (TSI) has been used for assessing trophic states on 

different lakes of South America, Europe, North America, and Asia. 

Because of the above, this study assessed the nutrient- and current trophic status of three 

lakes used to breed rainbow trout and the need for conservation actions. 
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2. MATERIALS AND METHODS 

2.1. Study area 

Three lakes that were used as fish farms: i) Pomacocha Lake (473139 E, 8697593 N); ii) 

Tranca Grande Lake (474549 E, 8703971 N), and iii) Tipicocha Lake (475976 E, 8701280 N) 

(Figure 1). Table 1 presents some parameters of each lake in the study. 

 
Figure 1. Locations of three lakes used as fish farms. Red points symbolize sampling place.  

Table 1. Main parameters of lakes used as fish farms in the 

Region Junin Peru. 

Parameters Pomacocha Tranca Grande Tipicocha 

Height (m.a.s.l) 4310 4351 4333 

Area (Ha) 120 164 90 

Depth (m) 9 25 10 

The catchment areas of all of the assessed lakes are used by farmers to breed sheep, cattle, 

and camelids. In addition, in 1996, rainbow trout farming began in floating cages. The trout are 

fed with pelletized food. Therefore, both food waste and fecal residue from animals contribute 

an important quantity of nutrients for each lake system, producing eutrophication (Mariano et 

al., 2010).  

2.2. Sample collection and processing 

In total, eighteen samples were collected at the different points set with GPS in two 

campaigns carried out in 2018: nine samples (three samples at each lake) during the dry season 
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(June-July), and nine samples (three samples at each lake) during the rainy season (March-

April). Samples were collected, refrigerated at 4°C (ANA and MINAGRI, 2016), and 

transferred to the Water Research Laboratory of the National University of Peru. Total 

phosphorus concentration (TP), chlorophyll-a (Chl-a) content and turbidity (NTU) were 

measured. 

2.3. Laboratory analysis 

Turbidity (NTU) of the samples was measured using a Hanna 93702 portable turbidimeter. 

Chlorophyll a (chl a)concentrations (µg/L) were measured by spectrophotometry after 

extraction in 2:1 chloroform-methanol according to American Public Health Association 

(APHA) method 10,200 H (APHA et al., 2017) using a FluorPen FP 110 digital fluorometer 

equipped with two blue and red LED emitters that offer intensities up to                                                    

3000 mol (photon)/m-2.s-1. Prior to the measurement of fluorescence emission, the instrument 

parameters were set and calibrated. Subsequently, the average of the results was determined by 

the trophic state index – Chlorophyll a TSI (Chl a) of each lake was determined. Determination 

of total phosphorus (TP) was determined by ascorbic acid following current APHA procedures 

using a LOVIBOND Maxidirect MD600 digital photometer at 660 nm with detectable test 

range of 0.02 – 1.1 mg/L. The average obtained of these measurements were used posteriorly 

to calculate the trophic state index – total phosphorus TSI (TP) for each lake. 

2.4. Determination of Trophic state index (TSI) for water samples 

Trophic state index was computed to determine the trophic state. The trophic index applied 

was the trophic state index (TSI) proposed by Carlson (1977), considering trophic state index 

– Chlorophyll a TSI (Chl a) (µg L-1) in and trophic state index – total phosphorus TSI (TP)             

(µg L-1 P) using Equations 1 and 2, according to Carlson and Simpson (1996). The values of 

both indexes were determined and categorized according to Table 2. 

𝑇𝑆𝐼 (𝐶ℎ𝑙 𝑎) = 9.81 ∗𝑙𝑛 𝑙𝑛 (𝐶ℎ𝑙 𝑎) + 30.6 (𝑟𝑎𝑛𝑔𝑒 𝐶ℎ𝑙 𝑎 = 0.04 − 1180 µ𝑔𝐿−1)      (1) 

𝑇𝑆𝐼 (𝑇𝑃) = 14.42 ∗𝑙𝑛 𝑙𝑛 (𝑇𝑃) + 4.15 (𝑟𝑎𝑛𝑔𝑒 𝑇𝑃 = 0.75 − 768 µ𝑔𝐿−1𝑃)       (2) 

Table 2. Trophic state index (TSI) scale according (Carlson, 1977). 

Chl a (µg L-1) Total phosphorus (µg L-1) TSI Trophic state 

0.04 - 0.94 0.75 - 6 TSI ≤ 30 Oligotrophic 

2.6 - 20 12 - 48 30 < TSI ≤ 60 Mesotrophic 

56 - 427 96 - 384 60 < TSI ≤ 90 Eutrophic 

1183 768 TSI > 100 Hypertrophic 

The R Project free software was employed for data analysis (R Team Core, 2019). To 

examine interlake differences, the t-test and one-way Analysis of Variance (ANOVA) and 

Tukey post-hoc test were used, to a confidence interval of 95%. 

3. RESULTS 

Table 3 presents the quality parameters of the water measured at each lake during the dry 

and wet seasons. Pomacocha Lake showed slightly higher concentrations of TP, Chl a, TSI (Chl 

a), and TSI (TP) in the dry season than the rainy season. In contrast, only Chl a and TSI (Chl 

a) showed slightly high concentrations during the dry season in Tranca Grande Lake. In 

Tipicocha Lake, most parameters (except turbidity) showed higher concentrations during the 

dry season than during the rainy season. The TSI (Chl a) and TSI (TP) for the three lakes 

showed no significant differences (p<0.05) for both seasons (Table 3). 
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Table 3. Water-quality parameters of Lakes Pomacocha, Tranca Grande, and Tipicocha 

according to the sampling season. 

Lake/water quality parameter Rainy Season Dry Season 

Pomacocha (473139 E - 8697593 N) 

Temperature (°C) 9.3 ± 0.8 a (A) 15.5 ± 0.4 b (A) 

pH 8.9 ± 1.4 a (A) 7.3 ± 0.4 a (A) 

Conductivity (µS/cm) 24.7 ± 4 a (A) 4.6 ± 1.3 b (A) 

TP (ug L-1) 21 ± 8.4 a (A) 24 ± 2 a (A) 

Chl a (ug L-1) 29.5 ± 3.1 a (A) 35 ± 2.0 b (A) 

Turbidity (NTU) 10.18 ± 0.81 a (A) 7.3 ± 1.61 b (A) 

TSI (Chl a) 63 ± 5.1 (eutrophic) a (A) 64 ± 5.0 (eutrophic) a (A) 

TSI (TP) 47 ± 5.1 (mesotrophic) a (A) 50 ± 5.8 (mesotrophic) a (A) 

Tranca Grande (474549 E - 8703971 N) 
 

Temperature (°C) 13.1 ± 0.8 a (B) 16.6 ± 0.9 b (B) 

pH 7.7 ± 0.2 a (B) 9.2 ± 0.1 b (B) 

Conductivity (µS/cm) 119 ± 28 a (B) 4.7 ± 3.1 b (A) 

TP (ug L-1) 20 ± 1 a (A) 22 ± 1 a (A) 

Chl a (ug L-1) 6 ± 0.5 a (B) 6.5 ± 1.2 a (B) 

Turbidity (NTU) 9.63 ± 1.1 a (A) 7.7 ± 1.01 b (A) 

TSI (Chl a) 49 ± 5.5 (mesotrophic) a (B) 50 ± 5.8 (mesotrophic) a (B) 

TSI (TP) 47 ± 5.13 (mesotrophic) a (A) 47 ± 5.1 (mesotrophic) a (A) 

Tipicocha (475976 E - 8701280 N) 

Temperature (°C) 11.9 ± 1.4 a (B) 15.6 ± 0.5 b (A) 

pH 8.9 ± 0.4 a (B) 8.0 ± 0.3 a (A) 

Conductivity (µS/cm) 112 ± 29 a (B) 4.9 ± 1.5 b (A) 

TP (ug L-1) 21 ± 3 a (A) 23 ± 2 a (A) 

Chl a (ug L-1) 18.5 ± 0.7 a (C) 23.5 ± 0.6 b (C) 

Turbidity (NTU) 9.83 ± 0.4 a (A) 7.8 ± 3.1 b (A) 

TSI (Chl a) 59 ± 5.5 (eutrophic) a (A) 61 ± 5.5 (eutrophic) a (A) 

TSI (TP) 47 ± 5.1 (mesotrophic) a (A) 51 ± 5.5 (mesotrophic) a (A) 

TP: total phosphorus; Chl a: chloropyll a; TSI (chl a): trophic state index of chlorophyll a; 

TSI (TP): trophic state index of total phosphorus. aValues (t-test) on each horizontal line 

followed by the same letter do not differ significantly (p<0.05). (A) Values (ANOVA test) 

on each vertical line followed by the same letter do not differ significantly (p<0.05). 

Among the lakes and for both seasons, Pomacocha (RS: 63 ± 5.1 and DS: 64.00 ± 5.0) 

presented higher concentration values of TSI (Chl a) than Tranca Grande (RS: 49 ± 5.5 and DS: 

50.00 ± 5.8) and Tipicocha (RS: 59 ± 5.5 and DS: 61.00 ± 5.5). No significant differences 

(p<0.05) were found for both seasons and for the three lakes for TSI (TP) values. In contrast, a 

significant difference (p>0.05) was observed between Tranca Grande and the other lakes 

(Pomacocha and Tipicocha) during both seasons for TSI (Chl a) concentrations (Table 3). 

The Peruvian Environmental quality standard (ECA) from the Ministry of Environment 

(MINAM) set a value of 8.0 µg L-1 for chlorophyll-a in lakes and lagoons (category 4: 

conservation of the aquatic environment) (Peru, 2017). In Table 3, it is observed that 

Pomacocha Lake (64 µg L-1) and Tipicocha Lake (60 µg L-1) both exceed the ECA value (8.0 

µg L-1). In contrast, it is noted that Tranca Grande Lake (6.25 µg L-1) does not exceed the value 

established by ECA.  

4. DISCUSSION 

Water temperature among the lakes and seasons varied slightly. Temperature ranged from 

9.3°C to 16.6°C. These small differences can be explained by different locations and altitudes. 
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Similarly, pH varied slightly in lakes and seasons. Pomacocha and Tranca Grande Lakes 

showed lower pH values in the dry season (pH=7.3) and rainy season (pH=7.7). Turbidity 

(NTU) was measured to describe water clarity. Surface turbidity values in all three lakes ranged 

from 9.63 to 10.18 NTU in the rainy season and from 7.3 to 7.8 NTU in the dry season. Higher 

values in the rainy season can be explained because during this season algae development is 

limited by the dilution of algal particles in the water column because of rainfall. Likewise, mean 

surface conductivity ranged from 24.7 µS/cm to 119 µS/cm in the rainy season, and from 4.6 

µS/cm to 4.9 µS/cm in the dry season. Rainy season lixiviated a lot of minerals from soil, which 

were discharged in water ecosystems.  

Phosphorus concentrations in all lakes and during both seasons ranged from 20 to 24 µg/L 

(Table 3). Likewise, no significant differences (p < 0.05) were observed among lakes and 

seasons. Phosphorus (P) is an essential nutrient for plant and animal life, but when there is too 

much of it in aquatic environments it can accelerate eutrophication. Mariano et al. (2010) for 

the period 2002 to 2007 reported similar phosphorus concentrations for Tranca Grande (27 ± 

2.05 µg/L), but higher phosphorus concentrations for Pomacocha (98 ± 34 µg/L) and Tipicocha 

(146 ± 5.0 µg/L) Lakes. In our study, the minor concentration of phosphorus found in both lakes 

may be attributed to the fact that both lakes were not used as much for farming fish in floating 

cages because there was a massive mortality of trout in Tipicocha (Peru, 2005). Likewise, when 

surface water samples were collected, abandoned floating cages were observed in Pomacocha 

by the researchers. Other factors that could have influenced phosphorus decrease may be natural 

restoration, sample collections far from the floating cages, and reduction in the external 

phosphorus load. Janssen et al. (2019) reported that restoration of deteriorated lakes critically 

depends on heterogeneity in nutrient loading and hydrology, with nutrient reduction being more 

effective. Likewise, Copetti et al. (2017) found restoration of Lake Pusiano (Southern Alps) as 

a consequence of external phosphorus load reduction. 

A study carried out by Robertson et al. (2003) in Muskellunge Lake, Wisconsin, reported 

that phosphorus concentrations ranged from 20 to 80 µg/L. Vystavna et al. (2017) reported a 

long-term variation of total phosphorus concentrations measured over 53 years (1963-2015) in 

the Slapy Reservoir, Czechia, which ranged 10 to 118 µg/L. Soil erosion is considered a main 

contributor (especially during floods) of phosphorus to streams, lakes, or other water bodies 

(Eger et al., 2018). However, agricultural activities, organic wastes in sewage, industrial 

discharges, cattle manure, construction sites, and urban areas can also contribute phosphorus 

(Reid et al., 2018).  

Lower phosphorus concentrations compared to both works described above may be 

attributed to the fact that livestock such as sheep and camelids are found around these places. 

Likewise, soil erosion and fish feed probably influenced phosphorus concentrations. For 

example, Jia et al. (2015) reported that fish feed introduces phosphorus into the water 

ecosystem.  

Pomacocha Lake (RS: 29.5 ± 3.1 µg/L and DS: 35.0 ± 2.0 µg/L) presented higher 

Chlorophyll a (Chl a) concentrations than Tranca Grande (RS: 6.0 ± 0.5 µg/L and DS: 6.5 ± 

1.2 µg/L) and Tipicocha Lakes (RS: 29.5 ± 3.1 µg/L and DS: 29.5 ± 3.1 µg/L) for both seasons. 

Also, significant differences (p > 0.05) were found among lakes and seasons. Chlorophyll 

(chlorophyll a, algal biovolume, organic weight, organic carbon, ATP, total dry weight, and 

turbidity) is the main estimator of phytoplankton biomass (Carlson, 2007). Phytoplankton 

growth in lakes is basically restricted by light conditions and the quantity of nutrients (Li et al., 

2017). Therefore, the higher chl a concentration found in Pomacocha is probably related to 

elevated nutrient concentration (total phosphorus) (Table 3). Filstrup and Downing (2017) 

reported an increase of Chl a when total phosphorus concentration was increased (positive 

correlation, r2 = 0.84). Similarly, Magumba et al. (2013) suggested that the concentration of 

Chl a could be controlled by controlling the concentration of TP. Turbidity estimates the density 
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of algal particles contained in water ecosystems. As seen in Table 3, Pomacocha also presented 

higher values of turbidity compared to Tranca Grande and Tipicocha Lakes. Likewise, an 

increase of turbidity in the rainy seasons was noted. An increase in water levels does not cause 

dilution of nutrients such as phosphorus. According to the literature, nutrient enrichment during 

flood periods was observed in shallow lakes (Rennella and Quirós, 2014; Sosnovsky and 

Quirós, 2006), high Andean lakes (Aranguren-Riaño et al., 2018; Baigún et al., 2006) and other 

water bodies (Chamoglou et al., 2018; Newman, 2005). Elevated concentrations of 

phytoplankton caused the water to appear turbid, causing decreased water clarity and 

posteriorly occasioning eutrophic lakes. 

Arbuckle and Downing (2001), reported that livestock kept on the shores of lakes 

contributed to an increase in chlorophyll-a, while Jeppesen et al. (1999) mentioned that when 

water volume falls, the internal load of phosphates and the rate of mineralization increase, but 

hydric balance is negative. This phenomenon is more noticeable during the dry season, where 

higher concentrations of nutrients and algae biomass are presented. In contrast, lower 

concentrations from nutrients and algae biomass occur during the rainy season. 

Human activities also increase substantially in the lakes, affecting and varying physical, 

chemical, and biological parameters. This may partially explain the difference found in 

phosphate and chlorophyll-a concentrations measured in the lentic resources studied. Since a 

higher concentration of phosphorus allows higher production of algae biomass; therefore, 

chlorophyll concentration will be greater (Sheffer et al., 1993). 

The TSI (TP), classified all lakes during both seasons as mesotrophic, while TSI (Chl a) 

classified Pomacocha and Tipicocha for both seasons as eutrophic and Tranca Grande as 

mesotrophic (during both seasons). Previous studies reported differences in the Trophic State 

Index (TSI) when computed with two (TP and Chl a) or more variables (TP, Chl a, and Secchi 

disk) (Brugnoli et al., 2019; Coelho et al., 2007). Carlson and Simpson, (1996) noted that TSI 

values calculated with two or more variables caused discrepancies when establishing the trophic 

state in a water ecosystem. Coelho et al. (2007) and Rakocevic-Nedovic and Hollert (2005) 

reported differences in TSI values in the lakes of Foz de Almargem (Algarve, South Portugal) 

and Skadar (Montenegro, Balkan), respectively. In our case, the TSI (Chl a) being higher than 

TSI (TP) would indicate a system with a limiting factor for TP. In this case, chlorophyll a may 

be considered a better predictor of algal biomass than either of the other indices.  

5. CONCLUSION 

This study assessed the trophic states of three lakes used as fish farms using the Trophic 

State Index (TSI). Mesotrophic and eutrophic states were found among the lakes. TSI (TP) 

showed mesotrophic state for all lakes during the two seasons studied, while TSI (Chl a) showed 

two lakes in eutrophic states (Pomacocha and Tipicocha), while Tranca Grande maintained a 

mesotrophic state. 

Fish farming can have a negative impact on lake ecosystems, because of the accumulation 

of organic matter from excreta and phosphorus from fish food, among other things.   
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ABSTRACT  
This study evaluated the impact of fulvic acid and free amino acids on paclobutrazol soil 

residue, their absorption and effects on ‘Keitt’ mango grown in tropical semi-arid 

environmental conditions. The experiment was carried out from 2017 to 2018 simultaneously 

in two orchards with the same plants and management characteristics, located in Cabrobó, 

Pernambuco, Brazil. The experimental design was randomized blocks with four treatments, five 

replications and four plants per replication. The treatments consisted of paclobutrazol 

combinations with acid fulvic and free amino acids, as follows: Treatment 1: paclobutrazol + 

water (control); Treatment 2: paclobutrazol + fulvic acids; Treatment 3: paclobutrazol + free 

amino acids; and Treatment 4: paclobutrazol + fulvic acids + free amino acids. According to 

the results, the use of fulvic acids, free amino acids or both affects the paclobutrazol absorption 

by 'Keitt' mango. The addition of fulvic acid to the paclobutrazol improves the absorption of 

this molecule by the plant, with greater inhibition of vegetative growth of 'Keitt' mango and 

lower soil residues. 

Keywords: Mangifera indica L., PBZ, soil contamination. 

Impacto de ácido fúlvico e aminoácidos livres na absorção do 

paclobutrazol pela mangueira 'Keitt' 

RESUMO 
O objetivo deste estudo foi avaliar o impacto do ácido fúlvico e dos aminoácidos livres no 

resíduo de paclobutrazol no solo, absorção dessa molécula e seus efeitos sobre a mangueira 

'Keitt' cultivada em condições do semiárido tropical. O experimento foi realizado de 2017 a 

2018 simultaneamente em dois pomares com as mesmas plantas e características de manejo 

localizados em Cabrobó, Pernambuco, Brasil. O delineamento experimental foi em blocos ao 

acaso, com quatro tratamentos, cinco repetições e quatro plantas por repetição. Os tratamentos 

consistiram de combinações de paclobutrazol com ácido fúlvico e aminoácidos livres, sendo: 

Tratamento 1: paclobutrazol + água (controle); Tratamento 2: paclobutrazol + ácidos fúlvicos; 
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Tratamento 3: paclobutrazol + aminoácidos livres; e Tratamento 4: paclobutrazol + ácidos 

fúlvicos + aminoácidos livres. De acordo com os resultados, o uso de ácidos fúlvicos, 

aminoácidos livres ou ambos afetam a absorção de paclobutrazol pela manga 'Keitt'. A adição 

de ácido fúlvico ao paclobutrazol melhora a absorção desta molécula pela planta, com maior 

inibição do crescimento vegetativo da manga 'Keitt' e menores resíduos do solo. 

Palavras-chave: contaminação do solo, Mangifera indica L., PBZ, substâncias húmicas. 

1. INTRODUCTION 

The São Francisco Valley, situated in the Brazilian semiarid, presents ideal climatic 

conditions for growing mangoes, but it must be associated with adequate management practices 

for soil fertility, irrigation, pruning and the use of plant-growth regulators (Mouco et al., 2010; 

Santos et al., 2019). One important mango cultivar for São Francisco Valley is ‘Keitt’, which 

is grown for exportation and, according to Genú and Pinto (2002), is a very productive plant, 

with typical growth represented by open and arched branches and leaves facing the base of the 

branches, promoting an irregular canopy shape. Thus, for this mango cultivar, the use of 

paclobutrazol (PBZ) has been usual. 

PBZ is a plant growth regulator commonly used in mango production systems in semi-arid 

conditions (Carneiro et al., 2017; Oldoni et al., 2018; Cavalcante et al., 2018) to inhibit 

gibberellin biosynthesis and promote a better flowering uniformity (Srivastav et al., 2010). 

The mechanism for PBZ absorption presents difficulties, due to its low solubility in water, 

low soil mobility and for reversibly binding to the plant vascular system and to the soil (Lever, 

1986). However, PBZ can interact with soil organic matter, due to the presence of ionic 

(hydrophilic) groups that have high charge densities (OH and triazole groups), and apolar 

(hydrophobic) groups related to the long carbon chains in their fractions (Milfont, 2008). 

In the mango production system, PBZ is applied via soil dilution in water (soil drench) or 

directly applied in the canopy projection via the fertigation system, which is justified by the 

greater efficiency of the molecule applied in the soil instead of the foliar application (Mouco et 

al., 2011). However, the continuous use of PBZ year after year can contaminate soil and water 

resources (Silva et al., 2017), as well as negatively affect mango tree growth and development, 

excessively reducing branch growth and diameter (Cavalcante et al., 2020), and consequently 

the fruit production capacity of the plant, if the residue of previous applications are not 

considered (Vaz et al., 2015). 

Thus, the use of organic molecules that can increase PBZ absorption and reduce the residue 

that remains in the soil with its continuous use can improve PBZ absorption efficiency, reduce 

its dose and, consequently, cause less risks to the environment and to the mango industry. 

Among these organic sources, amino acids and their analogues could be used, since they have 

agricultural applications as complexing substances for higher efficiency of ion and molecule 

absorption, due to better membrane permeability (Castro and Carvalho, 2014). 

Another organic source with potential use are humic substances (SHs) that induce the H + 

-ATPase activity that provides energy to the secondary ion carriers and promote nutrient 

absorption (Canellas et al., 2015), activate ion metabolism and transport of different substances 

(Jannin et al., 2012). They also stimulate protein synthesis, photosynthesis, enzymatic activity, 

macro- and micronutrient solubilization, microbial activity and promote hormone-like effects 

(Seyedbagheri, 2010). Fulvic acids, particularly, have a lower molecular mass, due to their 

higher content of hydrophilic components and they are considered the most bioactive fraction 

of the humic substances (Nardi et al., 2007). 

This study evaluated the impact of fulvic acid and free amino acids on paclobutrazol soil 

residue and their absorption and effects on ‘Keitt’ mango grown in tropical semi-arid 

environmental conditions. 
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2. MATERIAL AND METHODS 

2.1. Characterization of the study area 

Two and one half years-old mango (Mangifera indica L.) plants, of the Keitt cultivar, with 

uniform size and vigor in the first production cycle were used in this study. The experiment was 

accomplished from 2017 to 2018 in an experimental orchard located in Cabrobó (08°31’ S and 

39º26’ W; at an altitude of 331 m above sea level), in Pernambuco, Brazil. The climate of this 

region is classified as Bswh (Köeppen), which corresponds to a semi-arid region. During the 

experiment, average air temperature and relative humidity ranged from 24.2ºC to 29.4ºC and 

from 57.8% and 79.2%, respectively, with accumulated precipitation of 463 mm year-1. 

The experiment was carried out simultaneously in two orchards with the same plant and 

management characteristics, in an experimental unit of 7.056 m2. The physical and chemical 

characteristics of the both soil orchards are described in Table 1. 

Table 1. Chemical and physical characteristics of the soil in the ‘Keitt’ mango orchards studied. 

Orchard Soil Layer pH (in water) P K+ Na+ Ca2+ Mg2+ Al3+ H + Al SB V 

 M  mg.dm-³ cmolc.dm-³ % 

1 
0.0 - 0.2 4.94 66.62 0.41 1.22 2.52 1.43 0.35 4.29 5.58 56.55 

0.2 - 0.4 5.33 31.22 0.31 1.13 2.91 1.91 0.25 3.05 6.26 67.21 

2 
0.0 - 0.2 5.37 70.62 0.36 0.78 3.20 1.65 0.08 3.05 5.99 66.25 

0.2 - 0.4 6.22 44.28 0.64 1.70 3.06 1.92 0.08 1.98 7.31 78.70 

Orchard Soil layer CEC (pH7) OM FA HA HU E.C. Sand Clay Silt Texture 

 M cmolc.dm-³ g.kg-1 dS.m-1 dag.kg-1 

1 
0.0 - 0.2 9.87 11.13 0.03 1.44 4.45 0.06 51.13 15.90 32.97 Loam 

0.2 - 0.4 9.31 10.68 1.01 1.30 4.02 0.07 48.32 18.10 33.58 Loam 

2 
0.0 - 0.2 9.04 13.13 0.07 1.61 4.95 0.15 48.94 14.10 36.96 Loam 

0.2 - 0.4 9.29 9.68 0.84 1.62 5.53 0.17 54.81 16.40 28.79 Sand Loam 

SB = sum of bases (Ca2+ + Mg2+ + Na+ + K+); OM = Organic matter; CEC = cationic exchangeable 

capacity [Ca2+ + Mg2+ + Na+ + K+ + (H+ + Al3+)]; E.C. = electrical conductivity; P, K: Melich-1; H + 

Al: calcium acetate (extractor) 0.5M, pH 7; Al, Ca, Mg: KCl 1 M extractor. 

For chemical characterization, the values of electrical conductivity in the saturation paste 

extract (E.C.), pH (H2O), potential acidity (H + Al), exchangeable acidity (Al3+) and total 

organic matter (OM), potassium (K+), calcium (Ca2+), magnesium (Mg2+) and phosphorus (P) 

were determined, according to the methodology proposed by Silva (2009). The fractionation of 

humic substances was carried out according to the method suggested by the International Humic 

Substances Society (Swift, 1996). From this fractionation, the fractions of fulvic acids (FA), 

humic acids (HA) and humines (HU) were obtained, based on the solubility in acidic or alkaline 

solutions. Physical analyses were done by granulometry, determined by the pipette method 

(Donagema et al., 2011). 

The plants, spaced with 4.0 m between the rows and 2.0 m between the plants, were drip-

irrigated daily, with four emitters per plant, for a flow of nearly 2 L h-1 for each emitter. All 

management practices such as pruning, control of weeds, pests and diseases, plant growth 

regulators for gibberellin inhibition (paclobutrazol, Cultar®) and dormancy break (calcium 

nitrate and potassium nitrate) were performed following the instructions of Genú and Pinto 

(2002). Nutrient management was performed through a fertirrigation system, according to plant 

demand (Genú and Pinto, 2002). An additional pruning was performed at 27 days after 

paclobutrazol treatment to keep each plant with nearly 100 shoots, and tip pruning was 
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performed to synchronize vegetative flush events in the canopy. 

2.2. Experimental design and application of treatments 

The experiment followed a “randomized blocks” design with four treatments, five 

replications per treatment and four plants per replication. The treatments consisted of 

paclobutrazol (PBZ) combinations with acid fulvic and free amino acids, as follows: T1: PBZ 

+ water (control); T2: PBZ + fulvic acids; T3: PBZ + free amino acids; and T4: PBZ + fulvic 

acids + free amino acids. The control treatment consisted of PBZ application, because under 

tropical semi-arid conditions the mango production system becomes economically viable by 

using this molecule (Genú and Pinto, 2002). 

The PBZ source used was Cultar SC® (25% i.a. paclobutrazol). Treatments were applied 

through the fertigation system once at 30 days after production pruning, when plants presented 

a 2.0m canopy diameter. The sources of the acid fulvic and free amino acids used were, 

respectively: 16 ml per plant of Aminoagro Mol® (10% of  N, 1% of K2O and 8% of total 

organic carbon) and 16 ml per plant of Aminoplus® (11% of  N, 1% of K2O, 6% of total organic 

carbon, and glutamate). The treatments were applied following the recommendations of Genú 

and Pinto (2002) for mango tree and the product manufacturers. 

2.3. Analyzed variables 

PBZ analyses were performed in roots and in the last vegetative flush. Before the 

application of PBZ + organic acids (December 20, 2017), an orchard-soil characterization (OC) 

was carried out, and on later dates seven other evaluations were done, with plant material 

collected between 10:00 am and 11:00 am to standardize the time and minimize any potential 

climate effect. 

The roots up to 4 mm in diameter were collected up to 0.3 m deep and 0.25 m from the 

mango trunk, in the projection of the irrigation system, which consisted of two drip lines (one 

on each side of the plant) parallel to the plant rows, with 0.5 m spacing between the drippers, 

totaling four plants. The last fully expanded vegetative flush was collected from the middle 

third of the four quadrants of the canopy, avoiding necrotic areas due to pest and disease attack. 

The plant material was conducted to the laboratory, where it was washed, air dried (shade 

conditions) and milled in a Willey-type Knife Mill with 0.5 mm sieves. The soil PBZ residue 

was evaluated 272 days after PBZ application (at harvest). A soil sample was collected for each 

replicate of the treatments, from 0 to 0.4 m depth, transported to the laboratory, air dried (shade 

conditions) and then sifted with a 2.0 mm-mesh sieve. 

The residual PBZ analysis was based on the extraction methodology of QuEChERS and 

determination by high performance liquid chromatography (HPLC) confirmed by Silva et al. 

(2017), with adaptations. 

An estimation of PBZ in all plant vegetative flushes was also performed through the 

concentration found in the last vegetative flush of each treatment and at each evaluation date, 

multiplying by the total number of shoots per plant. 

The shoot length (cm) and diameter (mm) were measured every 15 days, from the orchard 

characterization (OC) (December 13, 2017) until 75 days after the beginning of the experiment 

(floral induction), reaching six dates. Ten shoots were marked per plant, distributed by the four 

quadrants in the median portion of the canopy. 

2.4. Statistical analysis 

The data obtained of shoot length and diameter was subjected to the analysis of variance 

(ANOVA). All statistical analyses were performed using the SISVAR and SIGMAPLOT, and 

averages were compared by the Tukey test at p < 0.05. 
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3. RESULTS AND DISCUSSION 

3.1. Paclobutrazol residue in the mango tree 

In Figure 1 are shown the average results of the PBZ residue in roots and in the last 

vegetative flush of the ‘Keitt’ mango in different phenological phases in the two orchards 

studied (Orchard 1 and Orchard 2). 

 
Figure 1. PBZ residue in mango roots [orchard 1 (a); orchard 2 (b)] and in the last vegetative flush 

[orchard 1 (c); orchard 2 (d)] of mango ‘Keitt’ as a function of fulvic acids and free amino acids.T1: 

PBZ + water (control); T2: PBZ + fulvic acids; T3: PBZ + free amino acids; and T4: PBZ + fulvic acids 

+ free amino acids. OC: orchard characterization (12/09/2017); TA: treatment application; SM: shoot 

maturation; WBR: water blade reduction; FI: flowering induction; FF: full flowering; FP: fruit size – 

‘pellet’. 

The PBZ uptake was quite rapid for treatments T1, T2 and T3, because at 10 days after 

PBZ application (DAP) all were above 0.50 mg kg-1, whereas T4 contained less than 0,31 mg 

kg-1 in Orchards 1 and 2, respectively (Fig. 1 a-b). At 30 DAP the PBZ levels of T1, T3 and T4 

remained high and T2 declined. 

PBZ in T2 was more rapidly translocated to the plant aerial part, while the other treatments 

(T1 and T3) continued practically with the same root PBZ amount, and the T4 continued to be 

absorbed slowly because fulvic acids (FA) promoted a greater mobility to PBZ molecules in 

the soil, mainly due to their large specific surface area, high density of loads and smaller size 

(Canellas et al., 2015). 

The negative charges of the humic substances react with the organic compounds containing 

N, in this case with the triazole (PBZ), forming a complex (Sposito, 2008), resulting in less load 

resistance in comparison to the non-complexed molecule. 

It is also necessary to emphasize that the PBZ residue amount in roots is much higher than 
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the concentrations in the last vegetative flush, and even with time elapsing this difference 

persists. 

Despite the low mobility of this molecule, the highest PBZ absorption level occurred 

shortly after its application, since it was directed to the most active root zones through 

fertigation. However, from BWR to FI, root PBZ increased for T1 and T2 in both orchards 

(Figure 1 a-b), which may have been caused by the water potential reduction caused by the 

accumulation of solutes near the root zones (Taiz et al., 2017). However, T3 and T4, both with 

amino acids, did not maintain PBZ available for the plant until 90 DAP, proving to be less 

effective with time elapsing. 

PBZ receives oxygen from the cytochrome P450, avoiding the ent-caurene oxygenation 

(Srivastav et al., 2010). There must be a ratio between the amount of ent-caurenoic acid that is 

not formed and the number of PBZ molecules that are effectively used in inhibiting gibberellin 

formation. 

After the water blade reduction (WBR), the levels of PBZ in the last vegetative flush began 

to decline for all treatments until the 'pellet' fruit size (FP) phase, with values below 0.02 mg 

kg-1. Higher values were reported by Bhattacherjee and Singh (2015) in mango leaves cv. 

Dashehari (0.8 and 1.6 g i.a. plant-1), which promoted 0.32 and 0.56 mg kg-1 at 120 DAP. These 

authors performed fourteen readings from 0 to 360 DAP and on seven reading dates (almost 

totally intercalated), PBZ was not detected in leaves, and the authors attributed this result to the 

molecule biodegradation in leaves or to the reduction of PBZ hydraulic conductivity by leaves. 

Figure 2 contains the PBZ estimation in all last vegetative flushes of the plants. A 

very similar tendency to that recorded for the last vegetative flush (Figure 1 c-d) can be 

observed, because the plants were quite uniform, having approximately 100 productive shoots 

per plant. 

 
Figure 2. PBZ estimation in all last vegetative flushes [orchard 1 (a); orchard 2 (b)] of ‘Keitt’ mango 

as a function of fulvic acids and free amino acids. 

T1: PBZ + water (control); T2: PBZ + fulvic acids; T3: PBZ + free amino acids; and T4: PBZ + 

fulvic acids + free amino acids. OC: orchard characterization (12/09/2017); TA: treatment 

application; SM: shoot maturation; WBR: water-blade reduction; FI: flowering induction; FF: full 

flowering; FP: fruit size – ‘pellet’. 

In spite of the notorious effects of FA on T2, treatment T4, which also has FA, presented 

less efficient results, such as slow root absorption (Figure 1 a-b) and the late peak of PBZ at 30 

DAP (Figure 2 a-b), probably because the FA can react with the amino acids (containing two 

protonatable NH2 groups) by cation exchange and form some complex between them (Baldotto 
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and Baldotto, 2014), resulting in a smaller amount of complexes with PBZ, delaying its soil 

transport, and consequently its absorption, due to the competition for absorption of other 

molecules. 

The best PBZ absorption was promoted by the use of fulvic acid (FA) individually (T2) 

that can be explained by the hydrophobic and hydrophilic interactions between PBZ and organic 

matter (OM), which increases PBZ adsorption (Milfont et al., 2008). Thus, a greater amount of 

PBZ remains available to the plant for longer, because it is translocated along with the OM, 

mainly by FA, since these have lower molecular mass and thus greater ease of movement in the 

soil, near the root zones and inside the plant (Nardi et al., 2007). 

 

3.2. Paclobutrazol residue in soil 

At the end of the experiment, there was a remarkable difference for soil PBZ residue, 

emphasizing that T2 promoted the lowest soil PBZ residue amount (Figure 3). This result 

indicates that T2 promoted an efficient PBZ use and it reduces environmental impacts. 

 

Figure 3. PBZ soil residue [orchard 1 (a); orchard 2 (b)] in orchards of ‘Keitt’ mango as a function 

of fulvic acids and free amino acids, at 272 after treatments. 

T1: PBZ + water (control); T2: PBZ + fulvic acids; T3: PBZ + free amino acids; and T4: PBZ + 

fulvic acids + free amino acids. Bars with the same letters do not differ among themselves by Tukey’s 

test at 5% probability error.  

With the initial increase and final reduction of PBZ levels in the plant, it is possible to 

observe that the PBZ was gradually used during mango phenological phases, then the fastest 

decrease in T2 shows that it was used more rapidly during the shoot maturation phase in both 

orchards (Figure 2), which is quite interesting for the crop, due to the need to accumulate 

carbohydrates as a function of PBZ use (Prasad et al., 2014). 

Another possibility is the effect of humic substances on the stimulation of auxin synthesis, 

responsible for cell expansion and stretching (Trevisan et al., 2010). The expansion is related 

to the synthesis of H+-ATPase pumping protons to form ATP, causing a variation in the 

electrochemical potential, reducing the apoplast pH, making the cell wall more flexible, thereby 

facilitating root growth (Zandonadi et al., 2010 ), mainly lateral roots, which are more important 

for water and nutrient absorption (Caron et al., 2015). This may explain the lower soil PBZ 

residue promoted by the treatments with FA. 

The PBZ remains active in the soil for a long period, but it is affected by the soil type and 

climatic conditions (Costa et al., 2012).  

The soil PBZ residues of the present study were below those found by Bhattacherjee and 

Singh (2015), where 300 days after the application of 0.8 and 1.6 g a.i. PBZ plant-1 detected 

0.01 and 0.03 mg kg-1, respectively, and residue in leaves was detected after 60 days (30 d 

interval measurements), showing that it was translocated more slowly to the shoots than have 
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shown the results of the present study. 

It is emphasized that Bhattacherjee and Singh (2015) applied the PBZ in a soil drench in a 

radial diameter of 1 m from the tree trunk (conventional application), which is significantly less 

effective than the fertigation used in the present study (Souza et al., 2018). Silva et al. (2017) 

evaluated soil PBZ concentrations using the same method of the present study ('QuEChERS' 

and determination by HPLC) and found average values varying from 0.14 to 6.86 mg kg-1 in 

soils with different mango cultivars, finding that ‘Keitt’ orchards presented concentrations from 

1.49 to 0.18 mg kg-1 at 150 DAP, which are higher values than the present study (Figure 3). 

3.3. Shoot vegetative growth of the mango tree 

In relation to the shoot vegetative growth, the PBZ action was very fast, since it presented 

a significant effect at 15 DAP in both orchards, reducing the shoot length of all treatments 

(Figure 4 a-b). However, there were significant differences between T2 and T3 in Orchard 1 

from day 30 onwards, with T2 having the lowest values (Figure 4 a-b).  

 
Figure 4. Shoot length [orchard 1 (a); orchard 2 (b)] and shoot diameter [orchard 1 (c); orchard 2 (d)] 

of ‘Keitt’ mango as a function of fulvic acids and free amino acids. T1: PBZ + water (control); T2: 

PBZ + fulvic acids; T3: PBZ + free amino acids; and T4: PBZ + fulvic acids + free amino acids. OC: 

orchard characterization (12/09/2017); TA: treatment application; SM: shoot maturation; WBR: water 

blade reduction. 
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Mouco et al. (2011) registered shoots 4.98 cm shorter as a function of PBZ use (4.0 g a. i. 

plant-1) when compared to the control in ‘Kent’ mango cultivar. Meena et al. (2014) states that 

the shorter shoot length recorded in PBZ treated plants occurs due to gibberellin suppression, 

since they act in the cell elongation, and in these conditions, although cell division continues to 

occur, the new cells are not elongated, resulting in shortened internodal lengths. 

For the diameter of the last vegetative flush, in Orchard 1, only T3 was different from the 

control, although this has already been observed even before PBZ application (AC)                

(Figure 4 c-d). In Orchard 2, T3 and T4 were lower than T1, and similar to each other. In relation 

to dates, shoot growth was slow but progressive for all treatments in both orchards. 

It has been reported that the PBZ does not act or has little influence on the secondary 

growth responsible for the increase of plant diameter, due to the activity of the vascular 

exchange and the felogen (Meena et al., 2014; Hegde et al., 2018). However, this is a pioneer 

assessment, and perhaps the concentration of the sources used was not enough to express greater 

efficiency on this variable. 

4. CONCLUSION 

The use of fulvic acids, free amino acids or both affects PBZ absorption by the 'Keitt' 

mango. 

The addition of fulvic acid to the PBZ improves the absorption of this molecule by the 

plant, with greater inhibition of vegetative growth of the 'Keitt' mango. 

At the end of the productive cycle, there is a lower soil PBZ residue when it is applied 

together with fulvic acid, and therefore this treatment can be recommended for mango crop 

management in semi-arid conditions. 
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ABSTRACT  
We investigated the application of economic instruments in the management of Brazilian 

water resources as mechanisms to stimulate the rational use of water and to recognise its 

economic value. We analysed water-charge scenarios at the national and international levels as 

a methodology to provide an economic estimate of environmental services related to water 

resources. Through bibliographical and documentary research, we identified the economic 

instruments applied to Brazilian water-resource management, describing the methodologies and 

values used Brazilian water charges and in some member states of the Organization for 

Economic Cooperation and Development. We identified how economic valuation methods of 

environmental resources could contribute to the improvement of water charges, considering the 

environmental services offered by a healthy river basin. In the Brazilian and the international 

scenarios, water charge methodologies include the volumetry of abstracted or consumed water, 

associating some elements that indicate the pollution level. The prices per cubic meter of water 

are still very low in all the scenarios. Environmental valuation techniques can be an essential 

tool for rethinking the methodologies and costs applied in water charges, increasing the 

potential of water’s rational use through economic instruments. 

Keywords: economic instruments, environmental valuation, water availability. 

Potencialidades da cobrança pelo uso da água na gestão hídrica 

Brasileira 

RESUMO 
Investigou-se a aplicação de instrumentos econômicos na gestão de recursos hídricos 

brasileiros como mecanismo para estimular o uso racional da água e reconhecer seu valor 

econômico. Analisou-se a cobrança pelo uso da água nas experiências nacionais e 

internacionais, com o objetivo de verificar a aplicação da valoração econômica dos recursos 

naturais como uma metodologia para fornecer uma estimativa econômica dos serviços 

ambientais relacionados aos recursos hídricos. Por meio de uma pesquisa bibliográfica e 

documental, identificaram-se os instrumentos econômicos aplicados à gestão de recursos 
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hídricos brasileiros, descrevendo as metodologias e valores utilizados na cobrança de água no 

Brasil e em alguns estados membros da Organização para Cooperação e Desenvolvimento 

Econômico. Identificou-se como os métodos de avaliação econômica dos recursos ambientais 

poderiam contribuir para a melhoria da cobrança pelo uso de água, considerando os serviços 

ambientais oferecidos por uma bacia hidrográfica saudável. Nas experiências brasileiras e 

internacionais, as metodologias de cobrança pelo uso de água incluem a volumetria da água 

captada ou consumida, associando alguns elementos que indicam o nível de poluição. Os preços 

do metro cúbico de água ainda são muito baixos em todas as experiências. As técnicas de 

avaliação ambiental podem ser uma ferramenta essencial para repensar as metodologias e os 

custos aplicados na cobrança pelo uso de água, aumentando o potencial de uso racional da água 

por meio de instrumentos econômicos. 

Palavras-chave: disponibilidade hídrica, instrumentos econômicos, valoração ambiental. 

1. INTRODUCTION 

There are many ways to promote the equitable, efficient and sustainable use of water. 

Command and control instruments are a strategy used by many countries (Arimura et al., 2008), 

and this approach is considered the first generation of environmental policy regulations 

(Gómez-Baggethun and Muradian, 2015). However, there are criticisms regarding the 

efficiency of that approach when it is compared to the use of economic instruments (Vatn, 2015; 

Bergquist et al., 2013; Rogers et al., 2002). Economic approaches are an alternative to the 

command and control approaches. In water-resource management, the use of economic 

strategies aims to internalise the costs of economic activity that are not covered by the market 

(Liao, 2018). Such costs are supported by society, as the case of pollution (Nusdeo, 2006). 

However, the use of economic instruments is seen as a complement to the command and control 

approach (Nascimento et al., 2010), and this interaction is described as a “mixed policy” 

(Begossi et al., 2011). 

The international community recognised the need for global coordination of water 

challenges in 1977 at the United Nations Conference on Water at Mar Del Plata, Argentina, 

which is considered a founding part of the global water agenda (Schmidt and Matthews, 2017). 

Later, many declarations and programs about the problems of water availability were adopted 

after conferences promoted by the United Nations – UN. The Dublin Conference about Water 

Resources and Sustainable Development in January 1992 explicitly recognised water as an 

economic good for the first time in the international community through its principles (Rogers 

et al., 2002). 

France was the first country to introduce a water charge as an instrument of water 

management, aiming to encourage the rational use of water and indicate its economic value, as 

well as to allocate financial resources in the hydrographic basin in a participatory way 

(Demajorovic et al., 2015). The French water management structure was suggested as a 

template for other countries, referring to the European Framework Directive 2000/60/EC 

(Berreta et al., 2012). The French structure inspired Brazilian water-resource management, 

which is regulated by Law no. 9,433, of January 8, 1997, named the “National Water Resources 

Policy Law” – NWRP (Johnsson, 2001; Theodoro et al., 2016; Brasil, 1997). Moreover, water 

in Brazil has a public domain property which can be at the federal or state level, according to 
Article 20, Item III and Article 26, Item I, of the Federal Constitution, respectively (Milaré, 2011). 

For the Organization for Economic Cooperation and Development (OECD), the price level 

and the methodologies of water charges try to reflect the costs and externalities related to the 

domestic and industrial use of water by the abstraction and pollution (OCDE, 2010). According 

to The Economics of Ecosystems and Biodiversity (TEEB), before charging for access to and 

use of environmental services, two steps are first necessary: identify and evaluate such services, 
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then estimate and demonstrate their values by appropriate methods (TEEB, 2010). These steps 

contribute to avoiding the non-valuation or the undervaluation of environmental services 

provided by a healthy river basin. 

This research describes the economic instruments applied in Brazilian water-resource 

management. However, we focus on the water charge in the national context, and we 

demonstrate the water charge panorama in other countries aiming to investigate the methods of 

its application. This initial investigation aims to verify whether the practices of water charge 

have considered the perspective of economic valuation of water resources as a way to promote 

their sustainable use through price or methodology. 

2. MATERIAL AND METHODS 

To investigate the environmental valuation perspective in Brazilian water charge, we built 

a conceptual framework regarding the economic instruments applied to Brazilian water-

resource management, focusing on water charge. We also investigated the water charge 

panorama in some foreign countries to explore the application of an environmental valuation 

perspective. This is an exploratory and descriptive analysis that was built through 

bibliographical and documentary research (Prodanov and Freitas, 2013; Medeiros and Tomasi, 

2016). 

We analysed Brazilian federal legislation on water-resource management to identify the 

variables to compound the water-charge methodology. For the international panorama of water 

charge, we chose some OECD member countries, because this institution has developed studies 

on water pricing practices since 1999 (OECD, 2010). We also chose country scenarios that had 

a more detailed description of water charge in the document “Pricing water resources and water 

and sanitation services” (OECD, 2010). Also, we preferred countries with available data in the 

“Database on policy instruments for the environment” (OECD, 2016). Thus, we chose 

Germany, Australia, Belgium, Canada and Poland. 

Through bibliographic research, we identified the environmental services provided by 

water resources to demonstrate their economic values. We then investigated the environmental 

valuation methods, which are more suitable for the economic estimation of environmental 

services of water resources, aiming to contribute to the improvement of water charges. 

3. RESULTS AND DISCUSSION 

For better understanding, we organised the results and discussion in subsections. In the 

first subsection, we analysed the economic instruments applied in Brazilian water-resource 

management. We then demonstrated the water charge scenario in Brazil and other countries 

aiming to investigate the methods of its application. In the last subsection, we analysed the 

perspective of the economic valuation of the environmental resources as a way to promote the 

sustainable use of water resources in water-charge prices and methodologies. 

3.1. Economic instruments in Brazilian water resources management 

A different strategy is the use of economic instruments. This approach acts directly on the 

price of a resource, changing its cost and leading to cost-effective allocation (Nusdeo, 2006; 

Sterner and Robinson, 2018). By this approach, the internalisation of environmental costs 

considers the cost structures of each economic agent (Motta, 2000). In Brazil, the water charge 

is classified as a public price, because a private user is authorised by a granting to explore a 

public good and to pay a price that is negotiated between the state and the stakeholders (Milaré, 

2011). In this context, the state acts as a private entity; it is under private law regime, without 

the coercive character (Harada, 2016). But the income must be applied in the river basin, and 

this can generate benefits to the community all around, not only to the granted water user. 
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In Brazilian water-resource management, there is also the fee, which is different from the 

water charge. The fee can be related to two different contexts: the police fee and the service 

fee, according to Article 145, Item II, of the Federal Constitution (Harada, 2016; Paulsen, 2012). 

The first represents an intervention of the public power in the property or freedom of the person 

to achieve general well-being. The second is a payment for the supply or availability of a 

specific and divisible public service. In the case of water resources, there is the inspection fee 

for the use of water resources in the Federal District, Pará State and Paraná State (ANA, 2016). 

Two other instruments related to water-resource management are the tariff and the Financial 

Compensation for the Exploration of Water Resources (FCEWR). The tariffs follow the legal 

regime of private law. They can be applied when concessionary companies provide activities 

that are non-essential and not inherent to the State (Harada, 2016). There is the tariff for the 

supply of raw water in Bahia State and Ceará State (ANA, 2016). 

The FCEWR is established by the Federal Constitution, in the final part of § 1°, in Article 

20 (Brasil, 1988). The FCEWR is a public price because the income comes from the direct 

exploration of a public good. Also, the FCEWR is an obligation only for the concessionaire 

company that voluntarily adheres to a contract in which the FCEWR is foreseen (Leite, 2009). 

The FCEWR is equivalent to 7% of the amount of energy generated by a hydroelectric plant. 

The income is divided between the Federal Government (10%) and the states and municipalities 

(45% each) that suffered the negative impacts of the installation and operation of the plant. The 

FCEWR is a way to compensate the states and municipalities financially (Gomes et al., 2017; 

Brasil, 1998). In Pará State, the FCEWR is related to the hydroelectric plants of Tucuruí, Belo 

Monte and Teles Pires (ANEEL, 2017). 

The payment for environmental services (PES) is relatively new in Brazilian water-

resource management. This market mechanism is based on the “provider-receiver” principle. 

The PES involves a voluntary transaction between one or more users of one or more 

environmental services and the providers who are capable of guaranteeing the provision 

(Andrade and Fasiaben, 2009). Five elements characterise the PES: willingness in the 

transaction; a well-defined environmental service to be “bought”; the existence of at least one 

buyer; the participation of at least one provider; and a guarantee condition of the service 

provision (Santos et al., 2017). In Brazil, the first PES experience was in Extrema city, in Minas 

Gerais State, through the “Conservative Water Program”. The ICMS-Ecological tax financed 

the program. Through this PES strategy, rural landowners received a financial incentive for the 

practices in reducing sedimentation and erosion, aiming to improve water quality and supply. 

Regarding the payment methodology, there was a fixed price that changed according to the 

percentage of erosion avoided, for example, R$ 50.00 (fifty reais) per hectare if the reduction 

was from 25% to 50% (Young and Bakker, 2015). 

As water resources have a public domain, there is a low willingness to pay for the 

environmental services provided by the water basin. Also, water resources are a non-exclusive 

and rival good. Public authorities are required to create policies and programs in favour of 

supply to stimulate environmental service providers and to improve the market-based 

instruments (Santos et al., 2017). 

The last economic instrument analysed was tradable permits and licenses. This strategy 

transfers to economic agents the decision regarding sale transactions involving the emission 

levels not yet reached; but it is the Public Authority that establishes the emission levels based 

on levels of ecological security. This requires full control of historical emissions data, as well 

as the establishment of transparent rules and effective monitoring of data (GVCES, 2017). For 

example, we have the quota negotiation of environmental legal reserve in Article 44 of Law no. 

12.651 / 2012, which established the New Forest Code (Santos et al., 2017). As water has a 

public domain, sales of water grants are unconstitutional. It would be necessary to adapt this 

mechanism, enabling the State participation as an intermediary and as an authoriser of this 
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transaction. This adaptation would secure the water public domain, creating a kind of controlled 

market (Lanna, 2002). 

3.2. Water charge panorama: Brazilian and international scenarios 

In Brazil, the water charge is an instrument of water management established in Article 5, 

Item IV of the NWRP Law. Articles 19 to 22 describe the general guidelines regarding the 

objectives, incidence, parameters for value and methodology setting of water charge. This 

instrument aims to recognise water as an economic good and indicate its real value. Also, the 

water charge seeks to encourage rational water use as well as to get incomes to cover the costs 

of the programs and interventions foreseen in the water-resources plan (Brasil, 1997). The water 

charge is based on the principle of user-payer, because a price is used to encourage rational and 

efficient use, avoiding scarcity and exploitation at zero cost (Milaré, 2011). The payment is 

justified by the economic exploitation in large quantities of a scarce environmental resource 

(Farias and Damacena, 2017), and it is expected that the economic agent will change his 

behaviour to minimise negative externalities (Godoy, 2011). 

The water charge also emphasises participatory political governance. For example, it 

reinforces the democratic participation of stakeholders in the decision-making process about 

water stress points and sustainable measures (Bolson and Haonat, 2016). The NWRP Law made 

this possible because it created a decentralised management structure: the National System of 

Water Resources Management (SINGREH). Therefore, knowing SINGREH composition is 

vital to understand the water charge because the SINGREH components are responsible for its 

elaboration (Millan, 2008). In Table 1, we show the structure and the competencies of each 

SINGREH member related to the water charge. 

Table 1. Members of SINGREH and description of some of their competencies related to water charge.  

Member Identification Some competencies related to the water charge 

National Council of 

Water Resources 

(NCWR) 

SINGREH Higher 

Collegiate Body 
Establish general criteria for water charge in Federal scope. 

National Water 

Agency (NWA) 

Federal authority under a 

special regime 

Implement, in articulation with the HBC’s, the water charge at Union 

domain, as well as to collect, distribute and apply the incomes of water 

charge. 

Secretariat of 

Water Resources 

(SWR) 

NCWR Executive 

Secretariat 
Provide administrative, technical and financial support to the NCWR. 

State Council for 

Water Resources 

(SCWR) 

State supreme Collegiate 

body 

Define the values of water charge at State domain based on the 

mechanisms and values suggested by HBC. 

State Management 

Bodies 

Central body and 

coordinator of the State 

System of Resource 

Management 

Implement, in articulation with the HBC’s, the water charge at State 

domain, as well as elaborate technical studies to subsidise the 

respective SCWR in the definition of water charge values. 

Hydrographic 

Basin Committee 

(HBC) 

Body of the first instance Suggest the mechanisms and values of water charge. 

Basin Agencies HBC Executive Arm 

Perform, through delegation of the grantor, the water charge; analyse 

and issue opinions on the projects and works to be financed with the 

water-charge incomes; monitor the financial management of funds 

raised through water charge; propose to the respective HBC the plan 

of application of the water charge income. 

Source: ANA (2014) and Braga et al. (2008), with adaptations. 
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As a rule, the granted users must pay the water charge. Granting the right to use water 

resources is a mandatory instrument to the water uses that change the regime, the quantity or 

quality of surface water or groundwater. The uses are the capitation, derivation and extraction 

of water for final consumption or as a productive process input, as well as to dump waste for 

dilution, transport or serve as final disposal destination (Brasil, 1997). The water uses include 

hydroelectric potential, public supply, aquaculture and recreation activities. The water charge 

will vary proportionally to the individual volumes demanded, the price established by the Water 

Resources Councils and the weighting coefficients instituted according to the needs of each 

river basin (Santin and Goellner, 2013). 

In Brazil, there are experiences of water charge in some States: Ceará, São Paulo, Rio de 

Janeiro, Minas Gerais, Paraná, Paraíba, Maranhão and Bahia. At interstate basins, there is water 

charge in the Paraíba do Sul Basin; the Piracicaba Basin, Capiravi and Jundiaí; Basin of the São 

Francisco River; the Rio Doce Basin; the Rio Verde Grande Basin; and Basin of the Paranaíba 

River (ANA, 2018). The methodology for water charge in federal river basins follows the same 

formula: “C = Q x P x K”, where C is the total of water charge, Q is the volume, P is the unit 

price and K is a weighting coefficient which varies according to the needs of the river basin 

(ANA, 2014). Table 2 describes the peculiarities of each weighting coefficient per federal basin. 

Table 2. Variables considered as weighting coefficient by type of intervention in the water-charge 

methodologies at interstate rivers.  

Type of 

Intervention 

Variables considered in the “K” weighting coefficient per federal basin 

Paraíba do Sul 

(2002) 

PCJ 

(2006) 

São Francisco 

(2010) 

Doce 

(2011) 

Verde Grande 

(2017) 

Capitation 

Type of use, 

effective use, the 

efficiency of the 

technology applied 

for the use, and the 

water body class 

Type of use, 

effective use, the 

effectiveness of the 

technology applied 

for the use, and the 

water body class 

The efficiency of 

the technology 

applied for the 

use, and the 

water body class 

Type of use, 

effective use, the 

effectiveness of the 

technology applied 

for the use, and the 

water body class 

Nature of use 

and/or good 

practices, water 

body class and 

management 

efficiency 

Consumption Purpose of use 

The technology 

applied for efficient 

consumption 

Purpose of use 
There is no 

weighting 

Purpose of use and 

nature of use 

and/or good 

practices 

Release 
Organic load 

released 

Organic load 

released and water 

body class 

Organic load 

released and 

water body class 

Organic load 

released 

Organic load 

released 

Transposition 
15% income of BH 

Guandu 

Quality of transposed 

water 
Priority of use 

Organic load 

released, 

Quality of transposed 

water 

None 

Source: ANA (2014) and CBH-Verde Grande (2015), with adaptations. 

According to the NWA, the unit prices in each interstate basin are low. They are not enough 

to recompense all the demands foreseen in the water-resource plans and to stimulate the rational 

use of water (ANA, 2014). The prices in each interstate basin are described in Table 3. Note 

that the PCJ and Rio Doce Basins are the only ones to adopt the progressivity of prices (Finkler 

et al., 2015). 

The prices in the Paraíba do Sul, São Francisco and Verde Grande Federal Basins are the 

same. Although the SINGREH members endeavoured to implement the NWRP, the adoption 

of similar methodologies and prices may represent disagreement with the general guideline of 

action that demands “the adequacy of water resources management to the physical, biotic, 

demographic, economic, social and cultural diversities of the several regions of the country” 

(Article 3, Item II, of NWRP Law) (Brasil, 1997). For example, the São Francisco River Basin 
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has peculiar characteristics, such as its great extension (that covers 7.5% of the country, passing 

through the states of Minas Gerais, Bahia, Goiás, Federal District, Pernambuco, Alagoas and 

Sergipe). Also, there is a demand for different types of water use, such as power generation, 

navigation, irrigation, fishing and effluent dilution. This scenario indicates that it is convenient 

to adopt progressive unit prices because the actual incomes are not enough to finance all the 

measures, programs and projects to improve the basin (Vera et al., 2017). 

Table 3. Unit prices applied in interstate river basins.  

Type of water use 
Hydrographic Basin 

Paraíba do Sul PCJ São Francisco Doce Verde Grande 

Capitation (R$/m³) 0,01 0,0100-0,0127 0,01 0,018-0,030 0,01 

Consumption (R$/m³) 0,02 0,0200-0,0255 0,02 - 0,02 

Release (R$/kg DBO) 0,07 0,1000-0,1274 0,07 0,1000-0,160 0,07 

Transposition (R$/m³) - 0,0150-0,0191 - 0,022-0,040 - 

Source: Finkler et al. (2015) and CBH-Verde Grande (2015), with adaptations. 

The water charge has undergone evolutions, being improved with each revision of 

methodology and price in the interstate basins. For example, the method of water charge in the 

PCJ River Basin has greater detail due to the learning acquired with the observation of the 

predecessor’s experiences (Finkler et al., 2015). A very representative example is the recent 

institution of water charge in the Paranaíba River Hydrographic Basin. The Paranaíba HBC has 

adopted progressive price and a methodology that considers several aspects such as water 

framework, nature and/or good practices of the use, the purpose of the use, the index of losses 

of water to stimulate the efficiency, the released volume of organic load, and others (CBH-

Paranaíba, 2016). 

According to OECD studies, water abstraction charging in member countries has varied 

methodologies (OECD, 2010). It varies by country, by user sector, and it may be associated 

with water granting regime, varying according to volume consumed or other criteria. The 

charge seeks to correct the inefficient use of water by inducing behavioural change and 

internalising the negative externalities of economic activities, as well as generating incomes for 

investments that benefit society (OECD, 2017). In most cases, the water charge aims to raise 

incomes to cover water-management costs or the costs of activities to protect the river basins 

(OECD, 2010). In Table 4, we describe the water charge panorama in some OECD member 

countries. 

However, the OECD notes that the prices are relatively low and that there is a tendency to 

be higher when it comes to the use of groundwater, as shown in Table 5 (OECD, 2010). The 

aquifers work as freshwater reservoirs. Therefore, the abstraction increase of groundwater may 

justify the higher prices of water charge for the use of these sources in the OECD countries 

(Foster et al., 2013). 

The prices per cubic meter vary from very low to much higher values, e.g., the prices for 

the quantity of abstracted surface water in Poland and the prices for quantity and quality of 

pollution in the region of Flanders in Belgium. This same disparity between the prices in each 

OECD country was noted by Godoy (2011). Mattheiß et al. (2010), in a complementary study 

to the OECD surveys, indicated the difficulty in obtaining information about the total incomes 

raised and their application. This is an obstacle to evaluating the effectiveness of the economic 

instruments regarding their capacity to cover all the costs of integrated water-resource 

management. 
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Table 4. A short overview of water charge in some OECD member countries.  

Member country Overview of water use charges 

German 
The water charge for abstraction was instituted to reduce consumption and increase incomes for investment in environmental protection measures, such as protection 

of groundwater and surface water, reforestation, soil protection and decontamination. Of the 16 federal states, 11 have a water charge for abstraction. 

Australia 

The water charge for abstraction is composed of a two-part methodology: a fixed price and a volumetric price. The latter is the sum of the rate of water abstraction 

and the price of use which will fall on the quantity of abstracted water. In the water charge for pollution, the methodology is based on volume, pollution level and 

location. Seventeen types of pollutants are charged.  

Belgium 

In the water charge for groundwater abstraction, in Flanders, the price per cubic meter increases with the total amount of groundwater pumped, and varies according 

to the aquifer exploited and the pressure in the groundwater. For surface waters, there is a decreasing block system to charge for the captation. But the water charges 

for surface water are lower than groundwater. There is also a charge for pollution based on measured concentration or conversion coefficients for organic matter and 

suspended solids, heavy metals, nutrients (Nitrogen and Phosphorus). 

Canada 
The water charge for abstraction varies according to each province based on the capacity of abstraction. It varies by volume and by different characteristics in 

methodology by province. There is a charge for the release of industrial effluents that varies by quantity released and by other criteria established by the province. 

Poland 
The water charge for abstraction varies by type of use, and the methodology varies by type of source and location. The water charge for pollution is based on the 

volume, type of pollutant, industrial sector, and receiving water body. 

Source: OECD (2010), with adaptations. 

Table 5. Water charge by sector and origin in some OECD member countries.  

Country Name of the instrument Description of charge basis 
Prices by use type (€ m-3) 

Human consumption Agriculture Industry Other uses 

German (Saxony) Charges for the use of water 
Quantity of abstracted surface water 0.0150 0.0050 0.0050 0.0200 

Quantity of abstracted groundwater 0.0150 0.0250 0.0760 0.0760 

Australia (South) Effluent Release Charge 
Quantity of emissions to the water 

body by impact levels 

0 to 161,289.20 depending on the level of impact. 

It is not charged by m³, nor by type of use. 

Belgium (Flandres) 
Groundwater Rate Quantity of groundwater used 0.0603 0.0603 0.0603 0.0603 

Charging of wastewater Quantity and quality of pollution 0.8968 0.8968 0.8968 0.8968 

Canada 

(British Columbia) 
Water Abstraction Grant Rate Quantity of abstracted water 12.96 per 1000 gallons 15.01 per acre of feet per year Varied values Varied values 

Poland 
Charging by the abstraction of 

water 

Quantity of abstracted surface water 0.0092 0.0163 0.0163 0.0163 

Quantity of abstracted groundwater 0.0163 0.0275 0.0275 0.0275 

Source: OECD (2016), with adaptations.
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3.3. Water charging and the valuation of natural resources 

Environmental services are generated from ecosystem functions. The latter is identified as 

permanent and integrated ecological structures and processes that maintain the dynamics of 

ecosystems. The ecosystem functions generate direct or indirect benefits that are useful and 

appropriated by the human being to satisfy their needs. These functions are grouped into four 

primary categories: regulation function, habitat function, production function and information 

function (De Groot et al., 2002). When the individual prints his values on the ecosystemic 

functions and uses them for human purposes, they become environmental services (Andrade 

and Romeiro, 2009). The hydrographic basins provide services that are essential to economic 

development: the provision of water for multiple uses, the water filtration and purification 

service. However, there are costs and benefits offered by nature that are not measured efficiently 

by the market (Barros and Amin, 2008). Methods of valuation were created to provide an 

economic evaluation considering the values of direct and indirect uses, plus the option and 

existence values, as shown in Table 6. 

Table 6. Economic Value of the Environmental Resource and the environmental services of the 

hydrographic basins.  

Economic Value of Environmental Resource 

Usage Value (UV) Non-Use Value (NUV) 

Direct Use Value (DUV) Indirect Use Value (IUV) Option Value (OV) Existence Value (EV) 

Environmental goods and 

services appropriated 

directly from the exploration 

of the resource and 

consumed today. 

Environmental goods and 

services that are generated 

from ecosystem functions and 

appropriated and consumed 

indirectly today. 

Environmental goods and 

services of direct and 

indirect uses to be 

appropriated and consumed 

in the future. 

Value not associated with 

current or future use and 

which reflects moral, 

cultural, ethical or 

altruistic issues. 

Examples: fisheries and 

aquaculture; water to drink; 

algae as fertiliser; water for 

non-potable uses, among 

others. 

Examples: water purification; 

erosion prevention; flood 

prevention; climate regulation, 

among others. 

Examples: the same as 

those of direct and indirect 

use. 

Example: preservation of 

emblematic species; 

material for research, 

among others. 

Source: Motta (1997) and Grizzetti et al. (2016), with adaptations. 

In Table 7, we describe the environmental services related to aquatic ecosystems and the 

hydrological cycle in a healthy watershed, distributed within the categories: provisioning 

services, regulatory services, cultural services and support services (MEA, 2005). Recognising 

the multi-functionality of water systems through the environmental services bias is fundamental 

to justifying the costs of their protection and restoration (Grizzetti et al., 2016). 

Table 7. Categorical environmental services provided by healthy river basins.  

Category of 

environmental services 
Definition 

Examples of environmental services provided by 

basins 

Provisioning services Obtaining of ecosystem products Water supply for multiple uses; fishery products 

Regulatory services 

Obtaining benefits of the regulatory 

characteristics of ecosystem 

processes 

Water filtration and purification; flood regulation; 

drainage and natural irrigation; erosion and sediment 

control; climate stabilisation 

Cultural Services 
Obtaining non-material ecosystem 

benefits 

Recreation and tourism; aesthetic pleasure 

(appreciation of landscapes); cultural, religious and 

inspirational values 

Support Services 
Services required for the production 

of all other environmental services 

The cycle of nutrients; water cycling; maintaining 

biological diversity and aquatic genetics 

Source: MEA (2005), Andrade (2010) and De Groot et al. (2002), with adaptations. 
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De Groot et al. (2002) indicate four methods for assessing environmental resources. The 

first is a direct market valuation that is used when the exchange value of environmental services 

has an economic value in the market; it is generally applied to production, information and 

regulatory functions. The indirect market valuation arises when there is no explicit market for 

the services. It will require techniques that reveal the willingness to pay or to accept 

compensations such as those described in Table 8. The third method is the contingent valuation 

by which survey questionnaires are applied, describing hypothetical situations. Finally, group 

assessment is carried out through public debate. 

Table 8. Description of environmental valuation techniques for indirect market valuation.  

Valuation Techniques Description 

Contingent Value Method 

(CVM) 

Investigates the consumer’s willingness to pay (WTP) and willingness to receive 

compensation (WTC) to keep unchanged an environmental good or service 

Travel Cost Method 

(TCM) 

Earn all the expenses incurred by visitors to arrive and stay in a specific recreation area to 

enjoy the environmental resources 

Hedonic Pricing Method 

(HPM) 

Analyses the variation of prices of the properties according to the environmental 

characteristics of where they are located 

Replacement Cost Method 

(RCM) 

Calculates the amount obtained from the expenses to restore or replace a damaged 

environmental good or service. 

Method of Avoided Costs 

(MAC) 

Survey of individual expenses with a substitute or complementary products that offer 

improvement to human well-being which was harmed by the absence of an environmental 

service 

Source: Andrade (2010) and De Groot et al. (2002), with adaptations. 

Environmental valuation techniques are essential tools that can be used as a reference to 

improve the water charge. They express, in monetary terms, the approximate value of the 

allocation of anthropic activities to water resources in decision making (TEEB, 2010, p. 3). 

They also contribute to the achievement of the NWRP Law legal purpose: giving the indication 

of real water value, encouraging rational use and raising financial resources for the beneficiation 

of the river basins in which the charges were applied (Brasil, 1997). 

Article 21 of the NWRP Law establishes only minimum criteria for water-charge 

methodologies and values. Also, Article 38, Item VI, states that it is an HBC responsibility to 

develop such mechanisms and values (Brasil, 1997). Based on these premises, it is possible to 

adjust these elements to consider the techniques of environmental valuation in decision making. 

However, this improvement depends on the maturity of the HBC members’ experiences (NWA, 

2014). Currently, Brazilian water-charge methodologies are limited to the criteria established 

in the NWRP Law. The NWA explains that these current methodologies aim to be clear and 

straightforward enough so the users can understand them. However, there is nothing to prevent 

future techniques from being improved and further advanced (ANA, 2014). 

4. CONCLUSIONS 

Water charges aim to stimulate the rational use of water resources and to internalise social 

costs not absorbed by the market. However, experience has shown that prices per cubic meter 

of water still tend to be very low both in international and national contexts. The methodologies 

include the volumetry of abstracted or consumed water associated with elements that indicate 

the pollution level. These elements are the biochemical oxygen demand, a parameter used in 

Brazil, and other chemical elements such as Phosphorus and Nitrogen, in some international 

scenarios. 

Also, the water-charge scenarios have not considered the economic valuation of the 

environmental-resource perspective, either in price or methodology. The inclusion of values 
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related to environmental services provided by a healthy river basin in decision-making 

processes can make it possible to promote the sustainable use of water resources. There are 

valuation techniques that can help to reveal the economic value of services with no explicit 

market. Further, some methods involve a public debate. These strategies can contribute to get 

closer to the real water value and also stimulate participative management. These initiatives can 

be explored in the HBCs, since they have the competence to suggest mechanisms and values of 

water charge. However, this improvement depends on the maturity of the HBC members’ 

experiences. 

Another obstacle found in international scenarios is the lack of transparency in the 

management of financial resources concerning information regarding income and its 

application. This makes it difficult to evaluate the effectiveness of economic instruments and 

to promote participatory management in making decisions. Also, the research indicates how the 

techniques of environmental valuation could improve the water charge methodologies. For 

future research, we suggest the application of the valuation techniques and methods in a river 

basin where there is an HBC to verify the advantages and obstacles in practice. 
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ABSTRACT  
Surface reaeration coefficient (K2), which represents the transfer of oxygen at the air-water 

interface, is an important variable in aquatic ecosystems. K2 is influenced by several factors, 

including surfactants; furthermore, this coefficient is used in water-quality models, which 

requires its correct estimation. This study evaluated the effects of the surfactant Sodium 

Dodecyl Sulfate (SDS) on K2 in two different experimental systems. In a cylindrical reactor 

with a turbine-type mechanical stirrer, 15 reaeration experiments were carried out with SDS 

concentrations of 0.0; 0.25; 0.5; 1.0 and 1.5 mMol L-1 and stirrer rotation velocities of 25, 50 

and 100 rpm. In a circular hydraulic channel, 8 reaeration experiments were carried out, in 

triplicate, with SDS concentrations of 0 and 1.5 mMol L-1 and agitation levels of Reynolds 

4,500, 37,500; 49,200 and 54,000. In the reactor, regardless of the rotation velocity, the 

surfactant reduced K2 by 20%, due to a superficial film formation at the interface that made 

oxygen transfer difficult, due to a phenomenon known as “barrier effect”. In the channel, an 

approximate K2 reduction of 15% occurred at higher levels of water agitation. In the presence 

of surfactants, and at low levels of agitation, phenomena that increase K2 (i.e., Marangoni 

effect) may coexist with those that reduce K2 (i.e., barrier effect). We concluded that the 

presence of SDS in aquatic environments should be considered when estimating the surface 

reaeration coefficient, because this surfactant can contribute to uncertain K2 estimation. 

Keywords: surface reaeration, surfactants, water quality modeling. 

O efeito do surfactante SDS sobre o coeficiente de reaeração 
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interface ar-água, é uma importante variável dos ecossistemas aquáticos. O K2 é influenciado 

por diversos fatores, entre eles as substâncias surfactantes, além disso, tal coeficiente é utilizado 

em modelos de qualidade da água, o que demanda a sua correta estimativa. O objetivo deste 

trabalho foi avaliar o efeito do surfactante Dodecil Sulfato de Sódio (SDS) sobre o K2. Em um 

reator cilíndrico com agitador mecânico tipo turbina, 15 experimentos de reaeração foram 

realizados com concentrações de SDS (0,0; 0,25; 0,5; 1,0 e 1,5 mMol L-1) e velocidades de 

rotação do agitador (25, 50 e 100 rpm). Em um canal hidráulico circular, 8 experimentos de 

reaeração foram realizados, em triplicata, com concentrações de SDS (0 e 1.5 mMol L-1) e 

níveis de agitação (Reynolds 4.500, 37.500, 49.200 e 54.000). No reator, independentemente 

da velocidade de rotação, o surfactante reduziu o K2 em 20%, devido à formação de um filme 

superficial na interface que dificultou a transferência do oxigênio, fenômeno conhecido como 

efeito barreira. No canal, a redução de K2 (aproximadamente 15%) ocorreu em maiores níveis 

de agitação da água. Na presença de surfactantes, e em baixos níveis de agitação, fenômenos 

que aumentam o K2 (i.e., efeito de Marangoni) coexistem com os que reduzem K2 (i.e., efeito 

barreira). Conclui-se que a presença de SDS em ambientes aquáticos deve ser considerada na 

estimativa do coeficiente de reaeração superficial, pois este surfactante pode contribuir para 

estimativas incertas do K2. 

Palavras-chave: modelagem da qualidade da água, reaeração superficial, surfactantes. 

1. INTRODUCTION 

The transfer of gases through the air-water interface is an important step in the 

biogeochemical cycles of numerous substances (helium, nitrogen, carbon and oxygen), and for 

that reason is often required in many fields of science and engineering (Janzen et al., 2008). 

Recently, due to increasing concern about global warming, there is an intense interest in 

studying the transfer of carbon dioxide (CO2) and other greenhouse gases between the 

atmosphere and water. It was estimated that 30 to 40% of CO2 emitted by human activities is 

absorbed by the ocean; however, this estimate is significantly affected by the uncertainty in 

predicting gas transfer rate at the air-water interface (Banerjee, 2007). 

Even in the current context, which imposes the study of gases linked to the effects of 

atmospheric warming, special attention should still be maintained for oxygen transfer (Janzen 

et al., 2008; Gonçalves et al., 2013; Menezes et al., 2015; Costa et al., 2015; Harano et al., 

2018). In practice, the interest in this subject relates to the modeling of dissolved oxygen (DO) 

dynamics downstream from organic sources of pollution; since the biodegradation process of 

organic waste causes the decay of DO concentration (Costa and Texeira, 2011; Gonçalves et 

al., 2012; Gonçalves and Giorgetti, 2013; Mateus et al., 2015; Gonçalves and Esposto, 2019). 

In rivers, the main source of DO recovery is oxygen transfer at the air-water interface. This 

phenomenon is also known as “surface reaeration”. Advances in knowledge about oxygen 

absorption by water bodies results in improved quantification of reaeration rate, which is an 

essential parameter of water quality models and which the environmental and water body 

recovery analyses are based (Gonçalves et al., 2017; 2018; Ferreira et al., 2019; 2020). 

Gas transfer is controlled by a complex interaction between molecular diffusion and 

turbulent phenomena near the interface. Assuming that the transfer process is horizontally 

homogeneous, the oxygen mass rate through the air-water interface is usually expressed by 

Equation 1: 

𝑑𝐶

𝑑𝑡
=

𝐾𝐿𝐴

𝑉
(𝐶𝑠 − 𝐶)              (1) 

Where V is the water body volume, A is the air-water interface area, C is the DO 
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concentration, Cs is the DO saturation concentration, KL is the DO mass transfer coefficient, 

and t is the time. The KLA/V ratio is known as the “surface reaeration coefficient”, which is 

represented by the parameter K2. 

Since the early twentieth century, several researchers have tried to understand the 

phenomenon of oxygen mass transfer and to develop conceptual and empirical models capable 

of relating the K2 coefficient to physical flow parameters (Lewis and Whitman, 1924; Moog 

and Jirka, 1999; Gualtieri et al., 2002; Herlina, 2005). Despite advances in understanding how 

free-surface hydrodynamics influences the interfacial heat and mass transfer (as presented by 

Menni and Azzi, 2018), a few studies have investigated the effect of surface films on K2 such 

as surfactant compounds. Most studies point out that the presence of surfactants may reduce the 

K2 coefficient due to a film formation in the free surface that its makes difficult to transfer 

atmospheric oxygen to the liquid volume (Rosso et al., 2006; Jamnongwong et al., 2010; Silva 

et al., 2020). Contrary to this, other studies have reported that the presence of surfactants 

increases K2 variability at different turbulence levels (Mackenna and Mcgillis, 2004). Silva et 

al. (2020) used an oscillating grid tank to investigate the effect of humic substances, a surfactant 

compound, on K2 at different turbulence levels. They concluded that a relationship between K2 

and turbulence showed that in the presence of humic substances, the air-water interface behaves 

like an immobile surface, reducing the oxygen diffusion and surface renewal. 

Surfactant compounds are often employed in the manufacture of pharmaceuticals, 

cosmetics and detergents (Moraveji et al., 2011). They reach water bodies due to the release of 

wastewater (with or without treatment). In water bodies, surfactants can be found in two forms: 

monomers and micelles. Monomers are free molecules, which have hydrophilic and 

hydrophobic regions. Micelles are large aggregates of surfactant molecules dispersed in a liquid 

colloid. The concentration of surfactants in which micelles are formed is called “critical 

micellar concentration” (CMC). Above CMC, the surface film becomes practically 

homogeneous and the cohesive force of surfactant molecules near the surface becomes unlikely 

to change (Behring et al., 2004). 

The effect of surfactants on K2, in a first approach, should be studied in laboratory scale, 

where it is possible to isolate the influence of other factors on the transfer phenomenon (e.g., 

temperature, water salinity, pH, and so on). Additionally, in laboratory scale it is possible to 

perform a more systematic study varying the surfactant amount and also the hydrodynamic 

turbulence level. In fact, in laboratory scale, many water-stirring systems have been used to 

generate different turbulence levels, such as oscillating grid tanks, turbine-type mechanical 

agitator tanks, recirculating hydraulic channels, and jet-agitated tanks. Such equipment can 

generate turbulence in a controlled manner, simulating natural environments such as rivers and 

lakes (Janzen et al., 2009). 

In estimating this coefficient, most studies related to oxygen transfer at the air-water 

interface do not consider the effect of surfactant compounds; therefore, the importance of this 

study stands out. If K2 is incorrectly measured, and so underestimated, cost will be incurred as 

a result to improve wastewater treatment plants to achieve the water quality satisfactory levels 

in water bodies that are wastewater receivers. On the other hand, if K2 is overestimated, serious  

damage may be caused to these water bodies which have low self-depuration. 

This paper studied the effects of surfactant compounds on K2. The compound with 

surfactant characteristics analyzed was Sodium Dodecyl Sulphate (SDS,) which is an anionic 

surfactant present in most commercial detergents and, consequently, is commonly found in 

aquatic environments. For this purpose, reaeration experiments were conducted at a laboratory 

scale, performed in a turbine-type mechanical stirrer reactor and in a circular hydraulic channel, 

with surfactant concentrations ranging from zero to CMC. 

 



 

 

Rev. Ambient. Água vol. 15 n. 4, e2536 - Taubaté 2020 

 

4 Murilo de Souza Ferreira et al. 

2. MATERIALS AND METHODS 

2.1. Apparatus and reagents 

The reaeration experiments were conducted in a turbine-type mechanical stirrer reactor 

(Figure 1a and 1b) and in a circular hydraulic channel (Figure 1c and 1d). 

The reactor used in the present study had a diameter of 0.135 m with a volume of 2 L. A 

two-blade turbine agitator was used to control interfacial turbulence, adjusting the rotation 

velocity (RS). The RS, which ranged from 25 rpm to 100 rpm, was adopted in our experiments 

as water turbulence levels.  

 
Figure 1. Experimental Apparatus: (a) longitudinal section of cylindrical 

reactor with mechanical stirrer, (b) top view of cylindrical reactor, (c) 

longitudinal section of circular hydraulic channel, (d) top view of circular 

hydraulic channel. 

The circular hydraulic channel was constructed with fiberglass reinforced polymer. Jets 

resulting from the recirculation of water in the channel generate the water turbulence in this 

system. A 0.25 hp motor-pump system was connected to two suction and delivery points 

distributed along the channel in a closed circuit. The experiments were performed for 1.5 to 8 

hours. During all experiments, the channel and all measurement setups were kept at a controlled 

room temperature. Water temperature, during the experiments, was controlled and stabilized by 

a serpentine heat exchanger, fixed between the channel and the pump. In order to obtain 

different water velocities (U) and turbulence levels, a register was installed in the delivery pipe. 

U was measured using hydrometric current meter (1% accuracy) located at six different points 

along the channel, and at a depth equivalent to 50% of the water column. The description of the 

hydraulic conditions in the channel is shown in Table 1. The different agitation levels were 

characterized according to the Reynolds number, which is given by Equation 2. 
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Table 1. Hydraulic conditions established in the circular 

hydraulic channel. 

Experiments U (m s-1) Rey (-) H (m) Volume (L) 

1 0.03 4,500 0.15 32.6 

2 0.25 37,500 0.15 32.6 

3 0.41 49,200 0.12 26.4 

4 0.60 54,000 0.09 20.2 

𝑅𝑒𝑦 =
𝑈𝐻

𝜈
                (2) 

Where U is the water flow velocity (m s-1), H is the depth (m) and ν is the water kinematic 

viscosity (1 106 m2 s-1). 

Dissolved oxygen and water temperature were measured using a multiparameter probe 

(Hach model HQ40D) with an attached LDO 101 sensor (accuracy 0.1 mg L-1). 

The anionic surfactant used was the ultrapure Sodium Dodecyl Sulfate (SDS) (Sigma 

Aldrich, 99%). Surfactant CMC was determined by Mateus et al. (2019), using an electrical 

conductivity method, they showed that for the water used in this study (i.e., tap water with 80 

mg L-1 salinity) CMC ranged from 1.5 to 1.6 mMol L-1. 

2.2. Surface reaeration experiments 

The surfactant solutions were prepared on the apparatus by mixing the SDS salt in the base 

fluid (tap water with 80 mg L-1 salinity). Under atmospheric pressure (938.2 hPa), reaeration 

experiments were performed using the balance disturbance technique. Initially, dissolved 

oxygen was removed from the solution using nitrogen gas (Stripping method). When the 

oxygen concentration reached values close to 2 mg L-1, the nitrogen hose was removed from 

the apparatus and the reaeration process began. The experiment ended when the DO 

concentration approached its saturation concentration close to 8.0 mg L-1.  

The fit of the analytical solution of Equation 1 to the observed data and, consequently, the 

estimation of K2 was performed using the nonlinear regression analysis technique. The 

analytical solution of Equation 3 is: 

𝐶(𝑡) =  𝐶𝑠 − (𝐶𝑠 − 𝐶0)𝑒𝑥𝑝 (−𝐾2𝑡)            (3) 

Where C is the DO concentration (mg L−1), C0 is the initial DO concentration (mg L−1), Cs 

is the DO saturation concentration (mg L−1). 

The water temperature, during the experiments, ranged approximately ±3ºC and all K2 

values were corrected to 20ºC using the simplified Arrhenius Equation 4: 

𝐾2(20) =
𝐾2(𝑇)

𝜃(𝑇−20)              (4) 

Where T is the mean water temperature in the reaeration experiments (ºC) and θ is the 

temperature correction coefficient, whose value was 1.0241, as recommended by Elmore and 

West (1961). 

In total, 15 reaeration experiments were performed in the cylindrical reactor. Each 

experiment was characterized by the pair: SDS concentration (0.0, 0.25, 0.50, 1.0,                                   

1.5 mMol L-1) and rotation velocity (25, 50 and 100 rpm). In the circular hydraulic channel, 

experiments were performed in triplicate for each Reynolds number. However, only two 

concentrations of SDS were tested: zero concentration and the concentration that had the 

greatest effect on K2 in the cylindrical reactor tests. In total, 24 experiments were conducted in 

the channel. 
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The SDS effect on K2 was evaluated by factor α (Equation 5).  

𝛼 =
𝐾2 𝑤𝑖𝑡ℎ 𝑆𝐷𝑆

𝐾2 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑆𝐷𝑆
              (5) 

Where α is the ratio factor between water K2 with and without SDS (dimensionless).  

This evaluation methodology was developed by Gillot et al. (2000) and Jamnongwong et 

al. (2010), where for α equals to 1, the surfactant does not influence the reaeration phenomenon. 

When α is greater than 1, the surfactant accelerates the oxygen mass transfer to water, and when 

α is less than 1, it means that the surfactant represents a resistance to the oxygen transfer. 

3. RESULTS AND DISCUSSION 

3.1. Surface reaeration 

Figure 2a shows the surface reaeration curves without SDS generated by different 

rotational velocities of the mechanical stirrer in the cylindrical reactor, and for different 

Reynolds numbers in the circular hydraulic channel (Figure 2b). The excellent fit between 

Equation 3 and the experimental data is observed. The adjustment presented R2 > 0.96 for all 

experiments. Based on this result, Equation 3 can be used to model the surface reaeration 

phenomenon in the apparatus used in this study. It is also noted that the reaeration curves reach 

the DO saturation concentration faster as the agitation level rises in the cylindrical reactor (i.e., 

increased turbine rotation velocity) and in the circular hydraulic channel (i.e., increased 

Reynolds number). The higher agitation caused greater interfacial turbulence. This turbulence 

plays a key role in the exchange of oxygen at the interface, as it reduces the thickness of the 

boundary layer, increasing the concentration gradient and, consequently, the diffusion of 

oxygen in water (Herlina and Jirka, 2008; Zhang et al., 2013). 

 
Figure 2. Surface reaeration curves obtained in the (a) 

cylindrical reactor with mechanical stirrer and (b) circular 

hydraulic channel. 

3.2. Effect of SDS surfactant on surface reaeration coefficient 

Figure 3 presents the values of reaeration coefficient for the cylindrical reactor, considering 

the three turbulence levels and for five different SDS concentrations. Additionally, the ratio 

factor α is also shown. 
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Figure 3. Effect of SDS on reaeration coefficient in the cylindrical reactor. 

SDS concentrations up to 0.5 mMol L-1 has little effect on K2. However, at all agitation 

levels, the K2 value decreased by about 20% (α = 0.8) when the SDS concentration reached the 

critical micellar concentration (SDS = 1.5 mMol L-1). Similar results to this K2 reduction in the 

CMC zone were obtained by Rosso et al. (2006), who performed diffuse air reaeration 

experiments, and obtained a K2 reduction of approximately 30 to 70% for pure water. The 

greatest reduction in this concentration range can be explained due to the surface film 

responsible for the resistance to oxygen mass transfer, which is completely formed when the 

surfactant concentration reaches the CMC (as presented by Santos et al., 2007).  

A scheme to show surface occupancy by surfactant molecules is shown in Figure 4. For 

concentrations below the CMC, the surface film is not completely formed. On the other hand, 

close to CMC the entire free surface is occupied by the surfactant molecules. This condition 

reduces the oxygen diffusion coefficient, as shown by Jamnongwong et al. (2010) and Jimenez 

et al. (2014). Additionally, the surface film can reduce the number of surface breaking motions, 

which are the result of eddy’s that reach the surface randomly (Mckenna and Mcgillis, 2004). 

These movements are essential for surface renewal and interface oxygen transfer. The difficulty 

in oxygen transfer caused by surface film resistance is known as a “barrier effect” (Mateus et 

al., 2019). 

Figure 5 shows α values for circular hydraulic channel when SDS concentration reaches 

CMC (1.5 mMol L-1). The smallest α values (approximately 0.85) were obtained when the flow 

in the channel was more turbulent (Reynolds 49,200 and 54,000). For the lowest Reynolds 

values, SDS had no effect on K2 (α = 1). This can be explained by the existence of another 

phenomenon on oxygen transfer, besides the barrier effect produced by the surface film. This 

phenomenon is known as the “Marangoni effect”. It occurs at low Reynolds numbers and acts 

to accelerate oxygen transfer, contrary to the effect produced by the surface film. Zhang et al. 

(2013) showed that the Marangoni effect is only significant at low water agitation levels and 

occurs due to the formation of a surface tension gradient near the surface. At high turbulence 

levels, the Marangoni effect becomes negligible. 
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Figure 4. Representative scheme of the behavior of SDS molecules at the air-water 

interface. 

 
Figure 5. Effect of SDS on α in circular hydraulic channel. 

The surface tension gradient, formed by the existence of an SDS concentration gradient, 

produces convective movements in the boundary layer of the air-water interface, which in turn 

renews the surface by increasing oxygen transfer (Zhang et al., 2013). A schematic diagram of 

the convective currents formed by the Marangoni effect at the interface is shown in Figure 6. 

 
Figure 6. Representative scheme of Marangoni effect on air-water interface in the presence of 

surfactant. 
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4. CONCLUSIONS 

This work evaluated the effect of SDS surfactant on the surface reaeration phenomenon. 

For this purpose, a turbine-type mechanical stirrer reactor and a circular hydraulic channel were 

used. The main conclusions are: 

• The SDS reduces the surface reaeration coefficient by around 20% in the reactor and 

15% in the circular hydraulic channel. 

• The greatest reduction occurs when SDS concentration reaches CMC. In this condition, 

the air-water interface is entirely occupied by SDS molecules and therefore the barrier 

effect is maximized. 

• At low turbulence, the effect of SDS on the reaeration coefficient is nonexistent, since 

for this condition there are two phenomena combined, one that reduces the reaeration 

coefficient (barrier effect) and another that increases the reaeration coefficient 

(Marangoni effect). 

We recognize that the contributions of this study were samples and limited, and the results 

are restricted to the conditions under which the experiments were carried out. However, the 

SDS is a surfactant present in many commercial detergents and is commercialized worldwide; 

consequently, such surfactant reaches natural water bodies mainly through wastewater. This 

study therefore showed that the presence of this compound should be considered in the 

estimation of the K2, as it is an important parameter of water quality models which are used to 

estimate the self-depuration capacity of natural flows. We recommend that future studies of 

reaeration be carried out in real environments, natural water bodies, especially those that are 

wastewater receivers. 
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ABSTRACT  
The Taquari River is one of the most important tributaries of the Paraguay River, whose 

sediments are carried and deposited on the plain forming the largest alluvial fan in the world, 

known as Pantanal. In the floodplain, the course of the river has been modified by the 

sedimentation process, resulting in lakes with different degrees of connectivity with the river. 

This study assessed the influence of connectivity on the physical and chemical characteristics 

of water along a hydrological cycle in oxbow lakes of the Taquari River floodplain, in Mato 

Grosso do Sul, Brazil. Sampling was carried out monthly, from May 2005 to June 2006.The 

physical and chemical data of the water and the variables of river level and rainfall intensity 

were correlated by Principal Component Analysis (PCA). Limnological differences resulted 

from distinct degrees of connectivity between the oxbow lakes and the Taquari River. 

Variations in the dry and rainy seasons established a gradient that extends over a space-time 

continuum and generates greater environmental heterogeneity and, consequently, greater 

biodiversity. Thus we conclude that this mosaic of lakes and the surrounding landscape requires 

protection and preservation because of its importance for biodiversity conservation. 

Keywords: river-lake interactions, tropical floodplain, upper Paraguay River basin. 

Conectividade como fator controlador da intensidade do pulso de 

inundação em lagoas marginais do Rio Taquari 

RESUMO 
O rio Taquari é um dos afluentes mais importantes do rio Paraguai, cujos sedimentos são 

transportados e depositados na planície, formando o maior leque aluvial do mundo, conhecido 

como Pantanal. Na planície de inundação, o curso do rio vem sendo modificado por processo 

de sedimentação, resultando em lagos com graus distintos de conectividade com o rio. Este 

estudo teve como objetivo avaliar a influência da conectividade durante um ciclo hidrológico 

nas características físicas e químicas da água nos lagos meândricos da planície de inundação do 
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rio Taquari, Mato Grosso do Sul, Brasil. As amostragens foram realizadas mensalmente, de 

maio de 2005 a junho de 2006. Os dados físicos e químicos da água e as variáveis nível do rio 

e intensidade da chuva foram correlacionados por PCA (Análise de Componentes Principais). 

As diferenças limnológicas resultaram de graus distintos de conectividade entre as lagoas e o 

rio Taquari. As variações nas estações seca e chuvosa estabeleceram um gradiente que se 

estende ao longo de um continuum espaço-tempo e gera maior heterogeneidade ambiental e, 

consequentemente, maior biodiversidade. Assim, concluímos que esse mosaico de lagos e a 

paisagem circundante requer proteção e preservação devido a sua importância para a 

conservação da biodiversidade. 

Palavras-chave: bacia hidrográfica do Alto Paraguai, interações rio-lagoa, planície de inundação 

tropical. 

1. INTRODUCTION  

Floodplains are important regulators of water-level fluctuations and biogeochemical 

cycles. Marginal zones of floodplain are among the most productive habitats in the biosphere 

(Whittaker and Likens, 1975), and are also important centers of biological diversification (Junk, 

1997). Such systems are characterized by marked seasonality of the water level, which drives 

variations in the energy and matter cycles in these ecosystems (Neiff, 1997). According to Junk 

et al. (1989) the intensity of changes promoted by these environments depends on the duration 

of the flood, size, position and connectivity among lateral water bodies and rivers. 

Lateral systems have high residence time when compared to the river channel and are 

refuges for aquatic animals, providing important habitats for biological production and 

contributing to river biomass, as the floodplain communities increase the base of the river 

system food chain (Tockner and Stanford, 2002; Güntzel et al., 2010).  

In these systems, oxbow lakes are a functional unit formed when the river channel is 

isolated by a cutoff of the meander loops (Wantzen et al., 2005) and isolation increase along 

the time, resulting in lakes with distinct degrees of connectivity to the river (Lesack and Marsh, 

2010; Panarelli et al., 2013).  

Lesack and Marsh (2010) conducted long-term studies on lakes in the Mackenzie River 

Delta and observed that different connectivities imply different degrees of water renewal, 

affecting productivity and biodiversity of lakes, creating a continuum of connectivity in space 

and time. In the Taquari River system, Panarelli et al. (2013) observed that spatial heterogeneity 

in the floodplain favored biodiversity, but mainly in systems with lower anthropic influence.  

Differences in time of isolation and connectivity increase the functional complexity of the 

river due to exporting different types of dissolved organic materials (Lynch et al., 2019). As a 

consequence, these environments are really a mosaic of aquatic biotopes with particular 

physical and chemical dynamics (Rodrigues et al., 2002). 

Thus, understanding these complex dynamics is the basis for maintaining biodiversity and 

for proper management of these systems (Junk et al., 2014). Knowing the functioning of the 

floodplain contributes to the monitoring of changes in water quality and in biodiversity 

influenced by climate changes and to the prediction and prevention of anthropogenic impacts 

in the basin.  

In this context, this study assessed the influence of connectivity along a hydrological cycle 

on the physical and chemical characteristics of water in oxbow lakes of the Taquari River 

floodplain, Mato Grosso do Sul, Brazil. 
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2. MATERIALS AND METHODS 

2.1. Study Area 

The Taquari River is one of the most important tributaries of the Paraguay river. Its sources 

are located in the “Chapada das Emas” and in the “Planalto do Taquari” (altitude of 860 m), in 

Mato Grosso State, Brazil. It is almost 800 km in length and crosses the Mato Grosso do Sul 

State from the northeast to the west, in the Midwest region of Brazil (Figure 1). On a plain, 

which begins close to the municipality of Coxim, the Taquari River begins a frontier between 

the two sub-regions of the Pantanal, the Pantanal of Nhecolândia (left bank) and the Pantanal 

of Paiaguás (right bank), where one of the largest alluvial fans in the world has resulted from 

the sediments carried and deposited by the river (Ab’Sáber, 2006). According to Padovani et 

al. (2005), the total solid discharge of the Taquari River in Coxim is 35,830 ton./day and the 

annual flow rate of the river in that site is about 402.2 m3/s (Galdino et al., 2005). 

 
Figure 1. Location of Mato Grosso do Sul State and study area in Coxim 

minicipality. L1 is the disconnected lake; L2 is the semi-connected lake and L3 is 

the permanently connected lake. Adapted from Panarelli et al. (2013). 
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The catchment area of the Taquari River Basin covers 65,023 km2 and is located in a 

Köeppen classification Aw climate region, corresponding to a semi-humid tropical climate, 

with an annual mean temperature of 26°C and mean precipitation between 800 and                             

1600 mm.year-1. There are two well-defined seasons in this region: the rainy season, from 

October to March, and the dry season, from April to September (Nimer, 1989). The location of 

the three lakes (L1, L2 and L3) in relation to the river channel is shown in Figure 1, where 

L1=disconnected, L2=semi-connected and L3=connected. The oxbow lakes were characterized 

by low depths, being the maximum value observed in L2, which also had the largest surface 

area (Table 1). In these lakes, the surface area is reduced in the rainy seasons because of 

macrophyte development, as shown in Figure 2. For more information about the lakes, see 

Güntzel et al. (2010) and Panarelli et al. (2013). 

Table 1. Geographical coordinates, altitude and morphometry of the oxbow lakes. 

 L1 L2 L3 

Geographical coordinates 
18°25’38” S 

54°49’44” W 

18°25’19” S 

54°50’41” W 

18°25’58” S 

54°51’8” W 

Altitude (m) 196 194 189 

Surface área    

Rainy period (103x m2) 164.09 252.58 456.57 

Dry period (103x m2) 526.49 601.92 574.97 

Maximum depth (m)  1.80 3.75 5.0 

Minimum depth (m)  1.0 0.8 1.4 

Volume Rainy period (103x m3) 295.36 947.17 2,282.87 

Dry period (103x m3) 526.49 481.53 804.93 

 
Figure 2. View of the oxbow lakes in March 2006 (rainy period), showing the presence of 

macrophyte stands at the littoral zone. 
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2.2. Limnological parameters 

Water sampling was carried out monthly, from May 2005 to June 2006, resulting in a total 

of 36 samples (12 for each lake). The methodology and equipment used for the water analysis 

are shown in Table 2. The samples were collected from the sub-superficial layer of the water 

and close to macrophyte stands, in the littoral zone of each lake. The water for analysis of 

nitrogen and phosphorus was stored in polyethylene bottles and fixed in sulfuric acid; samples 

for chlorophyll-a analysis were filtered in fiberglass filters and frozen. 

Table 2. Variables and analysis methodology. 

Variable Methodology 

Water temperature (°C) Conductivimeter (Tecnopon, MCA 150 P) 

Dissolved oxygen (mg L-1) Oxymeter (YSI 55) 

pH  Potentiometer (Tecnopon, MPA 210P) 

Electrical conductivity (µS.cm-3, 25°C) Conductivimeter (Tecnopon, MCA 150 P) 

Water transparency (m) Secchi disk (30 cm diameter) 

Suspended matter (mg L-1) (Organic and inorganic particulate) Gravimetric (Cole, 1979) 

Total Nitrogen (µgL-1) Hach Test’n’tube (Darula, 2002) 

Total Phosphorus (µgL-1) Stannous chloride (APHA et al., 1998) 

Chlorophyll a Ethanol extraction (Nusch, 1980) 

Data on river level and rainfall volume (monthly average) were obtained from the 

Geological Survey of Brazil (www.cprm.br), and the measurements were made in the city of 

Coxim, 20 km upstream of the study area. The monthly physical and chemical data of the lake 

water (Table 2), the river level and pluviometry variables were correlated by the PCA (Principal 

Component Analysis) using the R program (R Core Team, 2011). The graphs of the PCA plots 

were separated by parameters and by lakes to show the spatial distribution considering the 

temporal sampling. The PCA statistical method was chosen because it is a well-established 

method for correlating abiotic and environmental parameters (Zuur et al., 2007; Shaukat et al., 

2016).  

3. RESULTS AND DISCUSSION 

Total precipitation was 1424.8 mm, lower than the annual average for Coxim, which is 

1479.0 mm (https://pt.climate-data.org). During the period between 2004/2005, the occurrence 

of the phenomenon El Niño Southern Oscillation (ENSO) has been verified, which impacted 

precipitation in the Midwest region of Brazil (Marcuzzo et al., 2012; Marcuzzo and Romero 

2013), decreasing the intensity of rainfall in the region. Hudson et al. (2012) observed that these 

phenomena have great influence on hydrology of the oxbow lakes, as they cause severe drought 

or rainy events. The monthly average of precipitation and the variation in the Taquari River 

level are shown in Figure 3, highlighting the months when the river enters the L2, which is the 

lake that receives water from the Taquari River only during the flood pulse in the rainy season 

(Panarelli et al., 2013). 

Table 3 shows the values of limnological variables for the three oxbow lakes and the 

Taquari River. Lakes L2 (semi-connected) and L3 (connected) experienced greater variation in 

depth. Water transparency was higher in L1 (disconnected) and L2 lakes. In these lakes, the pH 

values, electrical conductivity, inorganic material, nitrogen and phosphorus were lower than in 

L3. These results corroborate the studies of Bayley and Guimond (2009), who observed a 

positive correlation between turbidity and nitrogen concentration with the entrance of the river 

in the lake, although the higher values in the lakes than in the river are due to the presence of 

macrophyte stands in those that retain and accumulate the material suspended in the water for 

a long period. 
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Figure 3. Precipitation (mm) in bar, water level variation (m) in solid line. The limit of the 

Taquari River inflow into L2 is shown by the dashed line; inflow occurred above the river 

level of 3.66 m. Modified from Panarelli et al. (2013). 

Table 3. Values of the limnological variables in the oxbow lakes and the Taquari River (at the 

entrance of oxbow lake) as mean (minimum-maximum) from May 2005 to June 2006. L1: 

disconnected lake; L2: semi-connected lake and L3: connected lake. 

 L1 L2 L3 Taquari River* 

Water temperature 26.11  

(21.50 30.50) 

25.89 

 (21.90-31.90) 

28.11 

 (22.3-33.00) 

25.34  

(24.84-25.92) 

Dissolved oxygen 3.39 

 (1.60-5.50) 

5.90  

(3.97-7.60) 

5.52 

 (4.00-7.90) 

7.44 

 (6.19-8.10) 

Electrical conductivity 7.71  

(5.90-12.00) 

6.98 

 (3.40-18.87) 

33.83  

(23.90-39.40) 

19.98 

 (12.38-23.05) 

pH 5.85 

 (3.71-8.40) 

5.15  

(3.46-5.80) 

6.40  

(5.36-7.30) 

6.20 

 (5.54-6.74) 

Water transparency 1.19 

 (0.90-1.70) 

1.28  

(0.30-2.00) 

0.43 

 (0.15-0.76) 

- 

- 

Total suspended matter 4.11  

(0.00-8.00) 

13.02 

 (3.00-44.00) 

28.36 

 (6.00-120.00) 

8.58 

 (6.06-9.99) 

Organic matter 2.60 

 (0.00-6.00) 

3.44 

 (0.00-8.00) 

5.98  

(0.00-24.00) 

1.31 

 (1.12-1.60) 

Inorganic matter 1.52 

 (0.00-4.00) 

9.58  

(0.00-38.00) 

22.38  

(6.00-96.00) 

7.26 

 (4.94-8.46) 

Total phosphorus 46.11 

 (12.83-124.00) 

53.85 

 (10.22-102.41) 

86.98  

(35.60-128.70) 

- 

- 

Total nitrogen 2358.33 

 (800.00-6500.00) 

2136.36 

(200.00-3800.00) 

2663.64 

(500.00-5500.00) 

- 

- 

Chlorophyll a 23.84 

(2.80-45.10) 

8.08 

(0,60-20.40) 

31.95 

(11.40-47.43) 

2.67 

(1.05-3.80) 

*data from Panarelli et al. (2013). 
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Lake L1 showed lower concentrations of dissolved oxygen than L2 and L3, indicating that 

oxygen renewal occurs in lakes under great influence of lotic systems. L2 receives the 

contribution of the Ribeirão do Veado stream throughout the year (Güntzel et al., 2010; 

Panarelli et al., 2013) and L3 was connected to the Taquari River during the entire study period. 

This pattern corroborates the observations made by Wantzen et al. (2005) in oxbow lakes of 

the Paraguay River. 

The PCA (Figure 4) showed efficiency in discriminating the variables that characterized 

the oxbow lakes, indicating that seasonality and connectivity drove the changes of limnological 

variables in the three lakes studied (Figure 4a). Axis 1 shows the influence of connectivity and 

axis 2 shows the influence of seasonality. In the rainy season, temperatures were higher and the 

depth of the lakes followed the gradient of connectivity (Figures 4b, 4c and 4d). In the dry 

season, seasonality and connectivity drove the concentrations of nutrients (nitrogen and 

phosphorus) and dissolved oxygen, whose values increased in that period with the decrease in 

connectivity. 

 
Figure 4. Principal Components analysis (PCA): a- distribution of variables on axes.SD: Secchi 

disc, R Level: Taquari River level, Temp: water temperature, Dep: Lake depth, EC: electric 

conductivity, OSM: organic suspended material, TMS: total suspended material, IMS: inorganic 

suspended material, TP: Total phosphorus, Cla: Chlorophyll a, TN: total nitrogen, DO: dissolved 

oxygen; b- L1; c- L2; d- L3. 

Connectivity was the main factor in explaining the differences in concentrations of 

suspended material and the transparency of the water. The highest concentrations of suspended 

material were related to the greater connectivity of the lakes to the river and the highest values 

of water transparency to the least connectivity (Figure 4a). Similar observations were made by 

Kufel and Leśniczuck (2014), who found that the suspension of particulate materials is 

maintained by the constant entrance of the river and that isolated lakes have a higher 

sedimentation rate. 

Figure 4b shows the distribution of L1 points on the PCA axes. This lake, besides having 

the lowest values of the variables evaluated, showed the lower variation among months of dry 
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and rainy season. In contrast, in L3 higher values of the variables and high range of variation 

were observed among the dry months. Because it is permanently connected to the Taquari 

River, the environmental impacts existing in its basin become a constant disturbance factor, as 

they interfere in lakes’ water quality, as observed in this study, and in aquatic biodiversity 

(Güntzel et al., 2016). 

On the other hand, the temporal dynamics of the disconnected lake are more conditioned 

by internal processes, being determined more by local seasonality than by the influence of 

adjacent lotic systems (Hudson et al., 2012). In oxbow lakes with a lower degree of 

connectivity, L1 and L2, the pH values were slightly more acidic during the dry season. 

According to Tockner et al. (2000), in disconnected aquatic environments, the internal 

metabolism generally promotes a reduction in pH.  

The disconnected lake (L1) receives water from a small stream; however, this connection 

channel is not visible and exchanges take place in the swamp area colonized by aquatic and 

terrestrial vegetation and by a hyporheic zone (Panarelli et al., 2013). Güntzel et al. (2016) 

observed that this vegetation area acts as a barrier that protects the oxbow lake from the lotic 

influence by filtration. The preserved riparian forest minimizes exchanges between terrestrial 

and aquatic systems and this barrier works efficiently against the entry of particulate matter 

(Newbold et al., 2010). These factors explain the higher values of transparency and lower 

concentrations of suspended material in the water (Table 3), taking the points of that lake to the 

left side of the PCA axis (Figure 4a). 

In L2, intermediate values of limnological variables were observed when compared with 

L1 and L3. Similarly, to L1, L2 showed lower values of the variables and a small range of 

variation among the months in the dry season. On the other hand, the variables showed a higher 

range of variation in the rainy months. In this lake, river input occurred on 33% of the days 

analyzed (Panarelli et al., 2013), when the river at the city of Coxim was above 3.66 m                  

(Figure 3). Thus, the semi-connected lake (L2) exports water to the Taquari River for a longer 

period than it receives its influence. 

This is a mechanism provided by the river-floodplain systems, considered an important 

ecosystem service, through which nutrients brought by the river are processed in the oxbow 

lakes and returned to the river, contributing to the cycling of materials (Costanza et al., 1997; 

Santos et al., 2001; Lynch et al., 2019).  

Figure 4d shows the distribution of the L3 points on the PCA axes, which grouped them 

on the right side of axis 1 (connectivity). This lake had the least transparency of the water and 

the highest values of electrical conductivity, suspended material, chlorophyll-a and nutrients 

(Table 3). This was due to the constant entrance of the Taquari River in L3 and a drainage basin 

strongly impacted by agricultural activities (Galdino et al., 2005). The discharge of sediments 

from the plateau of the Taquari River to the plain has increased with intensive use of the soil 

and about 70% of this sediment is retained in the region of Coxim before the Taquari River 

reaches the area of influence of the Paraguay River (Risso et al., 1997; Padovani et al., 2005). 

According Oliveira and Calheiros (2005), Taquari River receives waters with high 

concentrations of nutrients from the dairy and swine farm, in addition to those from agriculture 

in the Upper Taquari River Basin, making it the largest contributor of nutrients in the Paraguay 

River Basin (Oliveira et al., 2019). Furthermore, when the river water enters the lake, the 

sediment promotes eutrophication, mainly because phosphorus is transported by adsorption on 

sediment particles, as observed by Albuquerque and Mozeto (1997) in oxbow lakes of the 

Mogi-Guaçu River and Lesack and Marsh (2010) in the Mackenzie River delta. 

Therefore, the intensification of deforestation in the upper Taquari River Basin and the 

consequent increase in the silting up of the river may result in increased environmental impacts 

on the floodplain. This feature, associated with the effects of climate change, can lead to 

changes in the range of flood pulses, in water quality and in aquatic diversity. 
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4. CONCLUSIONS 

Environmental changes caused by variations in the dry and rainy seasons influenced the 

limnological conditions of the studied lakes. The connectivity determined the range of variation 

between months and the intensity of variations in the physical and chemical characteristics of 

each lake during the hydrological period. 

Isolation resulted in greater water transparency and smaller ranges of variation in 

limnological parameters throughout the hydrological period, as observed in L1. In L2, 

temporary connectivity, that occurs only in the rainy season, resulted in a greater range of 

variation between months. Loss of connectivity in the dry season altered the behavior of the 

lake, reducing the range of variation between months and making the limnological conditions 

of L2 similar to those of L1. 

Permanent connectivity, seen in L3, promoted greater range of variation and higher values 

of limnological parameters, making this environment less transparent and more enriched with 

nutrients. 

Limnological differences resulting from distinct degrees of connectivity between the 

oxbow lakes and the Taquari River established a gradient that extends over a space-time 

continuum, creating greater environmental heterogeneity, which can result in greater 

biodiversity, whose protection requires the preservation of this mosaic of lakes and the 

surrounding landscape. 
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ABSTRACT  
This study developed and evaluated an electronic irrigation system controlled by soil water 

matric potential. The controller uses tensiometers and pressure transducers as a reading 

mechanism, integrated with an Arduino microcontroller board that drives the solenoid valves 

and a 1/3 hp single-phase motor. Four electronic tensiometers were installed in plastic 

containers filled with 6 kg of Red-Yellow Latosol (RYL) with a clayey texture, and another 

four in plastic containers filled with 7 kg of Regolitic Neosol (RN) with a sandy texture. 

Irrigation automation components were activated autonomously at the critical potentials of -20, 

-25, -30, and -35 kPa for RYL, and -10, -15, -20, and -25 kPa for RN, with a 20% variation 

tolerance. The entire system is able to monitor and control irrigation based on soil water matric 

potential. Components were deactivated when the soil water potential reached the field capacity 

of each soil type. Irrigation automation performance was considered satisfactory, as it kept 

critical potentials within the pre-established thresholds in both soil types. Automation control 

was set for matric potentials between -10 kPa and -35 kPa in RYL, and between -5 kPa and -25 

kPa in RN. 

Keywords: irrigation management, matric potential, technological innovation. 

Automação de irrigação por tensiometria eletrônica baseada na 

plataforma de hardware arduino 

RESUMO 
Neste estudo, foi desenvolvido e avaliado um sistema eletrônico de controle da irrigação 

acionado a partir do potencial matricial de água do solo. O controlador utiliza o tensiômetro e 

transdutor de pressão como mecanismo de leitura, integrado a uma placa microcontroladora 

Arduino que atua no acionamento de válvulas solenoides e um conjunto motobomba 

monofásico de 1/3 CV. Quatro tensiômetros eletrônicos foram instalados em embalagens 

plásticas contendo 6 kg de Latossolo Vermelho-Amarelo (LVA) de textura argilosa e quatro 

com 7 kg de Neossolo Regolítico (NR) de textura arenosa. Os acionamentos dos componentes 

de automação da irrigação ocorreram de forma autônoma nos valores de potenciais críticos de 

- 20, - 25, - 30 e - 35 kPa para o LVA e - 10, - 15, - 20 e - 25 kPa para o NR, com tolerância 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.2567
mailto:sandri@unb.br
mailto:gervasiorios@yahoo.com.br
https://orcid.org/0000-0002-0964-8079
https://orcid.org/0000-0002-0975-9916
https://orcid.org/0000-0002-6252-5297
https://orcid.org/0000-0001-8092-6054


 

 

Rev. Ambient. Água vol. 15 n. 4, e2567 - Taubaté 2020 

 

2 Rodrigo Moura Pereira et al. 

20% de variação, e desacionados quando o potencial de água no solo atingia a capacidade de 

campo de cada tipo de solo. A performance da automação de irrigação foi considerada 

satisfatória por manter os potenciais críticos dentro dos limites pré-estabelecidos nos dois tipos 

de solo. O controle de automação foi funcional para potenciais matriciais entre - 10 kPa e - 35 

kPa no LVA e entre - 5 kPa e - 25 kPa no NR. 

Palavras-chave: inovação tecnológica, manejo de irrigação, potencial matricial.  

1. INTRODUCTION 

Irrigation based on soil water availability obtained by soil water tension is a practical 

solution for the rational use of water in irrigated agriculture. The soil water tension, also called 

“matric potential”, indirectly allows estimating soil moisture and thus determining water 

availability to agricultural crops (Dobriyal et al., 2012). The use of a device that allows 

monitoring the matric potential and converting it into an electrical signal enables the 

development of an irrigation automation system that relates directly to the water consumption 

of plants (Bianchi et al., 2017). Irrigation planning as a function of soil moisture monitoring is 

a technique that can increase yield and water-use efficiency in several crops (Romero et al., 

2012). 

Tensiometers are instruments that measure the capillary or moisture potential on the basis 

of the suction force exerted on water by soil (Schmugge et al., 1980). As soil moisture 

decreases, water from the tensiometer is transferred to the soil through a porous capsule, thus 

creating a negative pressure inside the tensiometer, which can be detected by mechanical 

devices, vacuum meters, or digital devices such as pressure transducers (Thalheimer, 2013; 

Freire et al., 2018). The use of tensiometers that can monitor the matric potential from a distance 

brings some operational benefits, such as reducing in-place measurements, as these can affect 

the contact of the capsule with the soil due to handling of the tensiometer. Furthermore, 

adopting these equipment significantly reduces the time required to obtain soil moisture in a 

cultivation system (Arruda et al., 2017). 

The high cost of data loggers, multiplexers, and sensors, the lack of technical information, 

difficulties in the installation and maintenance of equipment, and the absence of electronic data 

communication and storage systems are still limiting factors for the use of a number of sensors 

that enable greater frequency and coverage of the measurement of critical potentials and soil 

moisture. Another critical factor that contributes to the low adoption of soil moisture monitoring 

in agriculture is the need for in-place calibration of the sensors used. Depending on the physical 

properties of the soil and the type of sensor, responses in the variation of soil potential and 

moisture can differ. Payero et al. (2017) observed that the Watermark 200ss granular matrix 

sensor used to monitor soil water potential led to different trigger points used to initiate 

irrigation in soils with sandy and clayey-sandy texture. This was due to the decrease of soil 

moisture, which varies depending on soil texture, requiring equipment calibration.  

Recently, advances in the field of open source hardware components, such as the Arduino 

electronic prototyping platform, have opened up new possibilities for the development of 

measurement solutions that can relate to data transmission and storage systems. These 

innovations enable greater spatio-temporal coverage of soil moisture at a significantly lower 

cost than conventional industrial devices (Bitella et al., 2014). 

There is currently a wide variety of sensors and auxiliary components, such as memory 

chips and communication devices, which are available in an easy-to-understand interface and 

can be used by people with limited electronics background and knowledge. The Arduino 

microcontroller runs an open-source program that is created and updated by the user and can 

operate various electronic components in an electrical circuit. The user can modify the 
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programming and change its function without the need for physical changes to the circuit. 

Examples of circuits developed in Arduino for applications in agriculture and monitoring of 

environmental variables can be found in Masseroni et al. (2016), Karami et al. (2018), and 

Targa et al. (2019). 

The present study developed and evaluated electronic tensiometers and an automation 

system for use in irrigation of two soil types, using low-cost electronic components and 

recording of matric potential data on the Arduino open source hardware platform. 

2. MATERIALS AND METHODS 

2.1. Physical-hydraulic characterization of the Red-Yellow Latosol (RYL) and Regolitic 

Neosol (RN) 

The study was developed in two stages. The first stage consisted of the development of the 

system and calibration of pressure transducers at the Laboratory of Water Analysis at the 

Faculty of Agronomy and Veterinary Medicine of the University of Brasília, FAV/UnB. The 

second stage comprised the evaluation of the automation system in a protected environment at 

the Biological Experimental Station of UnB. The protected environment consisted of a 

greenhouse (30 x 13 m) with an evaporative air-cooling system.  

Disturbed RYL samples collected from the 0-20 cm layer in an area cultivated with maize 

(15°56’56.32” S; 47°55’46.16” W) and NR samples from the 0-20 cm layer of a natural Cerrado 

area (15°58’48.27” S; 47°56’57.54” W) were used. Both samples were sieved at 2.0 mm and 

air-dried. After drying, five simple samples of each soil type were collected, homogenized, 

packed in plastic bags, and sent to the laboratory of soil physics for physical and granulometric 

analysis (Table 1). 

Table 1. Physical and granulometric characteristics of the 

Red-Yellow Latosol (RYL) and Regolitic Neosol (RN). 

Variable 
Soil type 

RYL RN 

Soil density (kg dm-³) 0.962 1.292 

Total porosity (m³ m-³) 0.636 0.512 

Macroporosity (m³ m-³) 
0.144 0.200 

Microporosity (m³ m-³) 
0.492 0.312 

Sand (%) 
4.1 77.2 

Silt (%) 
36.7 8.5 

Clay (%) 59.2 14.3 

Eight 11 L plastic containers were used, four filled with 6 kg of RYL and four filled with 

7 kg of RN, both filling a volume of 0.073 m³. After reaching an irrigation depth sufficient to 

drain water from the containers and soil accommodation, undisturbed samples were taken to 

develop the characteristic curve of soil water retention by the Richards pressure chamber 

method. The water retention equations of RYL and RN were adjusted by the model proposed 

by Van Genuchten (1980), using the Mualem constraint and RETC software (van Genuchten et 

al., 1991), as well as soil moisture at field capacity (ϴfc) at -10 kPa for RYL and -5 kPa for 

RN, and permanent wilting point (ϴpwp) at -1500 kPa for both soils (Table 2). 
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Table 2. Adjusted equations for soil water retention curves according to Van Genuchten, soil 

moisture at field capacity (ϴfc) and at permanent wilting point (ϴpwp) for Red-Yellow Latosol 

(RYL) and Regolitic Neosol (RN). 

Soil type Adjusted equation R² ϴfc (cm3 cm-3) ϴpwp (cm3 cm-3) 

RYL θ = 0.159 + 0.514/[1+(0.178h)1.23]0.18 0.99** 0.41 0.24 

RN θ = 0.113 + 0.445/[1+(0.069h)1.89]0.47 0.98** 0.16 0.11 

ϴ: volumetric moisture (cm³ cm-3); h: matric potential (kPa); ϴfc: soil moisture at field capacity 

on a volume basis (cm3 cm-3); ϴpwp: soil moisture at permanent wilting point on a volume basis 

(cm3 cm-3); R²: coefficient of determination; **Significant at 0.05. 

2.2. Monitoring of the matric potential of RYL and RN and data storage 

The automation structure was subdivided into two main systems, one consisting of 

monitoring and storing matric potential data and the other consisting of drip irrigation. For 

monitoring the soil matric potential and storing the readings, a system based on an Arduino 

Mega 2560 microcontroller board was created, connected to external electronic modules and 

pressure transducers. 

The Arduino board is equipped with Atmel AVR microcontrollers and has serial 

communication with analog and digital interface for connection to external hardware. The 

microcontroller is programmed with open source software from the Arduino project website 

(http://www.arduino.cc). This software is written in Java, and, in addition to providing the 

environment for the development of programming codes, it is used to compile and upload 

programs for the microcontroller. All codes are written in a language similar to C/C ++ with 

some simplifications and modifications. 

The type of sensor used in the electronic tensiometer was the piezoresistive differential 

pressure transducer MPX5700DP (Freescale Semiconductor®), with temperature compensation 

and amplification circuit, which provides a differential linear voltage output from 0 to 700 kPa. 

The pressure transducer has as sensitive elements monolithic silicon piezoresistors, which 

generate an output voltage that varies according to the pressure applied. According to the 

manufacturer’s technical specification, sensor sensitivity corresponds to 6.4 mV/kPa, requiring 

a 5 V power supply, and providing a maximum output voltage of 4.7 V and an offset of 0.2 V 

for the pressure range of 0 to 700 kPa. Pressure transducers with different specifications and 

resolutions have been used in scientific applications over the years (Greswell et al., 2009; 

Babatunde et al., 2016), and recently in tensiometers as a mechanism for reading the soil water-

matric potential (Thalheimer, 2013; Arruda et al., 2017). 

To verify the sensitivity of the MPX5700DP transducer to differential pressures relative to 

the atmospheric pressure inside the tensiometer due to matric suction, a calibration procedure 

was conducted in the laboratory of water analysis. For this purpose, a differential mercury U-

manometer was used, connected to a tensiometer that was filled with water and sealed at its 

lower end (without the use of a porous capsule) and connected at the upper end to a pressure 

transducer and a 100 mL syringe, used for the application of successive suction pressures. Thus, 

each displacement of the mercury column corresponded to a pressure reading on the transducer. 

The difference relative to the atmospheric pressure observed in the mercury column was 

calculated by Equation 1.  

∆𝑃 = 𝐻𝑔𝜌                (1) 

Where, ΔP = pressure read by the Hg manometer (kPa); H = height of the mercury column 

(m); g = gravitational acceleration (9.81 m s-2); ρ = density of mercury (13.6 g cm-3). 
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The method of least squares regression was used to fit the functional relationship between 

the suction pressure values obtained by the mercury manometer and the pressure transducer. 

The F test of regression analysis of variance was used to test the hypotheses for validation of 

the regression coefficients. 

2.3. Construction of the electronic tensiometer 

The electronic tensiometer consisted of a modification of a conventional ½” white PVC 

(polyvinyl chloride) tensiometer model, with adaptation for connecting the pressure transducer 

at its upper end (Figure 1). To evaluate the effect of noise in the readings of the pressure 

transducer, originated from electric current oscillations in its output signal (common to this type 

of sensor according to Reodique and Schultz, 2005), a moving average filter was applied with 

order = 10. In this filter, a set of readings from the transducer output signal is converted into a 

pre-established sample of size M (M = 10). The first value of the moving average is obtained 

by the average of the first sample; the second value of the average from the exclusion of the 

first number in the series, including the next reading under a sample of the same size M; and so 

on, according to Equation 2. 

𝑦[𝑖] =
1

𝑀
∑ 𝑥[𝑖 + 𝑗]𝑀−1
𝑗=0              (2) 

Where, y[i] = moving average; M = sample order (or size); x = output signal. 

 
Figure 1. Electronic tensiometer prototype (A) and electronic tensiometer 

installed in a container filled with soil (B). 

Readings of the electronic tensiometers were obtained every 120 s and the data were 

recorded in a .txt file on an SD Card module. Each recording was associated with the respective 

timestamps from the integration of an RTC (Real Time Clock) module. 

2.4. Electronic circuit and automation components 

The hardware of the irrigation automation control system consisted of an integration 

between an electronic tensiometer, an Arduino board, an RTC module, an SD Card module, 
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relay modules, ½” solenoid valves, and a 1/3 hp single-phase motor. A 7.5 V source was used 

to supply electrical power to the Arduino board, and the 5 V output of the Arduino board was 

used as source power for pressure transducers and relay modules. All sources were connected 

to a line filter connected to the conventional power grid (220 V) (Figure 2). 

Each relay module has 4 channels. Thus, two relay modules were used to drive eight 

solenoid valves, and a 1-channel relay was used to drive the 1/3 hp single-phase motor. For the 

connection of pressure transducers, eight analog ports of the Arduino board were used. The 

number of valves is limited by the number of channels in the relay module, and the number of 

transducers that can be used simultaneously depends on the number of analog ports of the 

Arduino board used. The Arduino Mega board enables 16 simultaneous connections. 

 
Figure 2. Electrical connection of the components of the irrigation automation 

system by electronic tensiometry. 

2.5. Components and functioning of the drip irrigation system 

The turbulent flow drip irrigation system consisted of online emitters installed in 16 mm 

external diameter tubes, with a flow rate of 4.0 L h-1 at a service pressure of 10 m.w.c., 

controlled by a pressure regulator. Each container has one emitter positioned 10 cm from the 

tensiometers. The following equipment were used: a 125 micron disc filter, pressure taps 

installed after the solenoid valves, a glycerin-filled Bourdon pressure gauge with an accuracy 

of 0.1 k.g.f. cm-2, ball valves, hydraulic connections, and a 1000 L reservoir. 

For programming irrigation automation, a code was developed containing a main loop and 

subroutines to perform the following procedures: i) measuring the matric potential provided at 

each reading and recording its respective timestamps; ii) storing the readings in a .txt file at 

predefined time intervals; iii) comparing the read values of matric potential with critical values 

defined by the user so that the system would activate the motor pump and open and close 

solenoid valves. In general, the programming consisted of applying the calibrated transfer 

function of the transducer, which converts the values of the analog/digital conversion into 

pressure units (kPa). The code also allows changing the temporal resolution of reading 
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acquisition, the critical potentials, and the time required for irrigation. 

The automation system was set with pre-established critical potentials for irrigation 

activation: -20, -25, -30, and -35 kPa for RYL (RYL/E1, RYL/E2, RYL/E3, and RYL/E4, 

respectively), and -10, -15, -20, and -25 kPa for RN (RN/E1, RN/E2, RN/E3, and RN/E4, 

respectively). For the end of a given irrigation shift, we specified (Equation 3) the time required 

to restore field capacity by localized irrigation with tensiometric management (Braga and 

Calgaro, 2010). 

𝐼𝑡 =
𝐼𝑑∗𝐴𝑤

𝑛∗𝑄
               (3) 

Where, It = Irrigation time (min); Id = Irrigation depth (mm); Aw = Area wetted by the 

dripper (0.0051 m²); n = Number of drippers per container (1); Q = Dripper flow (4 L h-1). 

3. RESULTS AND DISCUSSION 

The coefficient of determination (R2) of the pressure transducer calibration was 0.99, and 

the tests of the parameters of the regression equation showed levels of significance of p < 0.001 

(Figure 3A). Freire et al. (2018), evaluated the Bourdon vacuum meter and a digital tensiometer 

in comparison to the Hg manometer, the authors found that both devices overestimate the 

readings of the Hg manometer, and that the difference between readings increases as soil 

moisture decreases. The same was observed by Beraldo et al. (2012) when comparing the Hg 

manometer with a digital puncture tensiometer installed at a depth of 20 cm in an Oxisol. These 

authors found R² values between 0.88 and 0.99, close to those obtained in this study (0.99). 

 
Figure 3. Experimental calibration curve for the MPX5700DP transducer (A); Readings 

of electronic tensiometers without applying the moving average and applying the moving 

average separated by the vertical line (B). 

For a matric potential of -12 kPa for RYL and -13 kPa for RN, sequential measurements 

of the matric potential were performed, without applying the moving average, for 

approximately 140 s, with a resolution of 10 s (Figure 3B - Section 1). Readings ranged from -

8.2 to -14.1 kPa in RYL, and from -8.8 to -17.7 kPa in RN, resulting in amplitudes of -5.9 and 

-8.9 kPa, respectively. The oscillations observed in this interval are due to variations in the 

electrical current in the transducer output signal. The occurrence of these variations in 

amplitudes of this magnitude can lead to incorrect activation of the irrigation system, as the 

difference between critical activation potentials is -5 kPa for both RYL and RN. 

From the application of the moving average, there is an effective reduction of noise after 
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145 s (Figure 3B - Section 2), thus establishing a variation within a range of -1.1 kPa for RYL 

and -1.4 kPa for RN. In this way, matric potentials more reliably represent the soil matric 

potential. In addition, the risk of incorrect activation of irrigation automation is eliminated. 

Regarding the efficiency of the adoption of the moving average in smoothing sensor readings, 

Zhuang et al. (2007) highlight that a good application of this method depends on the sampling 

rate of the readings obtained by the sensor, which should be sufficient to form a larger number 

of samples. However, this can be a limiting factor in sensors that have a high electrical 

consumption. In turn, the sensors used on the Arduino platform have the advantage of requiring 

low energy consumption, and can be powered by batteries and low-voltage photovoltaic 

systems (Bitella et al., 2014). 

The observed variation of the soil matric potential inside containers for the thresholds 

RYL/E1 and RN/E1 demonstrates the reduction of potentials due to evaporation and drainage 

of soil water, and its increase after the irrigations performed (Figure 4). Horizontal lines 

highlight the critical activation values and the potential value at field capacity for each soil type. 

There were fluctuations in the readings of the tensiometers until the moment of irrigation 

activation, and the moving average was efficient in reducing them. Notwithstanding, 

environmental and soil effects can cause small variations in electronic tensiometer readings 

over time. Fluctuations can be the result of diurnal changes in ambient temperature that can 

exert a contraction or expansion effect on the volume of air inside the tensiometer, and, 

consequently, alter the signal emitted by the sensitive mechanism of the pressure transducer 

(Thalheimer, 2013). Another issue that may be associated with this behavior is the dynamics of 

soil water redistribution, which, associated with evaporation and drainage, occurs differently 

between each soil type and between each container, and which may interfere with the matric 

potential close to the porous capsule of the tensiometer (Almeida et al., 2017). 

 
Figure 4. Average variation of the matric potential of electronic 

tensiometers as a function of time, in days, for the thresholds RYL/E1 

(A) and RN/E1 (B), and irrigation activation events (). Horizontal lines 

represent the critical potentials of activation/field capacity for the 

thresholds RYL/E1 (-20 kPa / -10 kPa) and RN/E1 (-10 kPa / -5 kPa). 
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During the 14-day evaluation period for irrigation automation, the values read by electronic 

tensiometers showed different responses in each soil type, which resulted in different irrigation 

cycles for RYL and RN. The number of irrigations in each control (Table 3) shows that as the 

critical potential of activation is reduced, the irrigation time increases and the frequency of 

irrigation decreases, thus resulting in the application of a smaller irrigation volume. Regarding 

the different thresholds in RYL, the RYL/E2 showed the largest deviation in relation to the 

activation potential (-1.2 kPa); for NR, the largest deviation was observed in RN/E2 (-0.6 kPa). 

Despite being generally below 1 kPa, the deviations shown are the result of the interruption of 

readings by the automation programming. During the monitoring of the potential, irrigation is 

activated in the tensiometer of the container that first reaches its critical value, at this moment, 

the monitoring of all the tensiometers is interrupted and starts again after completion of 

irrigation. This interruption may, at some point, cause the critical potential in the next control 

tensiometer to slightly exceed its activation threshold. The minimum and maximum times 

required for irrigation in RYL were 3.1 and 5.3 min for the matric potentials of -20 and -35 kPa, 

respectively. For RN, the minimum and maximum irrigation times were 2 and 3.2 min for the 

matric potentials of -10 and -25 kPa, respectively. 

Table 3. Irrigation activation potentials (PotA), potentials at the end of irrigation (PotP), standard 

deviation (SD), coefficient of variation (CV), number of irrigation activations (NIA), and applied depth 

(AD) for four containers (E) filled with Red-Yellow Latosol (RYL) and four filled with Regolitic Neosol 

(RN). 

Soil 

type/E 

PotA 

(kPa) 

CV of PotA 

(%) 

SD of PotA 

(kPa) 

PotP 

(kPa) 

CV of PotP 

(%) 

SD of PotP 

(kPa) 
NIA 

AD 

 (mm) 

RYL/E1 -20.5 2.8 -0.5 -7.5 13.3 -1.0 7 25.5 

RYL/E2 -25.4 4.7 -1.2 -10.2 21.8 -2.2 5 23.5 

RYL/E3 -30.6 1.5 -0.4 -11.7 23.1 -2.7 4 22.1 

RYL/E4 -35.3 1.8 -0.6 -10.7 9.9 -1.0 3 18.6 

RN/E1 -10.5 2.2 -0.2 -4.7 15.4 -0.7 12 31.0 

RN/E2 -15.7 3.9 -0.6 -5.0 12.4 -0.6 10 27.5 

RN/E3 -20.5 2.7 -0.5 -4.4 14.4 -0.6 5 17.6 

RN/E4 -25.3 0.6 -0.1 -4.9 12.6 -0.6 4 15.1 

Regarding the maintenance of matric potentials within the established critical thresholds, 

the CV of the matric potentials of RYL ranged from 1.5 to 4.7% at irrigation activation, and 

from 9.9 to 23.1% at the end of irrigation (Table 3). For RN, the CV of the potentials ranged 

from 0.6 to 3.9% at irrigation activation, and from 12.4 to 15.4% at the end of irrigation. The 

automation programming was carried out so that at the end of each irrigation event the potential 

was close to field capacity in each soil type, being -10 kPa for RYL and -5 kPa for RN. 

However, at the end of some events, this potential was above the value used in the 

programming. This behavior is expected because after the end of each irrigation, the wetting 

front continues to move downwards increasing the soil moisture and the matric potential until 

a balanced condition is established in the porous capsule region (Freire et al., 2018). 

From these results, irrigation control via matric potential can be considered satisfactory, 

since the coefficients of variation of the potentials, both at the time of activation and at the end 

of irrigation, were close to 20% in all thresholds for both RYL and RN. This behavior of the 

automation system was observed throughout an evaluation period of 14 days, with a total of 19 

activations for RYL and 31 activations for RN. According to Almeida et al. (2017), an irrigation 

controller is considered adequate when critical values are kept within a tolerance of up to 20% 

in relation to the adopted threshold, and this variation must occur in at least 90% of the operating 

time of the system.  

Despite not being able to act on the entire range of available soil water, tensiometers are 

extremely efficient in monitoring moisture in the wet range. Theoretically, tensiometers can 
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measure up to 100 kPa without breaking their hydraulic column. In sandy soils, this value 

represents about 70% of the available water. Nonetheless, in clayey soils, only 40% of the 

available water can be monitored (Braga and Calgaro, 2010). Even so, in general, higher critical 

potentials (close to field capacity: -10 to -30 kPa) are used in agricultural crops more sensitive 

to water stress, while lower potentials (-40 to -60 kPa) are adopted in more tolerant crops 

(Bianchi et al., 2017). Considering the available water as the soil moisture interval between the 

permanent wilting point (-1500 kPa) and the field capacity (-10 kPa for RYL and -5 kPa for 

RN), the automation system in RYL acted in the monitoring of 21, 27, 32, and 36% of the water 

available in the case of the thresholds of -20, -25, -30, and -35 kPa, respectively; in NR, 

monitoring corresponded to 46, 62, 76, and 77% of the water available in the case of the 

thresholds of -10, -15, -20, and -25 kPa, respectively. 

Tensiometers must be installed considering the best possible contact between the porous 

capsule and the soil. This is possible in a moisture condition that facilitates the introduction of 

the tensiometer at the desired depth. Tensiometers generally need to be refilled with water for 

the continuity of the readings; at that moment, it is crucial that the handling of the equipment 

does not affect the contact of the porous capsule with the soil. When the water level inside the 

tensiometer is close to ground level, it is recommended to refill it up to the level of the pressure 

transducer adapter. This is even more important in RN, where, in a low moisture condition, any 

improper handling of the equipment can impair the contact of the capsule with the ground and, 

consequently, the matric potential readings. 

Regarding the construction of tensiometers, greater attention should be paid to making the 

devices, with special care being taken to seal the connections between the porous capsule and 

the pressure transducer with the tube. Furthermore, the integrity of electronic components must 

be evaluated, so that there are no short circuits that can damage the entire automation system. 

It is noteworthy that the electronic components used in the Arduino platform are simple to 

manufacture and, if not properly installed and protected from the weather conditions, their life 

span may be reduced. Operation of the electronic tensiometer in the field can be verified by 

monitoring the input (Vcc) and output (Signal) voltages of the pressure transducer, which can 

be performed with the aid of a multimeter adjusted to the maximum voltage of 20 V. 

Ground, Vcc, and Signal pins of the transducer are easily identified in the manufacturer’s 

datasheet. Another component that demands attention during system operation is the RTC 

module, which requires a 3 V CR2032 lithium battery for functioning. The need to change it 

regularly should be checked so that there are no errors in data file timestamps for matric 

potential monitoring. 

The automation system is simple to build and its programming can be easily adjusted 

according to the needs of the user. These characteristics are important in its application by small 

producers, since it is possible to adopt a low-cost irrigation automation system that acts 

according to the soil water dynamics, thus leading to rational use of water in the irrigation, 

which can be replicated in temperature-controlled greenhouses. 

4. CONCLUSIONS 

The pressure transducer was efficient as a reading mechanism in electronic tensiometers 

for monitoring the matric potential in the wet soil range between -20 and -35 kPa in RYL and 

between -10 and -25 kPa in RN. 

The automation system worked accurately in the control of irrigation in RYL and RN in a 

controlled environment, responding effectively to the programming executed by the Arduino 

microcontroller board. 

Using the moving average method to smooth the pressure transducer output signal is 

efficient in correcting irregular readings that can interfere with irrigation automation. 
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ABSTRACT  
In the Armed Forces' campaign activities, large troops may be exposed to serious health 

risks even before war itself. In 2010, for example, the Brazilian Army sent nearly 2,000 men to 

join the United Nations peacekeeping mission in Haiti, which was experiencing a cholera 

epidemic. This work therefore investigated the water quality and sanitation of the various types 

of reservoirs used in four field-training activities of a Brazilian Army Unit located in the state 

of Rio de Janeiro. Physicochemical and microbiological analyses of the water were carried out, 

and visual inspections and swab samples were collected from the inner surface of these 

reservoirs for counting coliform bacteria and counting mesophilic aerobic microorganisms. 

Physicochemical and microbiological analyses of water from different types of reservoirs 

revealed a lack of conformity with American Public Health Association and Ordinance Number 

518, of  03/25/04, of the Brazilian Ministry of Health . It was observed that 50% of the collective 

and individual reservoirs did not have the desirable minimum levels of Free Residual Chlorine. 

In addition, in 35.7% of the total collective and individual reservoirs evaluated there was growth 

of coliform group bacteria and in 28.57% of them the number of heterotrophic bacteria 

exceeded the maximum recommendation. According to the swabs performed on the inner 

surfaces, results of the total viable mesophilic aerobic counts were above the recommended 

levels in 78.57% of the total evaluated reservoirs. Besides that, in the Lyster bags of activities 

1 and 2, there was growth of coliforms, or 14.28% of the total evaluated reservoirs.  It was 

concluded that there were failures in the management of multiple barriers during storage and / 

or distribution, as well as in the maintenance of disinfection to prevent or eliminate microbial 

contamination, indicating the need for corrective measures. 

Keywords: armed forces, drinking water, reservoir. 
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Avaliação da qualidade da água e da higienização dos reservatórios 

utilizados nas atividades de campanha de uma unidade militar no 

estado do Rio de Janeiro 

RESUMO 
Nas atividades de campanha das Forças Armadas, grandes tropas podem ser expostas a 

sérios riscos à saúde antes mesmo da ação militar propriamente dita. Em 2010, por exemplo, o 

Exército Brasileiro enviou quase 2.000 homens para participar da missão de manutenção da paz 

das Nações Unidas no Haiti, que estava passando por uma epidemia de cólera. Este trabalho 

teve como objetivo investigar a qualidade da água e o saneamento dos vários tipos de 

reservatórios utilizados em quatro atividades de treinamento em campo de uma Unidade do 

Exército Brasileiro, localizada no estado do Rio de Janeiro. Foram realizadas análises físico-

químicas e microbiológicas da água, além de inspeções visuais e amostras de swab da superfície 

interna desses reservatórios, para contagem de bactérias coliformes e microrganismos aeróbios 

mesófilos. Análises físico-químicas e microbiológicas da água de diferentes tipos de 

reservatórios indicaram um desacordo com as recomendações da Associação Americana de 

Saúde Pública e da Portaria número 518, de 25/03/04, do Ministério da Saúde. Observou-se que 

50% dos reservatórios coletivos e individuais não apresentavam os níveis mínimos desejáveis 

de cloro residual livre. Além disso, 35,7% do total de reservatórios coletivos e individuais 

avaliados apresentaram crescimento de bactérias do grupo coliforme e em 28,57% delas o 

número de bactérias heterotróficas excedeu a recomendação máxima. De acordo com as swabs 

realizados nas superfícies internas, os resultados das contagens aeróbicas mesofílicas viáveis 

totais ficaram acima dos níveis recomendados em 78,57% do total de reservatórios avaliados. 

Nos sacos Lyster das atividades 1 e 2, houve crescimento de coliformes, ou seja, 14,28% do 

total de reservatórios avaliados. Concluiu-se que houve falhas no gerenciamento de múltiplas 

barreiras durante o armazenamento e / ou distribuição, bem como a manutenção da desinfecção 

para prevenir ou eliminar a contaminação microbiana, indicando a necessidade de medidas 

corretivas. 

Palavras-chave: água potável, forças armadas, reservatório. 

1. INTRODUCTION 

The Armed Forces deal with extreme situations, which lead thousands of men and women 

away from situations considered ideal for the health protection of so many people. Under these 

conditions, large troops may be exposed to serious health risks even before war activities 

themselves. 

The warning from American researchers of the importance of strict control over the origin 

of water, especially when troops are away from their headquarters, is irrefutable proof of the 

importance of water in the context of field sanitation operations. During Operation “Desert 

Storm” in the first Gulf War, the US military used water from a few local sources that were 

closely monitored by troops (US, 2008).  

Another example of an operation involving great concern with drinking water was during 

the United Nations Mission for Stabilization of Haiti (MINUSTAH), where more than 30 

thousand military personnel from the Armed Forces, especially from the Brazilian Army, 

participated. In 2010, cholera spread to the Haitian population, whose health situation was even 

worse after earthquakes that occurred in that same period. The United Nations has been held 

responsible for the approximately 10,000 deaths and 820,000 cases of the disease recorded 

between 2010 and 2018 (De Andrade-Lima, 2019). 
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The guarantee of safe drinking water poses challenges for an army, since the treatment 

equipment used by conventional troops is very heavy and operationally complex to deploy in 

remote stations (Koban and Gibson, 2017). Thus, in situations where a soldier is far from a safe 

point to refill his canteen, he must be able to disinfect the water for his own consumption (Brasil, 

2019). Individual water treatment can be done by iodine tablets, chlorine ampoules or boiling. 

Besides that, the water containers should be inspected and residual chlorine must be monitored 

in water supply units (US, 2016). Residual disinfection is used to provide partial protection 

against low contamination and growth in the distribution network (WHO, 2008; Dion-Fortier 

et al., 2009). 

Water reservoirs are also important, as they may compromise water quality. Surfaces in 

contact with water can form the basis for bacterial biofilm formation. These microbial 

complexes are not removed during normal cleaning procedures and may be a continuous source 

of contamination (Joseph et al. 2001). Biofilms are more resistant to cleaning and disinfection 

processes (Shia and Zhu, 2009). 

In addition, aquatic reservoirs have the ability to drastically alter the quality of water that 

previously had a free-flowing system. Problems encountered include oxygen depletion, 

nitrogen supersaturation, excessive nutrient and sediment loading, and uncontrolled growth of 

algae and aquatic plants (US, 2008). Reservoirs must be adequate, capped, leak-free, and stored 

at a mild temperature (US, 2016). 

Physicochemical and microbiological analyses are performed in order to control the water 

quality. Bacteria of the coliform group are among the main indicators of the suitability of water 

for domestic, industrial and other uses. The density of this group, especially thermotolerant 

coliforms or E. coli, is an important criterion of sanitary quality. The importance of the tests 

and the interpretation of the results are well validated and have been used as the basis for 

bacteriological water supply quality standards. Heterotrophic counts, on the other hand, provide 

a centesimal enumeration of the total viable bacteria that can provide useful information on 

water quality and provide supporting data on the significance of total coliform test results. 

Heterotrophic counting is also useful in evaluating the efficiency of various treatment processes 

(APHA et al., 2005). 

It is also worth mentioning that, currently, multivariate statistical analyses have been used 

to assess pollution in aquatic sediments such as principal component analysis / factor analysis 

(PCA/ FA), hierarchical cluster analysis (HCA) and Pearson's correlation relationship (ICP). 

These analyzes are useful as they establish relationships between the investigated data, 

determine their sources and still classify them according to their characteristics. The PCA and 

the HCA are useful tools for the effective management of water resources (Ustaoğlu and Tepe, 

2019; Ustaoğlua and Islam, 2020). In addition, Gu et al. (2016) reports that results indicated 

that integrated application of multivariate methods may serve as an operational analysis tool for 

reservoir water quality assessment. 

The goal of this work, therefore, was to evaluate water quality and sanitation of the supplies 

used for water transportation and storage in the field training activities of a military unit of the 

state of Rio de Janeiro. The collective reservoirs used in these activities were water trucks with 

10,000 liters of water, tank trailers of up to 1,500 liters and Lyster bags of 100 liters of water. 

In addition, each military man carried a canteen with a capacity of 950 ml for individual use. 

2. MATERIAL AND METHODS 

The study was conducted through a partnership between the Federal Rural University of 

Rio de Janeiro (UFRRJ) and a military unit located in the state of Rio de Janeiro. This is a cross-

sectional, descriptive and exploratory study. The area in which the study was carried out is 

around 26.2 km2 (Figure 1). 
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Figure 1. The area in which the study was carried. 

Four field training activities were followed during 2010, as shown in Table 1. In these 

activities, water samples were collected from reservoirs available for microbiological and 

physicochemical analysis, and swab samples were collected for analysis from the internal 

surface of these reservoirs. 

Table 1. Description of campaign activities. 

Activity Camp 1 Camp 2 Camp 3 Camp 4 

Activity start Jun 23 2010 15 Set 2010 Out 19 2010 Nov 15 2010 

Place A B C D 

Stay in campaign 4 days 4 days 4 days 15 days 

Participating troop 650 military 546 military 330 military 400 military 

Number of meals a day 2,600 2,184 1,320 1,600 

Volume of drinking water 

used per day 
3,000 to 4,000 L 3,000 a 4,000 L 4,000 L 3,000 to 4,000 L 

Source of drinking water 
Municipal 

Water Park 

Municipal 

Water Park 

Municipal 

Water Park 

Municipal 

Water Park 

Each activity included a water truck, some trailer tanks (Figure 2) and some Lyster Bags 

(Figure 3), as well as canteens for individual use. In each activity, the same types of reservoirs 

were used; however, they belonged to different sections of the military unit, and it was not 

possible to collect samples from the same reservoir in the different camps. Therefore, the 

collection was made by choosing a reservoir of each type, randomly. 

Water samples were also collected from the city's Water Park. This source was used to 

supply the water truck, which subsequently supplied the trailer tanks and Lyster bags. 
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The samples were obtained under aseptic conditions and were transported to the Food and 

Beverage Analytical Laboratory (LAAB) of the Federal Rural University of Rio de Janeiro, 

respecting the maximum period of 24 hours between collection and the beginning of the 

analyses. 

         
Figure 2. Trailer tank. 
Source: the author. 

 
Figure 3. Lyster bag. 
Source: the author. 

2.1. Physicochemical analysis 

Physicochemical analyses were performed for apparent color, taste, odor, appearance, pH, 

turbidity, total dissolved solids, organic matter, sulfates, hardness, chlorides and iron according 

to the Standard Methods for the Examination of Water and Wastewater (APHA et al., 2005). 

Samples were collected in previously washed 1.5L polypropylene flasks. Turbidity was 

determined by the Nephelometric method using MS Tecnopon turbidimeter - model TB 1000. 

The pH was determined using a Lutron portable pHmeter - Model pH 206. Total dissolved 

solids were determined using the MS Tecnopon conductivity meter - Model MSM 150. 
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2.2. Microbiological analyzes 

From the water samples, total and thermotolerant coliforms (fecal coliforms) counts were 

performed by the multiple-tube technique, and heterotrophic bacteria counts were also 

performed according to the methodology of the Standard Methods for the Examination of Water 

and Wastewater (APHA et al., 2005). Samples were collected using 500 ml glass bottles, 

previously washed with non-toxic detergent, rinsed with ordinary water and distilled water (last 

rinse), autoclaved for 15 minutes at 121ºC, added with 0.1 ml. (2 drops) 10% sodium 

thiosulfate. 

Results of coliform counts were expressed as MLN (most likely number) per 100 milliliter 

sample and heterotrophic bacteria in CFU (Colony Forming Units) per milliliter sample. The 

interpretation of results followed the recommendations of MS Ordinance No. 518 (Brasil, 

2004), which, although repealed, had the same microbiological parameters required by the 

current Consolidation Ordinance No. 5 of September 28th 2017 (Brasil, 2017). The 

determination is the absence of coliforms in 100 ml, and results <2.0 / 100 mL of sample by the 

multiple tube technique can be considered as ABSENCE in 100 ml. Regarding the count of 

heterotrophic bacteria, a maximum of 5 x 102 CFU / ml is recommended.  

2.3. Microbiological analysis of the inner surface of water reservoirs 

Swab sample collection was performed for microbiological analysis of the inner surfaces 

of the reservoirs. Then the swabs were transferred to the neutralizing solution tubes. These tubes 

were transported in ice-containing Styrofoam boxes (for low temperature maintenance) to the 

laboratory where total counts of viable aerobic mesophilic microorganisms and coliform 

bacteria were counted.  

The results of aerobic mesophilic counts (AMC) were expressed in CFU / cm2 and were 

interpreted according to APHA (2001) and Harrigan (1998). Counts ≤5 / cm2 were considered 

satisfactory; 5 to 25 / cm2, as counts which require investigation; and >25 / cm2, as totally 

unsatisfactory requiring immediate corrective action. As for coliforms, complete absence is 

recommended, being obligatory absence on surfaces that come into contact with heat-treated 

foods.  

3. RESULTS AND DISCUSSION 

With the analyses being performed in the LAAB, it was possible to verify that, according 

to the analyzed parameters, water samples taken from the Resende City Water Park were in 

accordance with Ordinance No. 518, of the MS (Brasil, 2004). 

Regarding the inspection performed on the water reservoirs, it was observed that the Lyster 

Bag covers did not fit perfectly to them, allowing rainwater and dirt to enter. In addition, some 

bags had holes that were sealed with tape. According to reports from those responsible for the 

maintenance of these materials, the Lyster Bags were already in the process of being disposed 

of, because they were deemed unserviceable and their recovery was not economically viable. 

Water reservoirs should be inspected periodically for cracks, signs of use for the storage 

of products other than water, such as petroleum, gasoline or diesel derivatives (US, 2016). In 

addition, in places with treated water, attention should be paid to the regular cleaning of the 

reservoirs, including water tanks, gallons and canteens themselves (Brasil, 2019). 

When measuring the free-residual chlorine (FRC) of the reservoirs, it was observed that 

50% of the collective and individual reservoirs did not have the desirable minimum levels of  

FRC, as listed in Table 2. According to Ordinance No. 518, after disinfection, the water must 

contain a minimum FRC content of 0.5 mg / L and a minimum of 0.2 mg / L must be maintained 

at any point in the distribution network (Brasil, 2004). 
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Table 2.  Reservoir Physicochemical analysis of water during the campaign activities. 

Reservoir 
Analysis 

performed 

Legislation 

parameters 
1 2 3 4 

Water truck 

Odor Odorless Odorless Odorless Odorless Odorless 

Color Colorless Colorless Colorless Colorless Colorless 

pH 5 to 10 7.5 6.08 8.16 7.8 
a FRC 0.2 to 2 mg/L 1.0 0.2 --- --- 

Hardness Max 500 mg/L 42.0 mg/L 58.7 mg/L 34.20 mg/L 44.0 mg/L 

Chlorides Max 250 mg/L 8.14 mg/L --- --- 6.68 mg/L 

Organic matter --- 2.56 mg/L 1.89 mg/L --- 2.47 mg/L 

Turbidity 5 NTU 3.95 NTU 3.26 NTU 3.85 NTU 2.88 NTU 

Total solids Max 1000 mg/L 90.0 mg/L --- 122 mg/L 81.0 mg/L 

Sulfates Max 250 mg/L 20.0 mg/L 0 0 26.1 mg/L 

Iron Max 0.3 mg/L 0.2 mg/L 0.12 mg/L 0.2 mg/L 0.2 mg/L 

Tank 

Odor Odorless Odorless Odorless Odorless Odorless 

Color Colorless Colorless Colorless Colorless Colorless 

pH 5 to 10 7.60 6.53 7.52 7.56 
a FRC 0.2 to 2 mg/L 0.5 1.0 0.14 0.3 

Hardness Max 500 mg/L 38.0 mg/L 69.1 mg/L 11.07 mg/L 13.59 mg/L 

Chlorides Max 250 mg/L 7.09 mg/L 5.68 mg/L --- 11.59 mg/L 

Organic matter --- 2.89 mg/L 1.59 mg/L --- 3.49 mg/L 

Turbidity 5 NTU 3.95 NTU 1.03 NTU 2.78 NTU 5.50 NTU 

Total solids Max 1000 mg/L 77.0 mg/L 150 mg/L --- 83 mg/L 

Sulfates Max 250 mg/L 3.0 mg/L 10.0 mg/L 5.0 mg/L 15.0 mg/L 

Iron Max 0.3 mg/L 0.2 mg/L 0.04 mg/L 0.18 mg/L 0.36 mg/L 

Lyster bag 

Odor Odorless Odorless Odorless Odorless Odorless 

Color Colorless Colorless Colorless Colorless Colorless 

pH 5 to 10 7.79 6,15 7.37 7.56 
a FRC 0.2 to 2 mg/L 0.0 0.1 0.12 0.2 

Hardness Max 500 mg/L 38.0 mg/L 60.4 mg/L 10.40 mg/L 21.95 mg/L 

Chlorides Max 250 mg/L 8.25 mg/L 4.20 mg/L --- 12.72 mg/L 

Organic matter --- 2.12 mg/L 2.0 mg/L --- 2.98 mg/L 

Turbidity 5 NTU 4.22 NTU 1.84 NTU 3.19 NTU 5.03 NTU 

Total solids Max 1000 mg/L 81 mg/L 142 mg/L --- 85.33 mg/L 

Sulfates Max 250 mg/L 18 mg/L 5 mg/L 5 mg/L 20.0 mg/L 

Iron Max 0.3 mg/L 0.2 mg/L 0.10 mg/L 0.13 mg/L 0.30 mg/L 

Canteen 

Odor Odorless Odorless Odorless Odorless Odorless 

Color Colorless Colorless Colorless Colorless Colorless 

pH 5 to 10 --- 6.32 7.40 7.58 
a FRC 0.2 to 2 mg/L 0.0 0.0 0.09 0.2 

Hardness Max 500 mg/L --- --- 6.40 mg/L 14.98 mg/L 

Chlorides Max 250 mg/L --- --- --- --- 

Organic matter --- --- 1.77 mg/L --- --- 

Turbidity 5 NTU --- 2.25 NTU 2.36 NTU 5.21 NTU 

Total solids Max 1000 mg/L --- --- --- --- 

Sulfates Max 250 mg/L --- --- 5.0 mg/L 25.0 mg/L 

Iron Max 0.3 mg/L --- --- 0.13 mg/L 0.27 mg/L 

Standards of ordinance number 518, of March 25, 2004, of the Ministry of Health of Brazil. a Free 

Residual Chlorine. 

An important issue in this type of activity that must be considered is the exposure of the 

reservoirs to the sun. Bondank et al. (2018) emphasize that summer temperatures increase the 

reaction rates between organics and disinfectants in water, increasing the formation of total 

trihalomethanes (TTHM). Another concern is the constant relationship of drop in chlorine 

residual with temperature. 

FRC must be monitored throughout the procurement process, including the source and all 

collective reservoirs. Water should be chlorinated when the supply source has no FRC, when 

the FRC is below the required level, and when a raw (untreated) or unapproved (US, 2016) 
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source of water should be used as necessary. 

Regarding the other physicochemical parameters (odor, color, pH, hardness, chlorides, 

organic matter, turbidity, total solids, sulfates and iron) the results were in accordance with 

Ordinance No. 518 of the MS (Brasil, 2004) in all camps. 

As shown in Table 3, the source water (Water Park) was within the microbiological 

parameters required by legislation. However, in 35.7% of the total collective and individual 

reservoirs evaluated there was growth of coliform group bacteria and in 28.57% of them the 

number of heterotrophic bacteria exceeded the maximum recommendation provided by 

Ordinance No. 518 of 2004 (Brasil, 2004). 

Table 3. Microbiological analyses of water during the four campaign activities. 

RESERVOIR PARAMETERS 1 2 3 4 

Water park 

(source) 

a Thermotolerant Coliforms (NMP/100 mL) Absence Absence Absence Absence 
a Total coliforms (NMP/100 mL) Absence Absence Absence Absence 
b Heterotrophic bacteria (UFC/ mL) < 25 < 25 < 25 < 25 

Water truck 

a Thermotolerant Coliforms (NMP/100 mL) Absence Absence ---- ---- 
a Total coliforms (NMP/100 mL) Absence Absence ---- ---- 
b Heterotrophic bacteria (UFC/ mL) < 25 < 25 ---- ---- 

Tank 

a Thermotolerant Coliforms (NMP/100 mL) Absence Absence Absence Absence 
a Total coliforms (NMP/100 mL) Absence Absence 2 Absence 
b Heterotrophic bacteria (UFC/ mL) 7.3x102 2.7x102 8.2x102 25 

Lyster bag 

a Thermotolerant Coliforms (NMP/100 mL) Absence Absence Absence Absence 
a Total coliforms (NMP/100 mL) 170 Absence 30 Absence 
b Heterotrophic bacteria (UFC/ mL) 7.2x103 45 3.5x102 < 25 

Canteen 

a Thermotolerant Coliforms (NMP/100 mL) Absence Absence Absence Absence 
a Total coliforms (NMP/100 mL) 30 Absence 2 Absence 
b Heterotrophic bacteria (UFC/ mL) 1.1x102 1.8x102 2.5x103 1.3x102 

a MLN / 100ml = Most Likely Number per 100 milliliter of sample; ABSENCE of coliforms is 

considered a result <2.0 / 100 mL of sample by the multiple tube technique. 
b CFU / ml = colony forming units per milliliter of sample. Heterotrophic Bacterial Count: 

Recommended maximum 5 x 102. 

It is important to mention that traditional culture methods used to detect environmental and 

pathogenic microorganisms are generally not very sensitive and still seem to underestimate the 

microbial load present. Furthermore, it is already recognized that the absence of traditional 

bacterial indicators does not guarantee the absence of more resistant forms such as 

Mycobacterium spp., Clostridium spp., viruses, protozoa, etc. Thus, promising analytical 

techniques are available for microbiological and viral monitoring of water quality, such as 

microbial identification by mass spectrometry and molecular techniques. These non-cultural 

methods are of high yield and detect bacterial indicators and non-cultivable pathogens, in 

addition to consuming less time. However, it should be noted that these new technologies are 

not yet included in the standards and guidelines and have not yet been applied as to their 

performance characteristics (Bonadonna et al., 2019). 

According to the swabs performed on the inner surfaces of the reservoirs, it was concluded 

that sanitation was not adequate. Results of the total viable mesophilic aerobic counts (Table 4) 

were above the recommended levels in 78.57% of the total evaluated reservoirs. In addition, in 

the Lyster bags of activities 1 and 2, there was growth of coliforms in 14.28% of the total 

evaluated reservoirs. 
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Table 4. Reservoir swab results during the 4 campaign activities. 

RESERVOIR PARAMETERS 1 2 3 4 

Water truck 

a Total Mesophilic Aerobic Count (CFU/cm2) 2 Absence ---- ---- 

b Coliform Group Bacteria (CFU/cm2) Absence Absence ---- ---- 

Tank 

a Total Mesophilic Aerobic Count (CFU/cm2) 4.6x102 2.5x102 1.2x102 85 

b Coliform Group Bacteria (CFU/cm2) Absence Absence Absence Absence 

Lyster bag 

a Total Mesophilic Aerobic Count (CFU/cm2) 1.8x103 2.5x103 1.5x103 1.3x103 

b Coliform Group Bacteria (CFU/cm2) > 2.5x102 16.2 Absence Absence 

Canteen 

a Total Mesophilic Aerobic Count (CFU/cm2) 53 2.9 80 1.3x102 

b Coliform Group Bacteria (CFU/cm2) Absence Absence Absence Absence 

a Total count of viable mesophilic aerobic: ≤5 / cm2 (satisfactory); 5 - 25 / cm2 (requires investigation); 

> 25 / cm2 (totally unsatisfactory requiring immediate corrective action);  
b Absence of coliforms recommended, being obligatory absence on surfaces that come into contact with 

heat-treated foods. 

Microorganisms that inhabit biofilms in drinking-water distribution systems (DWDS), are 

involved in degradation of disinfectant residual, changes in water organoleptic characteristics, 

discolouration, sheltering pathogens, production of toxins and virulence factors and in 

transformation of metals involved in corrosion (Douterelo et al., 2018). This last bacterial action 

makes it highly worrying in relation to the water truck and tank used in this experiment, since 

they contained several points of corrosion inside. 

Another major concern of these field activities should be the exposure of the reservoirs to 

the sun, especially the water tanks and Lyster bags. According to Liu et al. (2016), an initial 

binding of bacteria to the surface and the growth rate of biofilms is affected by temperature 

fluctuations. In the case of growth rate, ammonia oxidizing bacteria, for example, grow biofilms 

more quickly at a typical summer temperature of 22°C compared to 12°C in the fall, unlike 

what happens with the pathogenic Vibrio cholerae. 

Liu et al. (2016) reports that control of biofilms must be done by removing organic and 

inorganic nutrients and treatment with disinfectants. Biomass senders and biomolecular 

analyses have been developed to allow more frequent and complete assessments of the 

characteristics of biofilms. Research is indispensable, considering the known prevalence of 

antibiotic resistant bacteria and antibiotic-resistant germs in drinking water. 

4. CONCLUSIONS 

The source water was within potability standards, according to current legislation; 

however, the results of the physicochemical and microbiological analysis of the water of the 

various types of reservoirs were in disagreement. It can be concluded that there are failures in 

managing multiple barriers during storage and / or distribution, together with maintaining 

disinfection to prevent or eliminate microbial contamination. 

Considering that the group participating in these activities comprises a large community, 

and that in limited situations this group may be more susceptible to diseases, interventions are 

recommended with regard to water quality in campaign activities, based on compliance with 

good hygienic-sanitary practices and existing regulatory requirements. From this perspective, 

the joint effort of the authorities responsible for coordinating these activities to ensure water 

safety and to promote the health of their herds becomes essential. 
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