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ABSTRACT
The search for better living conditions has led the residents of the Brazilian semi-arid
region to plant forage crops, leading to a gradual decrease in the native vegetation (Caatinga)
of this region. The effects caused by the replacement of Caatinga with palm, for example, have
been little studied, especially with regard to the physical and hydraulic properties of the soil.
The objective of this study was to compare the physical-hydraulic characteristics of a litholic
neosol in two areas having different vegetation cover: one area cultivated with forage palm (O.
ficus-indica) and the other covered by native Caatinga. Differences in soil structure, especially
in porosity, between the natural and cultivated soils were observed to control the hydrodynamic
processes, resulting in changes in water retention curves and hydraulic conductivity. Natural
soil presents low values of hydraulic conductivity when compared to those of cultivated soil.
This increase is probably due to soil management required for forage palm cultivation. The
natural soil structure, characterized by relatively low saturated hydraulic conductivity values,
presents an infiltrability that favors surface runoff. Human activities in the study area have
promoted changes in the soil’s physical attributes, decreasing density and increasing porosity.
Consequently, there is an increase in water infiltration into the soil and a reduction of runoff in
cultivated areas, confirming results obtained in previous studies.
Keywords: forage palm, infiltration, weibull distribution.

Efeito da mudança no uso do solo nas características hidrodinâmicas
do solo no semiárido Brasileiro
RESUMO
A busca por melhores condições de vida tem levado os moradores da região semiárida
brasileira a optarem por plantar culturas forrageiras, provocando a diminuição gradativa da
vegetação nativa (Caatinga) desta região. A substituição da Caatinga pela palma, por exemplo,
tem efeito pouco estudado, sobretudo no tocante as propriedades físico-hídricas do solo. O
objetivo deste estudo foi comparar as características físico-hídricas de um Neossolo Litólico
This is an Open Access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.
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em duas áreas com diferentes condições de cobertura vegetal: uma cultivada com Palma
forrageira (O. ficus-indica) e a outra com Caatinga. Observou-se que as diferenças na estrutura
do solo, especialmente na porosidade, entre o solo natural e cultivado, controlam os processos
hidrodinâmicos, resultando em alterações nas curvas de retenção de água no solo e de
condutividade hidráulica. O solo natural apresentou uma baixa condutividade hidráulica,
quando comparada a determinada para o solo cultivado. Esse aumento deve-se provavelmente
ao manejo do solo, necessários para o cultivo da palma forrageira. A estrutura do solo natural,
caracterizada por valores relativamente baixos de condutividade hidráulica saturada,
apresentam uma infiltrabilidade que favorece o escoamento superficial. A antropização do solo
na área em estudo promoveu alterações nos atributos físicos dos solos, diminuindo a densidade
e aumentando a porosidade. Consequentemente há o aumento da infiltração de água no solo e
a redução do escoamento superficial no solo cultivado, corroborando com resultados obtidos
em estudos anteriores.
Palavras-chave: infiltração, palma forrageira, semiárido, weibull.

1. INTRODUCTION
Steppe Savanna, or Caatinga, covers about 10% of the total Brazilian territory, an area of
734 thousand km2, and is found mainly in the Northeast Region. It is often marked by two
annual dry periods: one long, followed by intermittent rains, and another short, which can
become torrentially rainy.
The Caatinga has been strongly affected by anthropic action. About 80% of its original
ecosystem has already been altered by human processes, mainly through fire and deforestation,
practices still common when preparing the soil for agriculture. In addition to destroying
vegetation cover, these actions can drastically reduce wildlife populations, affect water quality
and disrupt the climate balance and soil balance.
Caatinga soils usually have a superficial crust in areas without vegetation which, together
with the textural difference between horizons, directly influence the infiltration of water,
accentuating the water deficit and causing the few existing plant species in the area to be those
that have adapted most fully to this condition (Souza et al., 2016).
The root system plays an important role in the infiltration process. Pinheiro et al. (2013)
observed that the root system of Caatinga vegetation ranges from 0.60 m to 0.78 m in depth in
non-restrictive soils and that the depth of the roots during the dry season is, on average, 10 cm
less than during the rainy season. This fact indicates an adaptation strategy and generates
secondary porosity of the soil in order to increase the infiltration of water into the root zone.
However, crops lead to modifications to the soil attributes depending on the intensity of soil
preparation and the type of management used.
Well-adapted to the conditions in the semi-arid region of Pernambuco, forage palm
(Opuntia ficus-indica) was introduced into Brazil at the end of the 19th century and is the
xerophytic agricultural option with the greatest potential in the Northeast, surpassing 400,000
hectares. It has been used for years as feed for cattle herds during the dry season, mainly due to
its high potential for phytomass production. The requirements for forage palm cultivation, such
as climatic conditions, soil texture varying from sandy to clayey, and the variation between
nocturnal and diurnal temperatures are all found in Northeast Brazil (Edivani et al., 2013).
Genin et al. (2017) evaluated the natural regeneration of argania (Argania spinosa) and
palm fruit production (Opuntia fícus-indica) in the arid pre-Saharan zone of south-west
Morocco. They observed that the perennial planting of palm allied with the exclusion of pasture
for cattle, creates conditions favorable for forest recovery. They also point out that these
synergies could be a basis for promoting sustainable development and ecological restoration,
Rev. Ambient. Água vol. 15 n. 2, e2368 - Taubaté 2020
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as well as inspiring alternative guidelines for more integrated plans that combat desertification.
Oliveira Junior et al. (2014) evaluated the impact of pasture on the hydrodynamic
properties of a regolithic neo-soil in the Agreste Region of Pernambuco, and observed that the
use of the soil for pastureland significantly altered its properties when compared with those of
the natural Caatinga soil, mainly with regard to soil density and hydraulic conductivity.
Infiltration in semi-arid areas is often limited by low hydraulic conductivity and extreme
levels of water repellency which, when combined with a high intensity of precipitation, results
in excess infiltration as a dominant surface runoff mechanism. Farrick and Branfireun (2014),
when studying dry tropical forests, found hydraulic conductivity values between 9 and 164 mm
h-1, greater than rainfall intensity for more than 75% of rain events. They also observed that
70% of the infiltrated water is contained in the upper 30 cm of soil.
Kargas et al. (2012) assessed the effects of surface conditions on water infiltration into the
soil in semi-arid climates in Greece and concluded that cultivation reduces bulk soil density,
resulting in changes to the water retention curve in soil and in saturated hydraulic conductivity.
Leite et al. (2018) studied the hydrodynamic behavior of the Brazilian Caatinga in four
stages of degradation. They noticed that the infiltration of water into the soil was lower than the
saturated hydraulic conductivity and associate this fact to the soil slope generated by the impact
of the rain. They also observed that the growth of the Caatinga promotes the recovery of the
hydraulic properties of the soil, increasing saturated hydraulic conductivity and infiltration.
Mendonça et al. (2009), studying the infiltration of water in a clayey yellow red latosol
located in the Araripe Plateau in Ceará, observed that the litter and organic matter produced by
the native forest protect the soil from rainfall impact and help maintain a high infiltration
capacity when compared to deforested areas.
Soares (2018a) estimated different rainfall events in order to analyze the effect of
precipitation intensity on soil/water dynamics in the semi-arid region of Brazil. He noted that
the hydrodynamic characteristics of the natural soil where Caatinga is found cause the upper 40
centimeters to retain most of the precipitated water. By altering the physical characteristics of
the soil of the region, infiltration increases and water is retained at a greater depth, so that the
native vegetation cannot absorb the stored water.
Soil use and management impact its physical quality, mainly soil aeration. However, it also
makes the soil susceptible to erosion above all for monocultures (Lima et al., 2018). Replacing
native vegetation by forage palm crop, due to soil management necessary for cultivation,
modifies the physical properties of the soil in ways that can make restoration of native forest
impossible (Soares, 2018b).
Due to the variability in the magnitude of responses to changes in soil use and soil cover,
site-specific studies are needed in order to understand the influences caused by soil cover
changes in semi-arid environments (Owuor et al., 2016). However, few studies have evaluated
the hydrodynamic behavior of the Caatinga vegetation compared to other crops. This study
therefore sought to compare the hydraulic characteristics of a litholic neosol in two areas having
different vegetative cover: one cultivated with forage palm (O. ficus-indica) and the other with
native Caatinga. The hydrodynamic characteristics of the soil were determined using threedimensional infiltration tests and by analyzing the soil granulometry.

2. MATERIALS AND METHODS
2.1. Study location
The study was conducted in the municipality of São Bento do Una, Pernambuco, in the
southern Agreste mesoregion (geographical coordinates: 8°36'37'' S by 36°21'45'' W at
approximately 621 m altitude, Figure 1) from April to June 2017. The plots consisted of 2.0 ha
of natural soil, where the Caatinga vegetation is preexistent, and 4.5 ha of soil cultivated with
Rev. Ambient. Água vol. 15 n. 2, e2368 - Taubaté 2020
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forage palm (O. ficus-indica). The soil of the study area is classified as a litholic neosol with
local relief characterized as gently undulated with an average slope of 1.6%. The predominant
climate is semi-arid with a hot and dry summer and a rainy season between the months of April
and June. The climate is classified as BSh according to the Köppen-Geiger classification
scheme. The mean annual precipitation does not exceed 300 mm and the natural vegetation is
composed of hyper xerophilic Caatinga.
According to local residents, some more than 90 years old, the Caatinga vegetation of this
plot has never been deforested. The most common shrubs are Black Jurema (Mimosa hostilis
Benth.), White Jurema (Mimosa hostilis) and the more rare Umbuzeiro (Spondias tuberosa).
Among the cacti found, the most notable are the Foxtail (Harrisia adscendens), Facheiro
(Pilosocereus catingicola), Mandacaru (Cereus jamacaru), and Xique-xique (Pilosocereus
gounellei). Due to a severe dry period, the caatinga was found to be noticeably degraded,
resembling an area studied by Leite et al. (2018) that had been deforested and recovered 35
years ago.
In the plot where the native vegetation has been replaced by forage palm (O. ficus-indica)
for at least 30 years, the soil is turned by machinery, while planting and organic fertilization are
performed manually, the latter occurring twice during each crop cycle, once during planting
and once at one year. In both cases, approximately 3 t ha-1 is used. Non-deformed soil samples
were collected from the 0-20 cm depth layer in two distinct areas: under Caatinga and under
forage palm (O. ficus-indica). In order to determine the hydrodynamic properties of the soil,
granulometry and infiltration tests were carried out at both sites.
In Figure 1b, we can see a stretch of the 2 ha of Caatinga. Although the plants are
xerophiles, the scarcity of rainfall over the last five years has drastically reduced their vegetative
density.In this area, the predominant arboreal vegetation is composed mainly of black jurema
(Mimosa hostilis Benth.), white jurema (Mimosa hostilis) and more rarely umbuzeiro (Spondias
tuberosa). Among the cacti found were the foxtail (Harrisia adscendens), the woodpecker
(Pilosocereus catingicola), the mandacaru (Cereus jamacaru) and the xique-xique
(Pilosocereus gounellei). The soil is compacted, shallow, and stony, with fragments of rock on
the surface. At a depth of 0.4 m, it becomes impossible to excavate without the use of
machinery, due to the large quantity of rocks.
In Figure 1c, the 4.5 ha of soil cultivated with spineless cactus (O. ficus-indica) is shown.
Along with the cultivation, a large and diverse amount of weeds can be seen, which are
periodically removed. Due to the scarcity of water, the crop does not grow satisfactorily. The
leaves are small, twisted, and largely a non-characteristic color with a yellowish tint.
Fertilization is carried out at the beginning of planting and is not repeated until the time of
harvest. Initially, the distance between plants is approximately 0.5 m. Between lines, the
distance is about 1.0 m. Both distances decrease as the crop grows. Due to the treatment
necessary for cultivation, the soil is not compacted nor does it contain rocky fragments within
the upper 0.4 m of its depth.
From April 1st to June 30th, 2017, a total of rainfall of 543.6 mm, and its distribution is
irregular throughout the period. Of the 91 days of study, 30 had no rainfall. In 44 days,
precipitation occurred up to 10 mm and only in 17 days had precipitation greater than 10 mm.
The biggest rain event (74.6 mm) occurred on 05/28/2017 (Figure 2). That is, the rains were of
low intensity but with high frequency.

Rev. Ambient. Água vol. 15 n. 2, e2368 - Taubaté 2020
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Figure 1. a) Localization map of the study region. b) Caatinga found in the study area. c) Spineless
cactus (O. Ficus-Indica) cultivation in the study area.
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Figure 2. Rainfall from April 1st to June 30th, 2017.

2.2. Granulometric tests
The granulometric analysis was performed using the ABNT (2016) method, which makes
it possible to determine the diameters of the finer particles (clay and silt) through sedimentation
and the coarser ones (sand) through sieving. A sigmoid curve with asymptotic limits and an
exponential growth rate, proposed by Weibull, with three adjustment parameters (dm, β and δ),
was fitted to the points obtained from the particle size test Equation 1:
𝐹𝑑 = 100 − (100 − 𝑑𝑚 )𝑒 −𝛽𝑑

𝛿

(1)

Where d is the particle diameter (mm), and Fd is the percentage of particles smaller or
equal to d. The adjustment parameters to fit the model to the known points of the particle size
distribution curve were determined optimally, considering as a criterion the minimization of an
object function Equation 2:
2

𝐹𝑂 = ∑𝑁
̂(𝑖)]
𝑖=1[𝑥(𝑖) − 𝑥

(2)

Where 𝑥(𝑖), 𝑥̂(𝑖) are the measured and calculated values of the accumulated fractions, for
the respective fraction i. From the fitted grain-size curves, the water retention curve was
estimated using the model proposed by Arya and Heitman (2015), which calculates the values
of moisture and matric potential from the values for particle diameter and concentration
obtained through the granulometric analysis.
The water content in the soil was estimated from the particle size distribution, as a
contribution of each fraction to the wetting of the soil, using the Equation 3:
𝜃𝑖 = 𝜙 ∑𝑖𝑖=0 𝑤𝑖

(3)

Where φ represents the porosity (m3.m-3), wi is the mass fraction of i (kg kg-1), calculated
by means of a sigmoidal function fitted to the soil particle size distribution data. The soil matric
potential (hi)was calculated from the capillarity and from the pore radius (Equation 4):
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2𝜎

(4)

0.717𝛷(𝑤𝑖 /𝑝𝑏 )
𝜌𝑤 𝑔
4/3
√ 3𝑤𝑖
(
)
𝑅𝑖
3
4𝜋𝑅𝑖 𝑝𝑝

Where σ is the surface tension at the air-water interface (0.0728 N m-1), g is the acceleration
of gravity (9.81 m s-2), Ri is the radius of the particles, and ρw, pp, and pb are the densities of
water, apparent soil, and particles (kg m-3). This methodology has been well evaluated for
Brazilian soils (Soares and Hammecker, 2017).
2.3. Infiltration tests
Simple-ring infiltrators with a diameter of 150 mm and height of approximately eight
centimeters were used in the infiltration tests. In order to minimize the structural disturbance
and ensure a vertical flow on the soil surface, they were embedded about one centimeter into
the soil.
According to the applied methodology, undeformed samples were collected to determine
the soil density (using an Uhland auger) and deformed samples to determine the initial and final
volumetric contents of water and to obtain the granulometric curve.
A fixed volume of water was then poured into the cylinder at time zero: the elapsed time
during infiltration of the known water volume could thus be measured. Once the initial volume
had been completely infiltrated, a second known volume of water was added to the cylinder,
and the time required to infiltrate was measured. This procedure was repeated for a series of
volumes to reach steady state.
The three-dimensional infiltration of water into the soil was modeled using the analytical
equation for long times proposed by Haverkamp et al. (1994) in order to obtain the saturated
hydraulic conductivity (Ks) and the sorptivity (S).
The simplified form of this Equation 5 is defined by:
𝐼3𝐷 = [𝐾𝑠 + 𝑟

𝛾𝑆 2
]𝑡
𝑑 (𝜃0 −𝜃𝑛 )

𝑆2
1
𝑙𝑛 (𝛽)
𝑛 )(1−𝛽)

+ 2(𝐾 −𝐾
𝑠

(5)

Where I3D is the three-dimensional infiltration, θn and θ0 are the initial and final humidities
(mm3.mm-3), rd is the infiltrator radius (mm), t is the time (s), Kn is the hydraulic conductivity
at the start of the test (mm s-1), and γ and β are dimensionless parameters.
Capillarity and gravity affect three-dimensional infiltration. This influence can be
estimated through the capillary length scale, λC (White and Sully, 1987) and the characteristic
radius of hydraulically active pores, λm (Philip, 1987), determined by Equations 6 and 7:
𝜆𝑐 = (𝜃
𝜆𝑚 = 𝜌

𝛿𝑆 2
𝑓 −𝜃𝑖 )𝐾𝑠

𝜎

𝑤 𝑔𝜆𝑐

(6)
(7)

Where σ is surface tension of water (0.0728 N m-1), ρw is the specific mass of water
(103 kg m-3), g is the acceleration of gravity (9.81 m s-2), and δ is the diffusivity shape parameter
(0.55).
λC represents the relative importance of capillary forces compared to gravity, when water
is transmitted through the soil with initial moisture (θi), and λm defines the average size of the
pores that participate in the infiltration process. The higher the λm, the greater the effect of
gravity compared to capillarity.
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Six point tests were performed in each of the plots, with three repetitions, totaling 36
samples. The simple-ring infiltrometer test is an excellent alternative considering attributes
such as preparation and test execution costs, time required for its execution, and the fact that it
has been used by various authors (Souza et al., 2016; Oliveira and Soares, 2017). A
disadvantage of this infiltrator is that it does not characterize the surface sealing generated by
the impact of rain drops.
2.4. Hydrodynamic Characterization
The results obtained for volumetric moisture (θ) and matric potential (h) were fitted to the
Equations 8 and 9 proposed by Van Genuchten (1980):
𝜃𝑠 −𝜃𝑟

𝜃(ℎ) = 𝜃𝑟 +
[1+|

ℎ
|
ℎ𝑔

𝜃−𝜃

𝐾(𝜃) = 𝐾𝑠 (𝜃 −𝜃𝑟 )
𝑠

]

0.5

𝑟

(8)

𝑛 1−2/𝑛

1
1−2/𝑛

𝜃−𝜃

[1 − (1 − (𝜃 −𝜃𝑟 )
𝑠

𝑟

1−2/𝑛 2

)

]

(9)

In this way, the values for residual (θr) and saturated (θs) volumetric humidity, the pore
size distribution index (n), and the bubbling pressure (hg) were determined.
2.5. Soil repellency to water
In order to estimate the degree of soil repellency to water, the water droplet penetration
time (WDPT) method was used, which consists of applying two drops of water (around 40 μl)
with a Pasteur pipette, and then measuring the time taken for these drops to penetrate the
sample. Ten point tests were performed in each of the plots, with three repetitions, totaling 60
samples.

3. RESULTS AND DISCUSSION
3.1. Granulometry and infiltration tests
From the sieving and sedimentation tests, it was possible to determine the granulometric
fractions of the studied soils. For the natural soil, the average fractions of sand, silt, and clay
were 72.13%, 17.24%, and 10.63%, respectively. For the cultivated soil, the average fractions
of sand, silt, and clay were 68.19%, 16.71%, and 15.10%, respectively. The differences between
these soils were not considered to be significant (t-test), and these soils were classified
texturally as sandy loam (Table 1). These results were expected, as the original material was
identical for the two classes of land use. In both cases, the amount of sand present is
considerably higher than the clay and silt fractions.
Table 1. Granulometric fractions, density (ρ), porosity (φ), and water droplet
penetration time (WDPT) of natural and cultivated soils.
Soil

Clay (%)

Silt (%)

Sand (%)

ρ (g cm-3)

φ (%)

WDPT(s)

Natural
Cultivated

10.63±3.2
15.10±2.7

17.24±1.5
16.71±1.2

72.13±2.6
68.19±3.1

1.69±0.04
1.43±0.05

36.23±3.7
46.04±3.2

3.84±0.61
0.82±0.37

The similarity in soil textures is important because it suggests that possible differences in
other physical and hydraulic properties (between natural and cultivated areas) can be attributed
with some degree of confidence to the effects caused by use of the soil. The densities of the
natural and cultivated soils were 1.69 g cm-3 and 1.43 g cm-3, respectively. Natural soil was
expected to have a higher density, since the soil is plowed in preparation for planting the palms.
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Another fact that might contribute to higher compaction for the natural soil is its slope, which
causes an increase in surface runoff. The slope of the natural soil was 1.6% while the portion
of cultivated soil had a slope of only 1%.
The values determined for the density are close to those found in other studies carried out
in regions having the same characteristics. Rodrigues et al. (2016), found values between
1.46 g cm-3 and 1.61 g cm-3 for yellow argisol in a region of the Caatinga, in Juazeiro, BA.
Oliveira Junior et al. (2014) observed values of 1.67 g cm-3 and 1.14 g cm-3 for natural regolithic
neosol in the municipality of São João, PE, and 1.56 g cm-3 and 1.28 g cm-3 for soil planted
with grass (Brachiaria decumbens Stapf).
Density directly affects soil porosity, retention, and conductivity (Kargas et al., 2012).
There was an increase of approximately 27% in the porosity of the cultivated soil (46.04%)
compared to the natural soil (36.23%). The same behavior was observed by Rodrigues et al.
(2016), who found an increase of about 26% in yellow argisol in the municipality of Juazeiro,
BA.
According to the classification by Bisdom, both soils present values that classify them as
hydrophilic. However, it is worth mentioning that the values obtained for the natural soil were
much higher than the values obtained for the cultivated soil. The highest WDPT values for the
natural soil result from the higher concentration of fresh and/or partially decomposed matter,
different from the organic matter found in the cultivated soil, which is already in an advanced
state of decomposition.
The parameters for the grain-size curve proposed by Weibull (Equation 1) for natural and
cultivated soils were adjusted appropriately, with an r2 greater than 0.99. For the natural soil,
the values of the parameters dm, β and δ were 10.62, 2.53, and 1.18, respectively. For the
cultivated soil, the values were 15.24, 1.84, and 1.52. Although different, they are within the
same order of magnitude and were able to efficiently fit to the measured data, with errors of
less than 5%.
From the field study, mean values were found for accumulated infiltration and the
infiltration rate. In the natural soil, infiltration of 37.35 mm of water occurred after a time of
4489 s. Initially, the infiltration rate was 0.027 mm s-1 and by the end of the test, the rate had
fallen to 0.005 mm s-1. These values are different from those obtained for cultivated soil, which
had a total infiltration of 87.15 mm in a time 1046 s. At the start of the test, the infiltration rate
was 0.231 mm s-1 and by the end of the test, it was 0.072 mm s-1. The water infiltration into the
soil depends on porosity and on other factors that can interfere with soil pores, such as clay
content, root systems, and initial moisture, among others (Pinheiro et al., 2013). As the initial
moisture of both soils was practically the same (0.04 cm3.cm-3) and the amount of clay in the
samples was not significantly different, the alterations in the infiltrated volumes result from the
difference in porosity and in the repellency of water by the soil, which is higher for the Caatinga
(Table 2).
Table 2. Adjustment parameters (dm, β, δ), for the
granulometric curves of natural and cultivated soils.
Soil

dm

β

δ

Error (%)

Natural
Cultivated

10.62
15.24

2.53
1.84

1.18
1.52

1.23
3.03

3.2. Hydrodynamic characterization of the soil
By fitting the van Genuchten equation (Equation 8) to the measured retention data, it was
possible to estimate the values for bubbling pressure, the hydrodynamic parameters, and the
residual and saturated volumetric moisture for both natural soil and cultivated soil (Table 3).
The values found for all the parameters related to the natural soil were within the ranges
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determined by Oliveira Júnior et al. (2014), when comparing the hydrodynamic variability of
soils with vegetation cover and with grass, in the semiarid region of Pernambuco.
Table 3. Bubble pressure (hg), hydrodynamic parameters (n and m), residual and saturated volumetric
moisture (θr and θs), saturated hydraulic conductivity (Ks), sorptivity (S), capillary length scale (λC), and
characteristic pore radius (λm) for natural and cultivated soils.
Soil

│hg│
(cm)

n

m

Natural
12.64 2.64 0.24
Cultivated 7.62 2.95 0.32

θr
θs
-3
3
(cm cm ) (cm cm-3)
3

0.033
0.065

0.344
0.437

KS
(mm s-1)

S
(mm s-0.5)

λC
(mm)

λm
(mm)

5.38x10-3
7.78x10-2

0.190
0.349

300.40
4.07

0.02
1.80

The bubbling pressure values obtained were 12.64 cm and 7.62 cm for natural soil and
cultivated soil, respectively. The higher value indicates that greater pressure is needed to
unsaturate the moisture and begin withdrawing water into the soil. In other words, the crop
management techniques have modified the hydrodynamic characteristics of the soil, making
the soil lose water more easily.
The natural soil presented a distribution index (n) of 2.64 and the cultivated soil had an n
of 2.95. The higher the value, the lower the retention of water in the soil. As an example, for a
matric potential of 0.42 m, natural and cultured soils have a θ of 0.18 cm³ cm-3 and 0.12 cm³
cm-3, respectively. This parameter influences the hydraulic conductivity curve of the soil. For
example, for θ = 0.26 cm³ cm-3, the natural and cultivated soils had a K(θ) of 0.0002 mm s-1 and
0.0094 mm s-1, respectively.
The natural soil had a θr of 0.033 cm3 cm-3, about 50% of the value obtained for the
cultivated soil, which was 0.065 cm3 cm-3. These values indicate that the natural soil allows
water to be withdrawn from the soil by vegetation even when less water is available than in the
cultivated soil.
The natural soil had a θS of 0.344 cm3 cm-3, about 80% of the value obtained for the
cultivated soil, which was 0.437 cm3 cm-3. These values show that, for the same matric
potential, the cultivated soil contains more water available to plants, a direct consequence of
the management necessary for the crop that alters the soil porosity.
By fitting the equation proposed by Haverkamp (Equation 5) to the data obtained from the
infiltration tests, it was possible to estimate the values for saturated hydraulic conductivity,
sorptivity, capillary length scale, and the characteristic pore radius for both natural and
cultivated soil. The values found for all parameters related to the natural soil were within the
ranges determined by Oliveira Júnior et al. (2014), when comparing the hydrodynamic
variability of soils with vegetation cover and with grass, in the semiarid region of Pernambuco.
The upper limit of the hydraulic conductivity curve is determined by KS. This parameter
was found to be different in the two soils studied. The natural soil had a KS of
5.38 x 10-3 mm s-1, which was only about 7.5% of that obtained for cultivated soil,
7.78 x 10-2 mm s-1. This provides evidence that the conduction of water in the natural soil is
much less than in the anthropogenic soil. The values found are within the range determined by
Leite et al. (2018), when studying the hydrodynamic behavior of the Caatinga in four different
stages of degradation.
The capacity to absorb water as soon as it reaches the ground is represented by S. The
natural soil presented an S value of 0.190 mm s-0.5, about 54% of that obtained for cultivated
soil, which was 0.349 mm s-0.5. That is, this property of the soil has been altered due to human
action, which can change the ability of the natural soil to be reconstituted with the same original
characteristics.
For natural soil, the values of λm and λC were 0.02 mm and 300 mm, respectively. These
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values indicate that, for natural soil, infiltration is governed by capillary forces with gravity
having little effect. For cultivated soil, the behavior is the reverse. Infiltration is predominantly
governed by gravity, while capillary action has little influence. The values found for λm and λC
were 1.80 mm and 4.07 mm. This demonstrates the importance of soil structure, as soils with
the same texture can have very different hydraulic behaviors. As expected, the increase in the
characteristic radius of the pores that effectively carry water implied an increase in S and KS.
Figure 3a shows the water retention curves of the natural and cultivated soils. It can be
observed that, despite their similarities, the representative curve for natural soil presents
extreme values different from those found for the cultivated soil. Probably due to soil
management, which increased soil aeration. The inflection points are close, as evidenced by the
values of│hg│. As shown in the water retention curves for the soils, the hydraulic conductivity
curves of natural and cultivated soils present similarities with greater differences at the extremes
(Figure 3b). However, the maximum water conduction value for soil cultivated with forage
palm is an order of magnitude greater than that determined for soil cultivated with natural
vegetation. This causes rainwater to seep into the soil faster, increasing the possibility of soil
erosion.

Figure 3. a) Water retention curves in natural and cultivated soils;
b) Hydraulic conductivity curves for natural and cultivated soils.

Although the differences in hydrodynamic characteristics appear to be small, they suggest
an influence over the entire hydrological cycle at the locality. The natural soil presents
characteristics that attenuate the infiltration and conduction of water into its interior, causing a
greater surface runoff, characteristic of the region. With the replacement of the natural
vegetation by the forage palm crop, a decrease in this flow occurs. These results agree with
those found by Alaoui et al. (2011), who observed that surface runoff is controlled by saturated
hydraulic conductivity and soil bulk density.

4. CONCLUSIONS
The adjustment of the Weibull equation proved to be appropriate, robust, and fully adapted
to modeling the granulometric curves for the studied soils, allowing the methodology proposed
by Arya and Heitman to be used to estimate the water retention curve for the soil.
The methodology proposed by Haverkamp provided acceptable values for the sorptivity
and saturated hydraulic conductivity of the natural and cultivated soils, giving precise
adjustments of accumulated infiltrations.
The differences in structure, especially in porosity, between the natural and cultivated soils
control the hydrodynamic processes, resulting in alterations in the water retention curves and
in hydraulic conductivity.
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The natural soil structure, characterized by relatively low values of KS, presents an
infiltrability that favors surface runoff.
Soil anthropization in the study area has promoted changes in the soil’s physical attributes,
decreasing its density and increasing porosity. Consequently, there is an increase in water
infiltration into the soil and a reduction of runoff, corroborating results obtained in previous
studies.
Conversion of forests to cropland is the main land-cover change in the Caatinga, and it has
a major effect on soil hydraulic properties. Our study shows that a difference in infiltrability
across the two sites is explained by a change in soil structure, arising from soil management.
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ABSTRACT
The differentiated effects of the provision of environmental services in a watershed are due to the
capacity of regularization of outflows in its mouth. In impacted areas, this environmental function is
affected, and in some situations, it ceases to exist completely. This study characterized the soil and the
production of sediments in anthropic watersheds, with the purpose of describing and evaluating the
environmental services offered by a watershed undergoing anthropic transformation. The analyses show
that the water flow in the remaining watersheds was preferably horizontal in the transmission zone, and
these areas represent almost all areas. The values of hydraulic conductivity suggest that the infiltration
decreases with soil depth; this fact is corroborated by the values of bulk density. The natural regions of
water accumulation, the floodplains or outcrops zones, are small and do not have direct contact with the
main floodplain present in the Guandu River Basin, making it impossible to recharge through other
areas. Even so, water balance shows that the set of measures implemented ensured that the deficit water
demand was supplied during the years of operation, even in times of water deficit. Likewise, the
retention of solids in the settling tanks and in the drainage system prevented some 29,000 t of sediment
from being carried between the years of 2012 and 2015.
Keywords: hydric balance, sediments, water resources.

Produção sustentável de água bruta baseado no manejo dos serviços
ecossistêmicos de microbacias
RESUMO
Os efeitos diferenciados da produção de serviços ambientais em microbacias se devem à
capacidade de regularização das vazões de saída em seu exutório. Já em áreas impactadas esta
função ambiental é afetada e, em algumas situações, deixa de existir completamente. Este
estudo objetivou caracterizar o solo e a produção de sedimentos em microbacias antropizadas,
com o intuito de descrever e avaliar os serviços ambientais oferecidos por uma bacia em
transformação antrópica. As análises mostram que o fluxo hídrico nas microbacias
remanescentes eram, preferencialmente, horizontais na zona de transmissão, que representa
This is an Open Access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.
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quase a totalidade das áreas. Os valores de condutividade hidráulica, sugerem que a infiltração
diminui em profundidade, este fato é corroborado pelos valores de densidade do solo. As
regiões naturais de acúmulo de água, as várzeas ou zonas de afloramento, são pequenas e não
possuem recarga por outras áreas. Mesmo assim, balanço hídrico mostra que o conjunto de
medidas implementadas garantiu que a demanda hídrica deficitária fosse suprida ao longo dos
anos de funcionamento, mesmo em época de déficit hídrico. Da mesma forma, a retenção de
sólidos nos tanques de decantação e no sistema de drenagem, impediu que cerca de 29.000 t de
sedimentos fossem carreados entre os anos de 2012 a 2015.
Palavras-chave: balanço hídrico, recursos hídricos, sedimentos.

1. INTRODUCTION
The differentiated effects of the pro environmental services in watersheds, because of the
hydrologically sensitive effects, can be measured by their ability to regularize the flow of the
river basin. Under natural conditions, the watersheds have the capacity to produce water, thus
contributing to the sustainable development of their environment. They control the exchange
of water and related chemical flows from the upper catchment area to surface waters like
streams and lakes (Hattermann et al., 2006).
In impacted areas, the ecosystem function of water provision can be affected, depending
on the type of use and the intensity of that use, as well as the modifications of the soil attributes.
Commonly, water is produced in the flat and high areas of watersheds and stored in outcrop
areas or natural reservoirs. These reservoirs may present small individual capacity; however,
when all the contributions are united, the local water regime is created. Barban (2009) argues
that natural reservoirs must be interrelated and, therefore, they must be appropriately interlinked
with sectoral policies established by the government water management practices. Thus, the
diagnosis of the conditions of the small watersheds and the impacts they endure should guide
the measures to provide water.
This differentiation is due both to the large amplitude in the precipitated volume during
the year and to the effect of the sea and rivers, especially in the lowlands. In this sense, the
irregular exploitation of the soil, combined with the increase in temperature and the irregular
distribution of rainfall, increase the variation of water production capacity within the same
watershed (Gnadlinger, 2014).
In addition, the correct identification of key elements of watershed ecosystems services
allows a series of measures to be applied in order to enhance a desired service, such as water
production. This correct identification will guarantee the increase of water storage inside the
watershed and, consequently, the reduction of surface water loss. In this way, the integrated
management of watersheds and ecosystems, although distinct, must converge towards the same
end (Cook and Spray, 2012).
Therefore, the provision of water in a watershed depends on the natural capacity of the
area and local climate, but it is possible that occasional changes may increase this capacity.
This study was developed in a small group of watersheds, where an industrial project with high
demand for water resources is leased, with a low capacity to offer them naturally. The study
characterized the soil and the production of sediments in the watershed, in order to describe and
evaluate the environmental services offered by a watershed undergoing anthropic
transformation.

2. MATERIALS AND METHODS
The study (Figure 1) was carried out in a Group of Small Watersheds (GMH), which were
classified as watersheds not only for their size, but also for their hydrological functions,
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especially the characteristic of allowing the measurement of actions in their area, such as heavy
rainfall and changes in soil cover (Teodoro et al., 2007). There is mining in operation in these
areas. The total area of the watersheds is 73.37 ha. This area was in the eastern center portion
of the Guandu System (BHSG), in Queimados, RJ. The central coordinate of the study area is
22°43'49.82" S and 43°32'43.87" W.

Figure 1. Location of Guandu Watershed System (BHSG) and the Small Watersheds (GMH) were
ecosystem management actions were carried out.

The predominant climate in the region is Aw de Köppen (Alvares et al., 2013). The rainfall
regime is characterized by a rainy season, from December to March (summer), and dry season,
from June to August (winter). The average annual precipitation is 1,270 mm; however, the
configuration of the relief, given that the GMH are located at the northwest of the geographic
mass called Madureira Mendanha, combined with the predominant air currents (Atlantic
tropical - mTa), make the average rainfall lower in this area than it is in the BHSG. Local
rainfall, temperature and wind speed data were obtained from an ION-1090-WH meteorological
station installed in the experimental area. The total annual average precipitation for the station
installed in the experimental area and in the year 2016 was 700 mm.
The activity developed in this study is the complete transformation of the landscape,
removing all soil demand, as well as the rocks, which are processed using water. The flow
demanded by the production system depends on the volume of production and the climatic
conditions. Thus, higher water demand occurs when there is a lower supply, which is during
the dry season. On average, the daily consumption projected for the entire production system,
running 24 hours a day, is 40 m3 of water.
With respect to water provision, the ecosystem service offered in the study area is restricted
to small areas of outcrop, as related by Bueno et al. (2019). Thus, water supply and sediment
production were applied by means of a water balance and by measuring the volume of sediment
that left the system. In addition, the water-flow pattern was described in the different
hydrogenetic zones, as proposed by Bueno et al. (2019), through the local relief and description
of soil profiles.
In general, environmental service-enhancing practices were aimed at reducing
evapotranspiration losses and increasing the volume of water in the subsurface aquifer, in
addition to allowing the circulation of the water surplus. This system allowed the precipitated
water to be directed to the outcrop areas and stored. Subsequently, part of this volume was
pumped into a passing box system, then transferred to an Australian tank where it was then
Rev. Ambient. Água vol. 15 n. 2, e2439 - Taubaté 2020

4

Mateus Marques Bueno et al.

used. Finally, the unused portion was returned to the drainage system, returning to the storage
system.
The total period of study was from 2011 to 2016. In 2011, secondary data were collected
to prepare the initial water balance, to diagnose the study area before the start of mining
activities. In the following years, 2012 to 2014, the implantation and evaluations of the
mitigating measures were carried out. The field tests and analyses, described in the sequence,
were carried out in the years of 2015 and 2016.
The GMH morphometric characterization was based on physiographic parameters and
drainage patterns classified according to Christofoletti (1980). The physical parameters of the
GMH (area, perimeter, channels’ lengths, drainage density, form factor, index of circularity
[Ke], compactness index [Kc], and sinuosity index [Is]) were computed as described by the
methodology of Hajam et al. (2013). The database, with the available environmental
information (elevation data, political and geographic boundaries, thematic maps, satellite
images) was obtained through the processing of the digital cartographic base from the Brazilian
Institute of Geography and Statistics (IBGE), with equidistant 10 m level curves, hydrography
and quoted points, at the 1: 25,000 scale.
The GMH soil characterization was made in the remaining areas (out of the mining pit), in
the hydrogenetic zones named: capitation, transmission and outcrop. At these points, trenches
were opened to describe soil profiles and the collection of deformed samples with dutch traces
was carried out and the samples were collected using the Uhland collector. The depths of
samples were: 15 cm, 40 cm and 70 cm. For each collection point, 3 replications were
performed. In the laboratory, the chemical and granulometric characterization was carried out
according to Donagema et al. (2011). The hydraulic conductivity measurement was performed
through a constant-load permeameter. The macro- and micro porosity were determined by
means of the tension table, and the soil bulk density was determined using the volumetric
balloon method of Donagema et al. (2011). In addition, the measurement of soil depth was
evaluated along the remaining areas and progress of the soil in order to qualify the storage
capacity and the predominant water flows.
Soil water storage systems were constructed in each of the watersheds. These areas, with
functions like outcrop zones, were maintained and potentialized through the construction of
underground dams. In the center of each storage area was constructed a shallow well, from
which the water was collected, initially destined for a reservoir, and later, for different uses.
This measure allied to the drainage system allows the circulation of water in the system.
The runoff flow was obtained from the measurement of the maximum height values of the
drainage channel and correlation with the catchment area, individually for each small
watershed, and added to obtain the total flow of the GMH. The total volume of sediments of
lower particle size was obtained by multiplying the mean sediment concentration and estimated
total flow.
Throughout the drainage and water storage system, small sedimentation wells were
designed, and at strategic points, larger wells, in order to facilitate the infiltration of water into
the soil. Whenever possible this system was in contact with the original terrain, pouring water
infiltrated to the natural drainage of the small watersheds.
The quantity of sediments that leave the system was measured by the undisturbed
collection of sediments samplers, adapted by FIASP (1966), installed in the outcrop of the
watersheds. For each measurement point, 4 samplers were installed per height, which consisted
of repetitions. The sediment concentration considered was the average of the repetitions per
height. The collections were made after precipitation in the study area above 12 mm. Eight
collectors were installed along the exit of the last sedimentation tank. The first sampling line
corresponded to the minimum tank dimension and the second 0.1 m above. In the laboratory,
the samples were weighed and carried to the oven at 105ºC for 24 h, obtaining the mass of
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sediments. These samples were accumulated, quantified and their granulometric composition were
analyzed according to Donagema et al. (2011). The statistical design used was completely
randomized and the results obtained were submitted to the normal analysis of the error
distribution and homogeneity of error variances in computer environment R,Version 3.5.1 (R
Core Team, 2018).
The environmental services quantified in this study are related to water provision and
sediment retention in the system. The quantification of the water provision was carried out
through the climatological water balance of the small watersheds, the measured water demand
and the quantification of the volumes of water stored in the system. The sediment quantification
was based on the sediment-concentration data at sedimentation basins. The results of hydraulic
conductivity, porosity and density were used as indicators of the initial condition of the land
with respect to water provision.

3. RESULTS AND DISCUSSION
The GMH altimetric heights range from 40 to 200 m, the slope is between 45 to 75%
(mountainous relief). The flat areas add 2.7 ha of total area. The surface of flat curvature is
predominant in 15% of the total area, the rest being dominated by the convex surface, with
62%, followed by the concave, with 23%. In the same way, the orientation of the slopes is
variable, but with preponderance of the South and East faces. The hydrogenetic transmission
zone represents 68% of the GMH, followed by the capitation zone (20%) and outcrop zone
(12%).
Teodoro et al. (2007) states that the morphometric parameters of the watershed can be used
as indicators of water flows and, consequently, the capacity of natural accumulation of water in
the soil. The Dd indicates the drainage system efficacy (Rai et al., 2017), and represents the
inverse relation of river length, where high values of drainage density are related to the small
length of contributing tributaries. The average Dd of GMH and selected micro-basins was 2.2
km/km² showing medium drainage.
In this way, the studied watersheds have a predominance of horizontal flow and low
capacity for water accumulation within the system. These results show that the area has a low
natural water provision capacity, given that the watershed predominantly tends to flow
superficially with the volume of precipitation received. This result agrees with that found by
Bueno et al. (2019) who used the topographic index of humidity as indicator of water-producing
areas and concluded that the study area has a low capacity for water provision.
The studied soil profiles presented relatively shallow surface horizons (10 to 15 cm), with
subsurface horizons with slow permeability and some profiles with close contact to the surface.
The morphological, chemical and physical attributes of the profiles show that, in the
hydrogenetic zones of capitation and transmission, there is occurrence of Oxisol (Latossolo
Amarelo) (Santos et al., 2018). In addition, there is the presence of horizontal water flow due
to the layer of impediment. In the outcrop zone, a Ultisols (Planossolo Nátricos) (Santos et al.,
2018) was identified, resulting from the action of artificial drainage.
The mean total organic carbon values, in kg-1, were 4.94, 3.22, and 3.9, respectively, for
capitation, transmission and outcrop zones. These values suggest that the whole area had low
levels of organic matter, before the mining pit was dug. In addition, the low nutrient content is
detrimental to the development of vegetative cover in deposition areas, which could act as a
buffer to the direct impact of raindrops on the soil surface. This impact, with the subsequent
destruction of the aggregates and their individualization, can cause superficial sealing of the
surface layer, reducing the rate of infiltration of water in the soil and increasing the amount of
sediments carried through surface runoff (Gonçalves and Moraes, 2012).
A significant difference was observed for the saturated hydraulic conductivity (CHS), at
5% probability by the t test, while for the soil density and porosity no differences were observed
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in the hydrogenetic zones (Table 1). In the capitation and transmission zone, there was a
reduction of 34 and 90% in the value of CHS, indicating the prevalence of horizontal flows of
water in the soil, or subsurface flow.
The hydraulic conductivity can be considered as the ease with which the soil transmits
water (Freitas et al., 2007), this way it is evident that the water flow tends to become horizontal
flow. This fact is corroborated by the values of soil density that increase in depth and by the
presence of pipes and horizons in which there is a lower hydraulic conductivity and layers of
impediment, identified in the soil profile analysis.
Table 1. Soil hydraulic conductivity means for the different
hydrogenetic zones and at three different depths.
Soil hydraulic conductivity * (mmh-1)
Soil depths (cm)
hydrogenetic zones
Capitation
Transmission
Outcrop

15

40

70

134.60 aA
287.40 aA
52.40 bA

144.06 aA
101.14 aB
34.20 aA

88.77 aA
29.10 aB
103.32 aA

*Values followed by different letters, lowercase in the column
and upper case in the row, indicate that the values differ from
each other (p <0.05), by the test of t and ns: not significant.

Thirteen km of drainage channels were mapped, followed by small sedimentation tanks,
which directed the rainwater to the 11 main sedimentation tanks. Seven floodplain areas were
mapped, with total storage capacity of up to 141,750 m3 of water. Considering the average
density value proposed by Falcão and Ayres Neto (2010), the set of sedimentation tanks for the
years 2012 to 2015 retained about 29,000 Mg of sediment in the system. This result shows the
efficiency of the measurement, which was also confirmed through the qualitative analysis of
the effluent leaving the system.
The highest sediment concentration values (Table 2) measured in the river basin of the
GMH were observed at the spillway level. Regarding the horizontal variation, the highest value
was quantified in the central sampler. When analyzing the interaction between the mean
sediment concentration and the value of the precipitated leaf in each sampling period, no
significant differences were observed. The total sediment mass values for the samples were
13.91 kg, 13.60 kg, 20.04 kg, 13.74 kg and 43.94 kg, respectively. These data show that, even
in a period of full soil movement, the sediment export is very low and does not depend on
precipitation volume.
The granulometric distribution of the solid sediments (Figure 2) varied in the direction of
the inlet to the exit of the sedimentation tanks, and the sedimentation wedges near the entrance
had wider diameters than those near the tank exudation. This pattern is due to the energy lost
by the particles when being transported. As the energy decreases, the larger diameter particles
begin to be deposited closer to the tank entrance, while the smaller ones are transported for
longer distances (Palanques et al., 2009). Similarly, the horizontal distribution of the sediments
may be correlated with the intensity of the rains, since the tanks receive sediments throughout
the year, being emptied only in the dry period.
The visual analysis of the solid fraction of the sediments shows that they are mostly
composed of primary minerals, highlighting the low values of total organic carbon in all layers.
These results suggest that most of the accumulated sediment comes from the plowing area, in
which there is constant movement of land.
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Table 2. Concentration of fine sediments, in
g L-1, for the 5 field collections.
Concentration of fine sediments *, in gL-1
Localization

Mean

1
2
3
4

2.04 c
2.30 b
2.64 a
2.34 b

Height

Mean

1
2

3.22 a
1.44 b

**Values followed by different letters,
lowercase in the column and upper case in
the row indicate that the values differ from
each other (p <0.05), by the test of t.

Figure 2. Percentage of variation of the diameter of the
sediments accumulated along the sedimentation wedges of the
tank. Sample block A represents the collection points closest to
the tank inlet, B represents the center points and C the points
closest to the tank outlet.

The actual water demand for the years 2012 to 2014 (Figure 3) shows a progressive
increase over the years. The final balance of water provision in the GMH (Table 3) shows that
there was supply of demand, even in periods when the climatological water balance was
negative, in 2014.

Figure 3. Water demand measured for the years 2012 to 2014, in m3.
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Table 3. Final balance of water provision before and after the implementation of the
measures that empower environmental services.
Item (m3)

2011

2012

2013

2014

Climatological water balance -129.813,99 7,222.18
243,801.22 -219,735.00
Storage capacity
227,333.00 238,699.65
281,892.92
Precipitation
709,194.42 875,157.36 1,082,207.50 685,275.80
Capture for industrial use
7,355.60
28,153.00
50,567.00
Final balance

-129,813.99 227,199.58

454,347.87

11,590.92

The final balance shows that the potential evapotranspiration is greater than the
precipitated blade for the years 2011 and 2014; meanwhile, in 2012, these values are practically
the same. Thus, in normal conditions, the GMH would not have the capacity to supply water
for the activities developed, even considering the use of all precipitated water, which would not
support industrial activity.
However, the installed water collection, storage and distribution system shows that there
was an inversion of the natural tendency of the water flow, allowing rainwater to remain in the
system for longer and reducing water volume loss through evapotranspiration. In this way,
actions should be directed towards ecosystems capable of improving the use of water resources,
allowing the feasibility of the proposed activities, promoting the economic and social
development of areas that, due to lack of water, would not have this capacity. The
environmental services offered by a watershed in an anthropic transformation process are
related to the maintenance of positive water balance and sediment retention in the system.

4. CONCLUSIONS
The studied watersheds demonstrate low natural capacity to provincial environmental
services related to water resources. The continuous and irregular use of the area has decreased
water availability in these areas. Consequently, the climatic water balance is negative, since the
potential evapotranspiration is greater than or equal to the precipitated leaf. The identification
of areas with water storage capacity and recirculation processes allowed the resource to remain
in the system, contributing to the environmental and economic feasibility of the proposed
activities.
Therefore, a model of water production and sediment contention, based on the
identification of the mature ecosystems and the implementation of a system of abstraction,
directing and subsurface storage of rainwater and recirculation of surpluses, has proven to be
efficient and can be used as an important tool management of environmental services.
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ABSTRACT
There is great concern with soil and plant contamination by heavy metals due to the use of
polluted water in agricultural irrigation. In this study, areas irrigated with Vieira River water
were evaluated as to contamination by As, Cr, Cu, Ni, Pb and Zn. The Vieira River receives
effluent from Montes Claros city, state of Minas Gerais, Brazil. To do so, two irrigated areas
were selected, one upstream and one downstream of the Montes Claros city. Wastewater
discharge increased the concentration of As and Ni in the water of Vieira River, and
consequently, of As, Cr, Cu, Ni, Pb and Zn in the soil and of As and Zn in forage grasses.
However, the content of heavy metals in the soil did not exceed the internationally
recommended limits. Pollution load index (PLI) and contamination factor (CF) indicated the
existence of pollution and moderate contamination in downstream soils of the city of Montes
Claros. Potential ecological risk index (RI) and ecological risk factor (Er) indicated a low
ecological risk, but these indicators were higher in downstream soils of Montes Claros. Arsenic
(As) was the only heavy metal that featured a transfer factor (TF) higher than the widespread
values found in literature and positive geoaccumulation index (Igeo), indicative of anthropogenic
pollution.
Keywords: ecological risk, geoaccumulation index, water contaminated.

Metais pesados em solos e plantas forrageiras irrigadas com água do
Rio Vieira, Montes Claros, Brasil, contaminada com efluentes de
esgoto
RESUMO
A contaminação de solo e plantas por metais pesados devido ao uso de águas poluídas na
irrigação agrícola é motivo de grande preocupação. No presente estudo, áreas irrigadas com
água do rio Vieira foram avaliadas quanto a contaminação por As, Cr, Cu, Ni, Pb e Zn. Para
isso foram selecionadas duas áreas, uma a montante e outra a jusante da cidade de Montes
Claros. A descarga de água residuária aumentou a concentração de As e Ni na água do rio
This is an Open Access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.
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Vieira; e, consequentemente, de As, Cr, Cu, Ni, Pb e Zn no solo; e de As e Zn em plantas
forrageiras. No entanto, os teores de metais pesados no solo não excederam os limites
internacionais recomendados. O índice de carga de poluição (PLI) e o fator de contaminação
(CF) indicaram existência de poluição e contaminação moderada em solos a jusante da cidade
de Montes Claros. O índice de risco ecológico potencial (RI) e o coeficiente de risco ecológico
(Er) indicaram baixo risco ecológico, porém esses indicadores foram maiores no solo a jusante
de Montes Claros. O As foi o único metal pesado que apresentou fator de transferência (TF)
maior que os valores generalizados encontrados na literatura e índice de geoacumulação (Igeo)
positivo, indicativo de poluição antropogênica.
Palavras-chave: água contaminada, índice de geoacumulação, risco ecológico.

1. INTRODUCTION
The dispersal of heavy metals in irrigated agricultural areas is growing, which results in
food contamination that can be harmful for animals and humans. Heavy metals have low
solubility, and are not degradable in water, which contributes to their accumulation in soil, and
therefore in plants cultivated on these irrigated areas with contaminated water. Heavy metals’
transfer from soils to plants is one of the main ways of humans exposure through the food chain
(Chopra and Pathak, 2015).
Until 2010, Vieira River was the main river receiving untreated sewage produced in the
city of Montes Claros, state of Minas Gerais, Brazil. Currently, the river still receives city
sewage; however, there is a prior treatment process, carried out in the wastewater treatment
plant (WWTP) of Montes Claros. In the margins of Vieira River, there are farms that use its
water for the irrigation of pastures; nevertheless, there are no studies on heavy metal
contamination of soil and plants irrigated with the river water.
The intake of heavy metals through the food chain has been widely disseminated
throughout the world (Chary et al., 2008; Chopra and Pathak, 2015). Heavy metals are nonbiodegradable and persistent compounds, which, because of these characteristics, accumulate
in vital organs of the human body, such as kidneys, bones and liver, and are associated with
several serious health disorders, such as diarrhea, stomatitis, tremor, ataxia, paralysis,
convulsion, depression, and pneumonia (McCluggage, 1991). The nature of the effects of these
disorders can be toxic, neurotoxic, carcinogenic, mutagenic, or teratogenic (EU, 2002).
This study assessed the concentration of As, Cr, Cu, Ni, Pb, and Zn in water, soil, and
forage grasses in areas irrigated with Vieira River water.

2. MATERIALS AND METHODS
2.1. Study area
The study area is located in the city of Montes Claros, Brazil, in the North of the state of
Minas Gerais. The climate of the region is classified, according to Köppen, as Aw. Vieira River
is the main receiver of wastewater of domestic and industrial sewage of Montes Claros. Vieira
River rises in the south of Montes Claros and flows through residential and industrial areas
before joining Verde Grande River, one of the main affluents of the middle region of the São
Francisco River Basin. The length of the main course of Vieira River and the area of its basin
is approximately 42 km and 580 km2, respectively. The Wastewater Treatment Plant (WWTP)
is located in Northern Montes Claros (Figure 1). Several industry plants are located west of the
WWTP (Figure 1), including textile, biofuels, food, pharmaceutical, and mining industries.
About 1 km east of the WWTP, there is another textile factory (Figure 1).
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Figure 1. Location map of the study area.

The unpleasant odor and presence of solid residues and white foam in waters of Vieira
River are easily observed in stretches passing through Montes Claros and downstream of
WWTP.
2.2. Sample collection
To evaluate levels of contamination by heavy metals in areas irrigated with Vieira River
water, samples of water, soil, and plants were collected at two farms (sites F1 and F2 in Figure
1) in July 2015. The F1 farm is located upstream of the city of Montes Claros and uses Vieira
River water for irrigation of forage grasses (Pennisetum purpureum), and the irrigation system
used is the sprinkler. The F2 farm is located downstream of the city of Montes Claros and
diverts part of the Vieira River water to an area of flood irrigation, which cultivates forage
grasses (Brachiaria mutica) for feeding the cattle of milk producers.
Samples of unfiltered water of the river were collected approximately 10 m from the
margin, where the water used in irrigation is collected. The water samples were stored in
polypropylene bottles that had been previously washed with HNO3 (10%). To preserve the
water samples, about 1.5 mL of HNO3 (65%) was added to reduce their pH to values lower than
2. Sampling bottles were kept in coolers with ice during their transportation to the laboratory,
where they were stored in a refrigerator at temperatures between 0 and 4°C until the
quantification of heavy metals (APHA et al., 1998).
At each farm (F1 and F2), eight sites were selected for the collection of samples of soil and
forage grasses (Figure 1). Each sample was composed of three subsamples collected in an area
of 1 m². Samples were placed in plastic bags and sealed for transportation and storage
(Gebrekidan et al., 2013).
Soil samples were collected in the 0-20 cm layer. In the laboratory, samples were dried in
an oven at 60°C for 72 hours, homogenized in an agate mortar and pistil, and sieved in a Nylon
sieve of 0.3 mm.
In the samplings of plant material, the plants were cut to 4 cm from the ground. In the
laboratory, samples were washed with tap water and distilled water for removing particulate
material deposited on the surface of the plant. Then, all samples were dried in an oven at 75°C
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until constant weight, grinded, and sieved (Nylon sieve of 0.3 mm).
The sieved soil and plant samples were stored in Falcon tubes for further analysis of heavy
metal content.
2.3. Chemical analysis
The stock standard solution of 1000 mg L-1 for atomic absorption spectroscopy of Sigma
Aldrich (Germany), diluted in different concentrations with ultrapure water (Milli-Q,
Millipore), was used for the preparation of analytical curves. Cr, Cu, Ni, Pb, and Zn elements
were measured in flame atomization mode, composed of Ar-acetylene (acetylene 2.8 AA), and
the As element was determined by a hydride generator system using argon (99.999% purity)
and Ar-acetylene (acetylene 2.8 AA) (APHA et al., 1998). All analyses were performed in
triplicate.
For total metal analysis, 100 mL of the water sample was mixed with 10 mL of HNO3
(65%, PA) and taken to a hot plate, in which it was evaporated to a volume from 10 to 20 mL
(APHA et al., 1998). Digested samples were then filtered through a quantitative filter paper
(Unifil, C42, blue stripe) and transferred to Falcon tubes. The volume of each sample was
adjusted to 25 mL using ultrapure water (Milli-Q, Millipore). Concentrations of As, Cr, Cu, Ni,
Pb, and Zn were determined in an atomic absorption spectrophotometer (Varian, AA 240 FS
model).
For soil digestion, 0.50 g of each sample was mixed to 9 mL of HNO3 (65%, PA) and 3
mL of HCl (37%) and microwave digested (Mars 6, CEM) according to the USEPA 3051A
method (USEPA, 1998). In the case of forage grasses, 0.01 g of each sample was mixed with
10 mL of HNO3 (65%, PA) and digested in a similar way to the soil samples.
After the digestion process, soil and plant samples were then filtered through a quantitative
filter paper (Unifil, C42, blue stripe) and diluted with ultrapure water (Milli-Q, Millipore) until
it reached a volume of 25 mL. Concentrations of As, Cr, Cu, Ni, Pb, and Zn were determined
in an atomic absorption spectrophotometer (Varian, AA 240 FS model).
2.4. Indicators and Statistical analysis
To understand the impact of heavy metals present in the soil, the following were calculated:
contamination factor (CF) (Equation 1); pollution load index (PLI) (Equation 2);
geoaccumulation index (Igeo) (Equation 3); and potential ecological risk index (RI) (Equation
4). Assessment of contamination level by heavy metals using these factors has been successfully
employed in several studies (Varol, 2011; Wang et al., 2018).
𝐶

𝐶𝐹 = 𝐶ℎ𝑒𝑎𝑣𝑦 𝑚𝑒𝑡𝑎𝑙

(1)

𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

CF is the ratio between each metal content in soil samples and the background value. The
adopted background values were 0.23 mg kg-1 for As (Kabata-Pendias and Pendias, 1999);
35.00; 25.00; 20.00; and 20.00 mg kg-1 for Cr, Cu, Ni, and Pb, respectively (Taylor and
McLennan, 1995); and 49.50 mg kg-1 for Zn (Turekian and Wedepohl, 1961).
Interpretation of CF values was suggested by Hakanson (1980), according to which CF <
1 indicates low contamination; 1 < CF < 3 indicates moderate contamination; 3 < CF < 6
indicates considerable contamination; CF > 6 indicates very high contamination.
1

𝑃𝐿𝐼 = (𝐶𝐹1 𝑥 𝐶𝐹2 𝑥 𝐶𝐹3 𝑥 … 𝑥 𝐶𝐹𝑛 )𝑛

(2)

Where CF is the contamination factor, and n is the number of metal species. PLI presents
a general overview of pollution in each sampling site and also shows the contribution of each
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metal to pollution. PLI < 1 indicates that there is no pollution by heavy metals in the site;
however, PLI > 1 indicates that there is pollution (Varol, 2011).
Igeo determines metal contamination in soils, comparing current contents with background
values (Equation 3).
𝐶

𝑛
𝐼𝑔𝑒𝑜 = [1.5𝐵
]
𝑛

(3)

Where Cn is the n metal concentration in soil samples, and Bn is the background value of
the n element. The factor 1.5 is introduced in the equation to minimize possible variation in the
background value, which can be attributed to lithospheric effects. The seven categories of the
geoaccumulation index are presented as follows: Igeo < 0, practically uncontaminated;
0 ≤ Igeo < 1, uncontaminated to moderately polluted; 1 ≤ Igeo < 2, moderately polluted;
2 ≤ Igeo < 3, moderately to heavily polluted; 3 ≤ Igeo < 4, heavily polluted; 4 ≤ Igeo < 5, heavily to
extremely polluted; and Igeo > 5, extremely polluted.
RI is a factor used to evaluate the potential ecological risk of heavy metals in soils and was
initially proposed by Hakanson (1980) (Equation 4).
RI = ∑ni=1 Er = ∑ni=1 Tr x CF

(4)

Where Er is the ecological risk factor of a certain heavy metal and Tr is the toxicity factor
of a single metal. Toxicity factors of As, Cr, Cu, Ni, Pb, and Zn were 10, 2, 5, 5, 5, and 1,
respectively (Hakanson, 1980). Criteria for the Er classification are: Er < 40, low potential
ecological risk; 40 ≤ Er < 80, moderate potential ecological risk; 80 ≤ Er < 160, considerable
potential ecological risk; 160 ≤ Er < 320, high potential ecological risk; and Er ≥ 320, very high
potential ecological risk (Hakanson, 1980). The RI classification introduced by Hakanson
(1980) was based on eight parameters (As, Cd, Cr, Cu, Hg, Pb, Zn, and PCBs). In this study,
all these parameters were not evaluated, therefore, the RI classification should be adjusted
according to the number of parameters and the ratio of toxicity coefficient of each parameter
(Wang et al., 2018). The adjusted RI classification is: RI < 110, low ecological risk;
110 ≤ RI < 220, moderate ecological risk; 220 ≤ RI < 440, considerable ecological risk; and
RI ≥ 440, very high ecological risk.
For understanding the bioavailability of a heavy metal, was calculated the transfer factor
(TF), which in this study was determined by the relationship between the metal content in the
shoot of the plants and in the soil (Equation 5) (Gebrekidan et al., 2013).
𝑇𝐹 =

𝑀𝑒𝑡𝑎𝑙 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑡ℎ𝑒 𝑠ℎ𝑜𝑜𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑙𝑎𝑛𝑡
𝑀𝑒𝑡𝑎𝑙 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑜𝑖𝑙

(5)

Analysis of variance (ANOVA) and F-test were conducted at 5% error probability level to
verify differences in contamination by heavy metals between upstream (F1) and downstream
(F2) of the city of Montes Claros. All statistical analyses were carried out using the R-plus®
3.4.2. software (R Development Core Team, 2017).

3. RESULTS AND DISCUSSION
3.1. Heavy metal contamination in water of Vieira River used in irrigation
The concentrations of heavy metals As and Ni were significantly higher (p < 0.01) in the
water of Vieira River at the farm margins downstream of the city of Montes Claros (F2), when
compared with the water of the river at the farm margins upstream (F1). On the other hand, Cu
featured the higher concentration (p < 0.01) in the water of Vieira River at the F1 margins.
None of the concentration values of heavy metals found in the two farms (F1 and F2) were
higher than the international limits recommended for water use in irrigation (USEPA, 2012;
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WHO, 2006). However, Cu and Ni exceeded the limits recommended by the Brazilian
legislation for the use of water in irrigation (CONAMA, 2009), being Cu in the two farms (F1
and F2) and Ni only in F2 (Table 1). It is important to emphasize that the water can be
inappropriate for irrigation and superficial flooding depending on the use and occupation of the
soil, once this irrigation method can favor the direct contact of animals and humans with the
contaminated water.
Table 1. Concentration of heavy metals (µg L−1) in water samples of Vieira River for irrigation of F1
and F2 farms, and maximum permitted concentration (µg L−1) in water (n = 3).
Metals

F1 Farm
Mean

SD

F2 Farm
Mean

CONAMA (2005) USEPA (2012) WHO (2006)

SD

As (µg L-1) 0.4** 0.09 1.7
0.01
Cr (µg L-1)
0.0
0.00 0.0
0.00
Cu (µg L-1) 82.6** 0.74 19.4 2.61
Ni (µg L-1) 0.0** 0.00 52.3 1.51
Pb (µg L-1)
0.0
0.00 0.0
0.00
Zn (µg L-1) 189.1 5.94 197.6 23.25

33
50
13
25
33
5000

100
100
200
200
5000
2000

100
100
200
200
5000
2000

SD – Standard deviation; and ** (p < 0.01) indicates statistical difference (ANOVA; F-test) between
mean values of metals in F1 and F2.

3.2. Heavy metal contamination in soil irrigated with water of Vieira River
Contents of As, Cr, Cu, Ni, Pb, and Zn in samples of soil irrigated with water of Vieira
River in F2 were significantly higher (p < 0.05) than in F1 (Table 2), which indicates
anthropogenic pollution of Vieira River waters, possibly due to the discharge of domestic and
industrial wastewater generated in Montes Claros. The highest concentration of As and Ni in
water samples collected at F2 (Table 1) also reinforces the indications of anthropogenic
pollution of Vieira River waters.
Table 2. Content of heavy metals (mg kg-1), contamination factor (CF), and pollution load index (PLI)
in soil irrigated with Vieira River water in two farms (F1 and F2) (n = 8).
Metals
As (mg kg−¹)
Cr (mg kg−¹)
Cu (mg kg−¹)
Ni (mg kg−¹)
Pb (mg kg−¹)
Zn (mg kg−¹)
PLI

F1 Farm

F2 Farm

Maximum allowed

Mean

SD

CF

Mean

SD

CF

0.3
30.5
15.9
5.5
10.2
33.9

0.05
5.33
4.01
1.53
2.50
6.73

1.40
0.87
0.64
0.28
0.51
0.69
0.65

0.6**
42.5**
20.0*
15.9**
13.7**
53.3**

0.12
5.27
1.73
0.86
2.10
7.97

2.50
1.21
0.80
0.79
0.69
1.08
1.06

Ewers (1991) CONAMA (2009)
20.0
100.0
100.0
50.0
100.0
300.0

35.0
150.0
200.0
70.0
180.0
450.0

SD - Standard Deviation; CF - contamination factor; PLI - pollution load index; * (p < 0.05) and ** (p
< 0.01) indicate statistical difference (ANOVA; F-test) between mean values of metals in F1 and F2.

Contents of heavy metals in the soil of the study area were higher at F2 farm, downstream
of the city of Montes Claros, when compared with those reported by Gebrekidan et al. (2013)
for Cr (31.02 mg kg-1), Pb (3.27 mg kg-1), and Zn (51.83 mg kg-1), except Cu (25.25 mg kg-1)
and Ni (26.00 mg kg-1) in areas irrigated with water of the Ginfel River, polluted by wastewater
produced in Sheba Tannery, Ethiopia. The Cr content reported by Chary et al. (2008) (33.00 ±
12.00 mg kg-1) and by Singh et al. (2010) (19.21 ± 3.26 mg kg-1) was also lower than the mean
value found in F2. However, no heavy metal detected in both farms (F1 and F2) featured values
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higher than international and Brazilian limits recommended for soils (CONAMA, 2009; Ewers,
1991) (Table 2).
CF values indicated that Cu, Ni, and Pb in both farms (F1 and F2) and Cr and Zn in F1
farm presented low level of contamination. Cr and Zn in F2 and As in both farms (F1 and F2)
showed a moderate level of contamination, according to CF (Hakanson, 1980). PLI indicates
the existence of heavy-metal pollution in soil irrigated with the water of Vieira River
downstream of Montes Claros, despite the its value in F2 being very close to the limit (PLI =
1) that indicates whether or not there is pollution (Varol, 2011) (Table 2).
Mean values of geoaccumulation index (Igeo) in the soils of both farms (F1 and F2)
accounted for the following descending order: As > Cr > Zn > Cu > Pb > Ni. The As in F2 was
the only heavy metal that featured positive Igeo values, indicating the presence of pollution. Igeo
value for As in F2 was 0.74, which characterizes the soil in that area as unpolluted to moderately
polluted (Table 3). Igeo values for Cr, Cu, Ni, Pb, and Zn in both farms (F1 and F2) and for As
in F2 were negative, indicating absence of pollution in soils (Table 3).
Table 3. Assessment of geoaccumulation indices (Igeo) and potential ecological risk for pollution by
heavy metals in samples of soil irrigated with Vieira River water in two farms (F1 and F2) (n = 8).
Sites
F1 Farm
F2 Farm
Mean
Sites
F1 Farm
F2 Farm
Mean

Igeo
As

Cr

Cu

Ni

Pb

Zn

-0.10
0.74
0.32

-0.78
-0.31
-0.54

-1.24
-0.90
-1.07

-2.44
-0.92
-1.68

-1.56
-1.13
-1.34

-1.13
-0.48
-0.80

Er
As

Cr

Cu

Ni

Pb

Zn

13.98
25.04
19.51

2.21
3.08
2.64

3.85
4.85
4.35

1.25
3.57
2.41

1.31
1.77
1.54

6.97
10.96
8.96

Mean
-1.21
-0.50

RI

Risk
level

29.56
49.26
39.41

Low
Low
Low

RI – potential ecological risk index; and Er – ecological risk factor of certain heavy metal.

Mean Er of each analyzed heavy metal accounted for the following descending order: As
> Zn > Cu > Cr > Ni > Pb. All analyzed metals (As, Cr, Cu, Ni, Pb, and Zn) featured low
ecological risk in both farms (F1 and F2), according to the Er classification proposed by
Hakanson (1980). Nevertheless, Er values were higher in F2, which indicates increased
ecological risk in soils irrigated with water of Vieira River downstream of Montes Claros (Table
3). RI values were much lower than 110 in all sampling sites, indicating a low potential
ecological risk. The As significantly contributed to the environmental RI, which can be
attributed to the effect of anthropogenic activities. The As is used as preservative for leather
and wood, additive for metal alloys, and in herbicides (Halli et al., 2014; Thuong et al., 2013).
RI value was also higher at F2 (Table 3).
3.3. Heavy metal contamination in plants irrigated with water of Vieira River
Contents of As and Zn in Brachiaria mutica plants in F2 were significantly higher
(p < 0.05) than those found in Pennisetum purpureum plants in F1. On the other hand, Cu
featured higher concentration (p < 0.01) in Pennisetum purpureum plants (F1). The mean
content of heavy metals in plants of both farms (F1 and F2) accounted for the following
descending order: Zn > Cu > Ni > As. Cr and Pb were not detected in forage grasses in both
farms (F1 and F2) (Table 4).
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Table 4. Content of heavy metals (mg kg-1) in forage grasses irrigated with Vieira River water in
two farms (F1 and F2) and transfer factor (TF) (n = 8).
Metals

As
(mg kg−¹)
Cr
(mg kg−¹)
Cu
(mg kg−¹)
Ni
(mg kg−¹)
Pb
(mg kg−¹)
Zn
(mg kg−¹)

F1 Farm

F2 Farm

Mean

SD

TF

Mean

SD

TF

Normal
intervalsa

Agronomic
crop toleranceb

Widespread
values of TFc

0.22**

0.04

0.70

0.26

0.02

0.48

1 - 1.7

-

0.01 - 0.1

0.00

0.00

0.00

0.00

0.00

0.00

0.1 - 0.5

2

0.01 - 0.1

7.63**

0.68

0.51

4.60

1.18

0.23

5 - 30

5 - 20

0.1 - 1

0.50

0.35

0.10

1.05

1.11

0.07

0.1 - 5

1 - 10

0.1 - 1

0.02

0.05

0.00

0.34

0.96

0.03

5 - 10

0.5 - 10

0.01 - 0.1

50.77**

2.74

1.54

69.92

25.11

1.32

27 - 150

50 - 100

1 - 10

SD – Standard deviation; TF – transfer factor; a – (Kabata-Pendias and Pendias, 2001); b - (KabataPendias and Pendias, 2001; 1999; MacNicol and Beckett, 1985); c - (Kloke et al., 1984). * (p < 0.05)
and ** (p < 0.01) indicate statistical difference (ANOVA; F-test) between mean values of metals in
F1 and F2.

No metal exceeded the normal intervals (Kabata-Pendias and Pendias, 2001) or the
agronomic crop tolerance values (Kabata-Pendias and Pendias, 1999; 2001; MacNicol and
Beckett, 1985) (Table 4), including Cu and Ni, which featured concentrations in the water
higher than the limits recommended by the Brazilian legislation for use of water in irrigation
(CONAMA, 2005) (Table 1).
The metal content in forage grasses depends not only on the content of metals in the soil,
but also on the efficiency of metal transfer from the soil to the plants. This efficiency can be
estimated by TF, which is one of the key indicators of human exposure to metals through the food
chain (Cao et al., 2014), and is often used to study environmental pollution (Khan et al., 2013). TF
values in both farms (F1 and F2) accounted for the following descending order: Zn > As > Cu
> Ni. The highest TF values indicated that Zn and As were easily transferred from the soil to
forage grasses when compared with other metals considered in this study. The As was the only
metal accounting for TF higher than the widespread values (Kloke et al., 1984) (Table 4).
The As mobility in the soil depends on pH, redox potential, and type and amount of
adsorbents (oxides and hydroxides of Fe3+, Al3+, Mn3+, or Mn4+, humic substances, and clay
minerals) present in the soil (Bissen and Frimmel, 2003; Oscarson et al., 1983). In addition, the
amount of As adsorbed in the soil significantly decreased in the presence of organic matter
(Bissen and Frimmel, 2003; Redman et al., 2002). Therefore, soil fertilization practices with
animal manure at F1 farm, and use for irrigation of Vieira River water contaminated with
sewage from Montes Claros at farm F2, contributed to the increase in the organic matter content
in soils of these two farms (F1 and F2). This greater amount of organic matter in the soil can
result in greater mobility of As (Bissen and Frimmel, 2003; Redman et al., 2002), which
corroborates the fact that, in this study, such element featured TF values higher than the widespread
values (Table 4).
TF values of heavy metals were lower in F2 when compared with the values in F1 (Table
4), although there is higher content of heavy metal in the F2 soil (Table 2). This can be attributed
to frequent flooding and drying of soils in F2 promoted by the flood irrigation system. Xie and
Huang (1998) reported that water saturation and drying of soils, promoted by flooded rice irrigation,
considerably increased the soil redox potential and, therefore, reduced As solubility and
availability.
Rev. Ambient. Água vol. 15 n. 2, e2440 - Taubaté 2020

Heavy metals in soils and forage grasses …

9

4. CONCLUSION
Irrigation of agricultural lands with polluted water from Vieira River has increased the
concentration of As and Ni in water; of As, Cr, Cu, Ni, Pb, and Zn in the soil; and of As and Zn
in forage grasses. Pollution load index (PLI) and contamination factor (CF) indicated the
existence of pollution and moderate contamination by As, Cr, and Zn in the soil of the farm
downstream of the city of Montes Claros (F2), respectively.
Values of the indicators of ecological risk (Er and RI) observed in the soil of both farms
(F1 and F2) showed low ecological risk. However, these indicators were higher in the F2, which
indicates increased ecological risk in soils irrigated with water of Vieira River downstream of
Montes Claros.
Surface flood irrigation may have contributed to the lower transfer factor (TF) of heavy
metals found in the F2 farm; however, the use of this irrigation system in pasture areas is
worrisome, because the direct contact of the animal with polluted water from Vieira River may
facilitate the contamination of milk or meat of these animals by heavy metals or other inorganic
or biological compounds.
Furthermore, there must be greater awareness of contamination of forage grasses and soil
by As, since this was the only metal that featured transfer factor (TF) higher than the widespread
values found in literature and positive geoaccumulation index (Igeo), indicative of anthropogenic
pollution.
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ABSTRACT
Considering the current importance watercourses quality conservation, it is important to
establish relationships between parameters that enable evaluation of the origins of changes in
water quality, allowing actions to mitigate them. However, it is important to improve the
association of different variables and to take sufficient samples. This study associates usual
techniques and parameters to analyse the water quality of an urban river from Paraná State,
Brazil. For this, we used biological indicators (aquatic macroinvertebrates), physical-chemical
(temperature, turbidity, true colour, pH, DO and BOD5,20) indicators and microbiological
(faecal and total coliforms) indicators. These indicators were related to land use and occupation
classes obtained from high resolution QuickBird 2 images. For this association, the
surroundings (450 meters buffer) of three distinct points of the river were considered: I. Near
the spring; II. In the downtown city; and III. In a residential neighbourhood. Different values
of physical, chemical and microbiological variables were detected along the river, showing
evident relationships between them and with the use and occupation of the urban and peri-urban
space in the characterization of surface waters. The association design was able to detect the
landscape effect on water quality in a coherent way and that these connections were mainly
related to suppression of the riparian forest present in the surroundings, further demonstrating
the importance of this vegetation for the maintenance of watercourse quality.
Keywords: aquatic macroinvertebrates, physical-chemical parameters, water resources.

O uso e ocupação inadequados da zona ciliar diminuem a qualidade da
água de um rio urbano de pequena ordem no sul do Brasil
RESUMO
Visto a importância da conservação da qualidade dos cursos hídricos atualmente, torna-se
indispensável estabelecer relações entre variáveis que permitam avaliar as origens de alterações
This is an Open Access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.
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na qualidade das águas, permitindo a realização de ações que possam minimizá-las. Contudo,
é importante buscar melhorias na associação das diferentes variáveis, com esforço amostral
adequado. O presente associa técnicas e parâmetros comumente utilizados e de fácil acesso para
analisar a qualidade da água de um rio urbano no estado do Paraná. Para isso, foram utilizados
indicadores biológicos (macroinvertebrados aquáticos), físico-químicos (temperatura, turbidez,
cor verdadeira, pH, OD e DBO5,20) e microbiológicos (coliformes fecais e totais). Esses
indicadores foram relacionados com os tipos de uso e ocupação da terra obtidos a partir de
imagens QuickBird2. Para essa associação foram considerados o entorno (450 metros de buffer)
de três pontos distintos do rio: I. Próximo a nascente; II. No centro da cidade e III. Em um
bairro residencial. Diferentes valores de variáveis físicas, químicas, microbiológicas e da
comunidade de macroinvertebrados foram detectados ao longo do rio, demonstrando relações
evidentes entre si e com o uso e ocupação do espaço urbano e peri-urbano na caracterização de
águas superficiais. Concluímos que a associação utilizada conseguiu detectar o efeito da
paisagem na qualidade da água de forma coerente e que estas relações estão principalmente
atreladas a supressão da mata ciliar presente no entorno, demonstrando a importância desta
vegetação para a manutenção da qualidade dos cursos hídricos.
Palavras-chave: macroinvertebrados aquáticos, parâmetros físico-químicos, recursos hídricos.

1. INTRODUCTION
Throughout history, watercourses have played an important role in supporting society, but
the expansion of human settlements and urban areas has intensified the deterioration of water
quality, as watercourses have become targets of indiscriminate disposal of effluents and
alterations (Larson et al., 2019). In Brazil, Permanent Preservation Areas consist of marginal
strips of legally protected watercourses, which may or may not present native vegetation.
Moreover, their environmental function is to safeguard water resources, landscape, geology,
soil and local biodiversity, besides offering sustenance and well-being to human populations
(Brasil et al., 2009). Thus, if water quality is the result of a series of natural phenomena
occurring in a watershed, it can reasonably be considered that the way man changes these
natural systems, uses and occupies the land, has a direct impact on water quality (WHO, 2004;
Silveira et al. 2016).
Water quality is usually evaluated from the perspective of physical and chemical variables.
However, these evaluations can be limited and lead to instantaneous diagnosis of the studied
section. On the other hand, bioindicators, represented in watercourses mainly by aquatic
macroinvertebrates, are organisms chosen for their sensitivity or tolerance to environmental
changes. Given the dynamics of their respective life cycles, they represent scenarios in a broader
spatial and temporal ways, including changes in land-use
The municipality of Irati, located in the south-central region of Paraná state, Brazil, is
strategically important from the standpoint of environmental conservation, since the area
includes the watershed of the three main river basins of Paraná State: the Iguaçu, Ivaí and Tibagi
River Basins (Maack, 2017; Mazza et al., 2005). The municipality has undergone
diversification and expansion of economic activities over time, accelerating the anthropization
and heterogenization of the landscape and generating pressures on water courses, especially on
the Antas River, which has a large part of its course located within the urban area (Orreda,
2004).
The Antas River is a low-order river and an important tributary of the Imbituvão River,
from where the waters are collected for region supply, being part of Tibagi River Basin.
However, the Antas River currently presents serious problems related to water quality and
suppression of riparian forest, particularly showing irregular occupation of the banks and
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discharge of effluents (Andrade and Felchak, 2009; Haberland et al., 2012). The main objective
of this study was to evaluate and associate physico-chemical and biological variables taking
into account the influence of the land use and occupation. This work was designed to obtain
information with little space-time effort, associating water quality indexes and land use, mainly
related to urbanization. Furthermore, we stress the pioneering of this study for the central west
region of Paraná state, contributing to the preservation of the Antas River.

2. METHODS AND MATERIAL
2.1. Characterization and location of study areas
The present study was developed in Irati, Paraná, whose climate according to KöppenGeiger climate classification is Cfb. The average temperature of 17.5°C, 1476 mm is the
average annual rainfall. July is the driest month, with an average of 4 mm rainfall and October
the rainiest with a mean of 175 mm (IAPAR, 2018). The city is located in the phyto ecological
region of Mixed Ombrophilous Forest and the sections of the present study are concentrated
specifically in the Alluvial Ombrophilous Forest typology, although the vegetation is in process
of regeneration or non-existent.
Three points in the urban perimeter of Irati were selected for sampling: Point 1:
(25°30'1.50" S / 50°37'43.39" W) stretch with riverbed characterized by sandy-rocky bottom, 3
m wide, presenting remnants of native vegetation, as well as areas of forestry and recovery.
Point 2: (25°28'13.76" S / 50°39'28.91" W) sandy / muddy watercourse segment, 5 m wide
average, a region marked by absence of riparian vegetation and irregular occupation of the
margin. Point 3: (25°27'43.00" S / 50°39'20.86" W) stretch with 4 m wide, on average,
characterized by sandy bottom and predominantly with slab and partial presence of riparian
forest. Based on the theory that rivers follow the principle of a continuum system (Larsen et al.,
2019), collection points selection followed the choice criterion according to landscape
composition change.
2.2. Land Use
A QuickBird 2 high resolution spatial image was used, the image had the atmosphere
corrected by dark-object subtraction algorithm, which minimizes shadow effects and possible
detection errors in the sensor (Chavez Jr., 1988). In sequence, the radiance values of the image
were converted to reflectance and the radiometric resolution was converted to 8 bits. The image
was still orthorectified by the digital elevation model (DEM) and the multispectral - RGB (2.4
m) and panchromatic (0.61 m) bands, was merged to obtain the monochromatic spatial
resolution. After the image pre-processing, it was clipped by buffers of 450 m radius, with the
centre in the coordinates of the collection points. This radius size was determined to avoid
overlapping between the sampled points (specifically Points 2 and 3, see Figure 1B) preventing
spatial autocorrelation between the sampled water quality parameters (Frieden et al., 2014).
Another important criterion for determining the radius is the landscape scale that influences
macroinvertebrates community, since 500-meters distant environmental changes can jeopardize
the aquatic community (Yirigui et al., 2019).
In sequence, classes of land use were defined: I. Arboreal vegetation, represented by the
Mixed Ombrophylous Forest or Araucaria Forest; II. Agriculture and field, represented by the
cultivation of commercial species fields / herbaceous-shrub vegetation; III. Forests represented
by field areas with occurrence of isolated trees; IV. Urban perimeter area represented by areas
with low density of built-up area; and V. Urban Area represented by built up (developed) and /
or paved areas (with high density of built up area). The interpretation work was performed by
cognitive interpretation and manual vectoring, followed by association to the predefined
classes. The validation of the classification was done by field verification. We assumed that by
not using automatic or semi-automatic classification methods, accuracy measurements are
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redundant. After the interpretative work, the calculation of areas by class and their respective
occupancy rates obtained; all this process was performed in SPRING 5.4.3 (Camara et al., 1996)
a free and open source software developed by the National Institute for Space Research (Brazil).
2.3. Water quality variables, macroinvertebrates collection and identification
Monitoring of water quality for both physicochemical and microbiological variables and
for macroinvertebrates was carried out through eight monthly collections from April to
November 2013 at the three points studied. The water samples were submitted to the following
physicochemical analyzes: temperature, turbidity, pH, dissolved oxygen (DO), chemical
oxygen demand (BOD5,20); and microbiological tests: FC - Faecal coliforms (Escherichia coli)
and TC – Total coliforms. The macroinvertebrates were sampled using "D" net with 300μm
mesh. Collected material was taken to laboratory for screening and individuals were identified
at taxonomic level of family (subclass for Annelida) for application of the biological indexes.
2.4. Data analysis
The physical-chemical and microbiological variables were analyzed using the water
quality index (WQICETESB), which consists of nine variables, including six of the seven variables
sampled, for which we resized the weights of each variable: Temperature (Wi = 0.14 ); Turbidity
(Wi = 0.12); pH (Wi = 0.16); DO (Wi = 0.23); BOD5,20 (Wi = 0.14) and FC (Wi = 0.21). These
variables were also compared between the points by analysis of variance (one-way ANOVA),
where the points were the factor (with 3 levels), and the dependent variables were water quality
parameters. The four collections were replicates. The assumptions of Gaussian distribution and
homogeneity of variance were checked using Shapiro-Wilks and Bartlett tests, respectively.
When the data did not match the premises, they were transformed by means of square root.
The results for macroinvertebrates were estimated by calculating 5 indexes: I. Relative
percentage of Chironomidae (% Chironomidae); II. Relative percentage of Ephemeroptera,
Plecoptera and Trichoptera (% EPT); III. BMWP'- Biological Monitoring Working Party,
modified by IAP (2003); IV. ASPT - Average Score Per Taxon; and V. RAPHD - Rapid
Assessment Protocol for Habitat Diversity (Callisto et al., 2002). To compare if there were
differences in macroinvertebrate community as a function of the individual’s abundance, a
Permutational Multivariate Analysis of Variance (PERMANOVA) test (Anderson, 2008) was
applied, with 999 permutations of residues in the complete model, and Bray-Curtis distance
(Legendre and Legendre, 1988). In order to compare this difference between the communities
and association of possible patterns with physical chemical variables, we applied a CCA test
(Canonical Correspondence Analysis), which was adjusted by the stepwise method, which
incorporated only physical-chemical variables that presented a significance greater than 5% to
the model (Ter Braak, 1986). Finally, Pearson correlations were calculated between the indexes
presented above with the percentages obtained in the land-use and occupation classification,
using the "vegan" package (Oksanen et al., 2017) of the R-project 3.3.3.

3. RESULTS AND DISCUSSION
Image classification revealed a contrast between the percentages of the classes for each
point. Point 1 presented 0.22 km² (34.4%) of forest and 0.18 km² (28.1%) of peri-urban area,
respectively; Point 2 presented 0.56 km² (87.50%) of urban area; and Point 3, 0.28 km² (43.8%)
of periurban area and 0.24 km² (37.5%) of woods, respectively (Figure 1C).
The mean values of physicochemical and microbiological variables are presented in Table
1. Among the variables of water quality that presented significant variation, are FC and TC
(Figure 2). Statistical differences were found between the area of river spring (Point 1 (a)) and
the urban and peri-urban region (Points 2 and 3 (b)), making clear the negative influence of this
area on the quality of river waters.
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Figure 1. (A) geographical location of Irati and its urban perimeter in Paraná state, Brazil (B) Location
map of Antas River and its route within Irati urban perimeter, showing the collection points with 450
m classified buffers. (C) On the right are the buffers and their classes, according to the legend in Figure
1B, and on the left a pie chart with the percentages of area for each buffer.
Table 1. Mean and standard deviation of physicochemical and microbiological variables of
the eight collections.

Point 1

Point 2

Point 3

Temp. (ºC)
16.6
± 4.0
17.0
± 4.0
17.4
± 4.2
Turbidity (NTU) 27.7 ± 15.2 41.9*
± 38.5
37.5
± 34.8
pH
6.9
± 1.4
7.2
± 0.2
7.2
± 0.3
TrueColour (uH) 90.5 ± 48.8
95.6
± 59.2
92.6
± 69.3
-1
DO (mgL )
8.3
± 0.5
8.0
± 0.6
8.3
± 0.7
-1
BOD5,20 (mgL )
1.2
± 0.4
4.48*
± 2.8
2.5
± 1.2
TC ** (CFU)
9650* ± 6676 44775* ± 24180 43825* ± 25954
FC ** (CFU)
700* ± 967 12162* ± 9894 13762* ± 8596

MAV
40
6-9
<6
3
200
0

Legend: MAV - Maximum Allowed Value, by CONAMA Resolution No. 357/2005
(CONAMA, 2005) for Class I waters; * Values above those allowed; ** Significant
difference between points for 5% probability.
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Figure 2. Boxplots of microbiological variables of water quality from three points of the Antas
River (Irati, Paraná). The means followed by the same letter (b) do not differ statistically by the
Tukey test at 5% significance.

In Brazil, studies commonly reveal high presence of E. coli in freshwaters, mainly in sites
with agriculture and urbanization predominance (Mello et al., 2018). Handam et al. (2018), for
example, found values 170.6 and 192.3 times greater than allowed by the legislation for FC and
TC, respectively, in Rio de Janeiro. E. coli is a variable that represents a real faecal
contamination of water, and Figure 2 reflects the condition of urbanization that occurs in Points
2 and 3. Considering the large occupation area around Point 2 (88% of urban area), it is possible
to relate the occurrence of these pathogenic organisms with discharge of sanitary effluents,
corroborating the studies of Haberland et al. (2012), who verified high values of E. coli in points
with the highest human occupation in the Antas River. In spite of this, it is important to
emphasize that even though this difference exists, the values of TC and FC in the three points
presented values higher than those allowed by Brazilian legislation (Table 1); therefore, areas
with a higher percentage of agricultural area do not represent certainty of values according
legislation, as also found by Pessoa et al. (2018).
None of the other variables evaluated here presented statistically different values between
the points. However, for Point 2, only BOD5,20 and Turbidity exceeded the permitted values
determined by the current government legislation and regulations (5 mg/L and 40 NTU,
respectively) (Table 1), unlike Andrade and Felchak (2009) and Haberland et al. (2012), who
verified values higher than allowed by legislation in all points sampled in the same river studied
here. This result confirms field-work observations, that indicated the possibility of contribution
of domestic effluents upstream of collection sites and corroborates the results of Pessoa et al.
(2018), which found higher BOD5,20 values at points with higher indexes of human occupation.
Regarding the macroinvertebrate community, PERMANOVA showed significant
difference between sampling points (F2,23 = 2.26, p = 0.026) and the correspondence analysis
can represent this difference through the formation of groups referring to each collection and
the largest association of tolerant taxa with BOD5,20 and TC, indicative of pollution (Figure 3).
The CCA adds information that the water quality variables significantly influence the
macroinvertebrate community. Specifically, BOD and TC are responsible for the differences in
water quality and, consequently, in the distinctions of macroinvertebrate assemblages between
the points studied.
The first axis of CCA (CCA 1 = 0.79) is highly correlated with BOD and all
macroinvertebrate samples from Point 1, since the arrow corresponding to BOD is opposite for
this group, it can be concluded that the BOD values are smaller in Point 1 and larger in some
samples from Points 2 and 3. TC is negatively correlated with samples from Point 1 and
positively correlated with samples from Points 2 and 3.
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Figure 3. CCA associating the community of macroinvertebrates
(represented by P1, P2 and P3 and collections, C1 to C8), with physical
chemical and microbiological variables (BOD5,20 and TC, p < 0.05).

It is also observed that Point 1 was grouped with greater cohesion and presented smaller
variation in its values, since Points 2 and 3 were stored in a larger group (with high variation),
the same pattern found for microbiological variables when submitted to ANOVA (Figure 3).
This differentiation between the points demonstrates direct response of these organisms to
environmental quality of the water body (Strohschoen et al., 2009; Silva et al., 2015; Chagas,
et al., 2017).
In relation to the quality biotic indexes (Table 2), % Chironomidae, % EPT and BMWP'
and ASPT indexes, it is observed that better values were found in Point 3 followed by Point 1,
and the worst values were associated to Point 2. The RAPHD and WQICETESB indicated higher
scores for Point 1, followed by Point 3 and lastly Point 2. However, WQICETESB establishes the
same category for the three points (Table 2). The configuration of these indexes values are
probably due to urban occupation in its surroundings, since Point 1 is near a river spring, Point
2 is located in the urban center of the city and Point 3 is also in an urban setting, but presenting
lower population density and riparian forest, as observed in Figure 1C.
The RAPHD showed significant correlation with land use, areas of forest and arboreal
vegetation (rPearson = (+) 0.99, p = 0.046). The difference of the RAPHD, as well as the
WQICETESB in relation to the other indexes should be emphasized, since they take into account
the structural- and physicochemical variables of the environment, respectively, factors that can
explain this association between vegetation and the index (Callisto et al., 2002). In this way,
BOD5,20 was also correlated with RAPHD (rPearson = (-) 0.99, p = 0.05), relating domestic
sewage contamination with urbanization densities (Venancio et al., 2010).
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Table 2. Biotic and environmental quality indexes calculated
for three stretches of the Antas River (Irati, Paraná, Brazil).
%Chironomidae
%EPT
BMWP’
ASPT
RAPHD
WQICETESB

Point 1

Point 2

Point 3

70. 81
8.93
74A
4.35D
91F
66G

62.22
3.33
58B
3.86E
28G
54G

48.99
31.86
97A
5.10C
71H
56G

Legend: A - Doubtful; B - Polluted; C - Questionable quality;
D - Moderate pollution; E - Severe pollution; F - Natural; G Impacted; H - Altered; I – Good.

The WQICETESB was not significant, however, when correlated directly with the variables
that compose it; we found a significant relation of agricultural culture with pH and TC (rPearson
= (+) 0.99; p < 0.01). This association demonstrates coherence, considering the loss of soil
nutrients and organisms (Silveira et al., 2016), as observed in Point 1, the only site presenting
such a category, with values of 15% (Figure 1C). All the other variables showed trends to the
expected (that riparian’s forest reduction decrease the water quality), but did not show
significance for this level of probability.
In general, urban rivers have a lower density (or even absence) of sensitive organisms when
compared to preserved areas; but in rural waterways there is an increase in the density of these
organisms, reinforcing their low tolerance for anthropic changes (Ometto et al., 2004; Hepp et
al., 2010). The change in land use causes homogenization of the functional structure of the
aquatic insect community (Castro et al., 2018). However, the data of Point 3 resemble features
of natural areas; this point was placed in an area where the river already passed through the
downtown city, riparian forest are present again and a resilient process can be found.
This demonstrates that restoration of riparian forest can be a determining factor in water
quality. Riparian zones over 15m width are more suitable for maintenance of macroinvertebrate
community composition and trophic structure, but even a reduced riparian-zone width can
maintain minimal conditions to support these communities (Moraes et al., 2014). Moreover,
despite the higher importance of forest conservation at watershed scale, restoration of riparian
zone is a basic feature to improve the water quality (Mello et al., 2018). Considering this forest
as a linking element that acts like an environmental filter between terrestrial and aquatic
ecosystems, it is necessary to re-evaluate the current practices of land use and occupation in
their environment (Gregory et al., 1991; Roy et al., 2003; Larson et al., 2019).

4. CONCLUSION
The Antas River and its tributaries, from their springs to their mouths, presents several
types of land use, such as agricultural, industrial and even domestic sewage treatment, activities
that have high environmental impacts. The present work pointed out that inadequate land use
and occupancy reflects negatively impacts water quality of the ecosystem. This work also
showed the effectiveness of the use of orbital images and geoprocessing techniques using joint
physical-chemical and biological parameters for monitoring watercourses. These processes
could complement the current water quality monitoring and facilitate collaborative efforts to
confirm presumable pollution sources, being punctual or diffused.
We can conclude that water quality variables and landscape use association was effective,
so a spatial landscape vision can improve the surface characterization for riparian land planning
and use. More studies like the one presented here, studying other rivers and/or basins in urban
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regions, or the contrast with preserved areas, thus verifying the effect of riparian forest in the
recovery of water quality, will contribute to a better understanding of the effects of urbanization
in water courses. In addition, this type of study can be applied to evaluate the effects of
restoration/mitigation actions on rivers and/or habitats, giving support to conservation of these
urban ecosystems.
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ABSTRACT
Inefficiency of sanitation companies’ operation procedures threatens the population’s
future supplies. Thus, it is essential to increase water and energy efficiency in order to meet
future demand. Optimization techniques are important tools for the analysis of complex
problems, as in distribution networks for supply. Currently, genetic algorithms are recognized
by their application in literature. In this regard, an optimization model of water distribution
network is proposed, using genetic algorithms. The difference in this research is a methodology
based on in-depth analysis of results, using statistics and the design of experimental tools and
software. The proposed technique was applied to a theoretical network developed for the study.
Preliminary simulations were accomplished using EPANET, representing the main causes of
water and energy inefficiency in Brazilian sanitation companies. Some parameters were
changed in applying this model, such as reservoir level, pipe diameter, pumping pressures, and
valve-closing percentage. These values were established by the design of experimental
techniques. As output, we obtained the equation of response surface, optimized, which resulted
in values of established hydraulic parameters. From these data, the obtained parameters in
computational optimization algorithms were applied, resulting in losses of 26.61%,
improvement of 16.19 p.p. with regard to the network without optimization, establishing an
operational strategy involving three pumps and a pressure-reducing valve. We conclude that
the association of optimization and the planning of experimental techniques constitutes an
encouraging method to deal with the complexity of water-distribution network optimization.
Keywords: computational modeling, design of experiments, water losses, water resources.

Proposição de estratégia operacional ótima aplicada a rede de
distribuição de água com abordagem estatistica
RESUMO
A ineficiência dos procedimentos operacionais das companhias de saneamento ameaça o
This is an Open Access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.
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abastecimento futuro da população. Assim, o aumento da eficiência hidroenergética mostra-se
essencial para atender a demanda. As técnicas de otimização são ferramentas importantes na
análise de problema complexos, que é caso das redes de distribuição de água para
abastecimento, destacando-se os algoritmos genéticos, consagrados pela literatura. Neste
sentido propõe-se aqui um modelo de otimização de operação de rede de distribuição de água
utilizando algoritmos genéticos. O diferencial da pesquisa e metodologia baseada na análise
dos resultados com o uso de ferramentas de estatística e planejamento de experimentos. A
técnica foi aplicada a uma rede teórica desenvolvida para o estudo. Simulações preliminares
foram feitas com o uso do Epanet representando as principais causas da ineficiência
hidroenergética nas companhias de saneamento brasileiras. Para a aplicação do modelo foram
alterados parâmetros tais como: níveis reservatórios, diâmetro das tubulações, pressões de
bombeamento e fechamento de válvulas cujos valores foram estabelecidos através de técnicas
de planejamento de experimentos. Obteve-se a equação da superfície de resposta, otimizada,
que resultou nos valores dos parâmetros hidráulicos estabelecidos. Então, aplicou-se os então
os parâmetros obtidos no algoritmo de otimização computacional, resultando em perdas de
26,61%, melhoria de 16,19 p.p. em relação a rede sem otimização, estabelecendo uma estratégia
operacional envolvendo três bombas e uma válvula redutora de pressão. Conclui-se que a
associação de técnicas de otimização a planejamento de experimentos constitui uma promissora
técnica para tratar da complexidade de otimização de rede de distribuição de água.
Palavras-chave: modelagem computacional, perdas de água, planejamento de experimentos, recursos
hídricos.

1. INTRODUCTION
Increasing population as well as rising demand have been putting water resources under
increasing pressure, which, along with climate changes, are resulting in water scarcity, a
challenging problem which will become more frequent and severe in the future. Thus, global
distribution of water resources, essential for life, the economy and the social structure of urban
environments, have been affected, putting the population’s water safety at risk. (Chini and
Stillwell, 2018; Liu et al., 2019). Water leakage can reach 45 billion cubic meters worldwide;
reduction by half would be enough to ensure the supply of 200 million people with no need of
investments in funding and exploitation of springs, reducing part of sanitation companies’
financial loss, which is about US$ 14 billion per year. This problem would limit investment
capacity in system improvement and expansion and also implicitly reduce power consumption
required for water treatment and distribution. (Coelho and Andrade-Campos, 2014; Kanakoudis
and Muhammetoglu, 2014; Mutikanga et al., 2013).
Losses can be divided into apparent losses, caused by commercial issues such as collection
errors, faulty hydrometers, and non-authorized consumption, and real losses, caused by
leakages in joints, connections or holes (Sanz et al., 2016). Besides financial, power and
environmental losses arising from real losses, there is also the sanitary risk due to the possibility
of contaminant infiltrations in piping, requiring operational strategies for mitigation (Candelieri
et al., 2013). Thus, a strategy for reduction of losses due to leakages is the management of
pressures in network; that is, the adequacy of operational procedures to ensure adequate values
of pressures in networks, assuring suitable conditions for water supply. (Fontana et al., 2012;
Han and Liu, 2017).
For establishing an optimal operational strategy, optimization techniques are employed.
These are considered an essential part of water-resource planning and management, especially
in the case of water distribution networks in which area studies have been developed.
Computational simulation is used in networks to allow application of optimization techniques
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to ensure an adequate and sustainable water supply with adequate pressures. Pressure
management in a network is a great concern for sanitation companies, since excessive pressures
are the main cause of real losses. Meanwhile, very low pressures do not allow adequate water
supply for the population, leading in many cases to lack of water at particular points of the
network (Khatavkar and Mays, 2017; Oikonomou and Parvania, 2018; Tanyimboh and
Seyoum, 2017; Vakilifard et al., 2018).
When operating a network, optimization aims to reduce operational costs of collection and
distribution system, such as pump activation, treatment and distribution to meet water demand
within the system (Soler et al., 2015). The technique usually used to evaluate water-resource
problems is genetic algorithms, based on the evolution principle, which states that only the more
adapted individual will survive and generate descendants. This technique is used in several
problems related to water distribution networks, from operation to design, always aiming for a
better meeting of needs with the lowest possible power consumption. (Bi et al., 2015; Creaco
and Pezzinga, 2015)
Establishing scenarios to be simulated, as well as obtaining optimal levels of network
operation, required the use of the Design of Experiments technique (DOE). This method uses
data planning and gathering in a systematized manner to process characteristics
modeled according to experimental data, also allowing the use of Methodology of Surface
Response (MSR), which makes possible the representation of responses of interest – in this
case, losses in the network – by the use of a polynomial of second order, which can be optimized
to reach factors leading to such a result, and is used in several areas (Barimani et al., 2018;
Gomes, 2013; Yu et al., 2018).

2. CASE STUDY
The work phases are defined in the form of a flowchart, as shown in Figure 1.

Figure 1. Flow chart of work phases.

For developing optimization programs, it was necessary to prepare a theoretical network
capable of adjusting to the proposal of this paper, intending to include minimum components
to allow the adequate analysis of its operation. The objective is to avoid an expensive
computational implementation, and at the same time to look for a proximity with irregular relief
regions, which is usually complicated when regarding water distribution.
The theoretical network developed for the paper was a branched network with irregular
topography, aiming for simplicity of implementation, able to meet the mandatory analysis
requirements, created in EPANET software and displayed with elevations and demands of
nodes in Figure 2.
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Figure 2. Theoretical water-distribution network.

Data employed for network simulation were based on commercial diameters found in Porto
(2006) and in rugosities adopted by Silva (2003), as shown in Table 1.
Table 1. Data of network branches.
Pipes Node Rugosity (mm) Diameter (m) Length (m)
1
2
3
4
5
6
7
8
9

1-2
2-3
2-4
2-5
5-6
5-7
5-8
8-9
9-10

0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25

0.400
0.300
0.300
0.400
0.350
0.250
0.400
0.250
0.150

1500
950
900
1750
1100
800
1000
750
500

3. METHODOLOGY
Once the network in EPANET was in place and the first set of data was obtained, the
optimization program was written in the FORTRAN 90 language, as well as the modulus
responsible for network optimization by using genetic algorithms and hydraulic calculations.
The calibration algorithm of Silva (2003) was used for the calibration of the theoretical network
throughout the data obtained by EPANET.
The optimization program has a genetic algorithm coupled with a hydraulic calculus
module for network optimization, divided in subroutines. First, data passes through a rugosity
optimization subroutine, which generates slight changes in rugosity to simulate the aging of
pipe materials. Afterwards, the data goes through crossover and then passes to a mutation
subroutine, which has a 10% mutation probability.
After this, the data goes through the reservoir-level optimization subroutine, which uses
one of the reservoir heads pre-established in Table 2 and goes to the hydraulic calculation
module, which recalculates the pressure on the network, and goes to Pressure Optimization – a
Valves subroutine where the program checks if node heads are below the established levels for
the scenario, as seen in Table 2. If the heads are below the levels established, this subroutine
will adjust the heads to the desired level and engage a pressure-reducing valve (PRV) on the
pipe upstream of the node. In the same way, the data passes through Pressure Optimization Pumps and the subroutine checks if the heads are under the desired level on the nodes and
Rev. Ambient. Água vol. 15 n. 2, e2455 - Taubaté 2020
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engages a pump on the pipe upstream from the node. The optimization program considers only
the pressures downstream of the pumps and valves implemented for the calculations.
Table 2. Codified and real work levels employed in simulation.
Parameters

Factor

Unity

Work Levels
-2*

Diameter
Reservoir head
Pump head
Valve head

A
B
C
D

-1*

0*

1*

2*

m
0.1375 0,25 0.3625 0.475 0.5875
m
797.50 815,00 832.50 850.00 867.50
m.c.a. 7.50
15,00 22.50 30.00 37.50
m.c.a. 20.00 30,00 40.00 50.00 60.00

*Note: The asterisk indicated values is codified form.

Finally, the pressure values of the network go to the hydraulic recalculation subroutine and
then it is verified that the pressures are within the limits established for the nodes, as shown in
Table 2. If they are within the limits, the pressure values at the nodes and the sections where
the pumps and valves were implemented are printed until the end of the algorithm iterations
Figure 3.

Figure 3. Flowchart of optimization genetic algorithm with hydraulic calculation
module.

For calculation of losses, an approach of Tucciarelli et al., (1999) was chosen, which points
out a correlation of water losses in a network with pressures is an equation which considers the
small leaks surround each node and the force of the water pressure, as found in Silva (2003),
where losses are represented in percentages and average pressure (Pmedia), arithmetic average
Rev. Ambient. Água vol. 15 n. 2, e2455 - Taubaté 2020
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of pressures in network nodes. Equation 1 is adjusted to represent a Brazilian average leak rate,
which is approximately 40% according the Brazilian water and sewer services report (SNIS,
2019).
0,5
∑𝑛ó𝑠
× 7,27
𝑖=1 𝑃𝑒𝑟𝑑𝑎𝑠 = 𝑃𝑚𝑒𝑑𝑖𝑎

(1)

Operational levels of factors (variables) involved in loss calculation were obtained by the
Design of Experiments technique, employing Montgomery’s adapted factorial approach
(Montgomery, 1999); this is, where the quantity of experiments to be achieved is given for 2k,
where k is the number of variables, and also includes central and axial points, as per Table 2,
which results in 32 scenarios to simulate.
The second-order model, for regression analysis and obtaining surface response, is based
on an Equation 2 employed in study of Kanigalpula et al. (2016).
k ̂
̂0 + ∑ki=1 β̂i Xi + ∑ki=1 β̂ii Xi2 + ∑k−1
̂= β
Y
i=1 ∑ i<j βij X i X j + ε

(2)

Where Y is the answer to be obtained, X1, X2, ..., Xj are the independent variables with
influence in response, 𝛽̂ 0, 𝛽̂ i (i = 1, 2, ... , k), 𝛽̂ ij (j = 1, 2, ..., k) are estimated parameters and ε
is a random error of the experiment. The codification of the variables, that is, the transformation
of the same numeric values for levels (-2, -1, 0, 1 and 2) is given by Equation 3.
𝑥𝑖𝑢 =

𝑋𝑖𝑢 −𝑋𝑖
𝑠𝑥𝑖

, 𝑓𝑜𝑟 𝑢 = 1, 2, … , 𝑁 𝑎𝑛𝑑 𝑖 = 1, 2, … , 𝑘

(3)

Where:
● 𝑋𝑖𝑢 = u-th level of the ith independent variable;
●

𝑋𝑖𝑢
𝑋̅𝑖 = ∑𝑁
𝑢−1
𝑁

Is the average of the values 𝑋𝑖𝑢 ;
1

●

𝑠𝑥𝑖 =

̅̅̅𝑖 )2 2
(𝑋𝑖𝑢−𝑋
[∑𝑁
]
𝑢=1
𝑁

Is the standard deviation;

● N = number of observations.
For obtaining estimated parameters, the ordinary least squares method was used, as per
Rossi and Neves (2014), by Equation 4:
𝛽̂ = (𝑋 𝑇 𝑋)−1 𝑋 𝑇 𝑦

(4)

Where, in Equation 5 sources which compound least squares method can be observed.
𝑋 = [𝑥11

⋯

𝑥1𝑛

⋮⋱⋮

𝑥𝑛1

⋯

̂
̂1 𝛽
𝑥𝑛𝑛 ], 𝛽̂ = [𝛽
2

⋮ 𝛽̂𝑛

] and 𝑌̂ = [𝑌̂1 𝑌̂2

⋮

̂
𝑌
𝑛 ]

(5)

Being X the codified experimental matrix, 𝛽̂ the matrix of coefficients to be estimated and
𝑌̂ the matrix with obtained responses (results). For obtaining an optimal point, the electronic
chart with algorithm of optimization Generalized Reduced Gradients was used to, by response
surface equation, obtain optimal responses for problems by minimization of equations.

4. RESULTS AND DISCUSSION
Simulations carried out for the complete factorial experiment obtained an average loss of
41.01%. In scenarios 12, 16, 22 and 24, there was a deterioration of network conditions, with
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worsening of water losses. On the other hand, the best scenarios were numbers 1, 3 and 9, as
displayed in Figure 4.

Figure 4. Result of simulated scenarios.

Using the results of simulated scenarios, Equation 6 was achieved, the result of the
complete factorial experiment:
𝑌̂(%) = (0,4101 + (𝐴 × 0,1942) + (𝐵 × 0,015542) + (𝐶 × 0,025208) + (𝐷 ×
0,022808) − (𝐴2 × 0,008494) − (𝐵 2 × 0,006106) + (𝐶 2 × 0,00394) − (𝐷2 ×
0,007656) + (𝐴 × 𝐵 × 0,007463) − (𝐴 × 𝐶 × 0,010187) + (𝐴 × 𝐷 × 0,010637) −
(𝐵 × 𝐶 × 0,006375) + (𝐵 × 𝐷 × 0,00695) − (𝐶 × 𝐷 × 0,002275)) × 100

(6)

The analysis of interferences of each factor individually shows what influences losses the
most is the variation of pumping head levels, while what influences the least is the variation of
reservoir heads, as displayed in Figure 5.

Figure 5. Analysis of individual interactions of factors.

Analysis of interactions between factors shows that interactions between the piping
diameter and the pumping pressure cause a major reduction of water losses in the network,
while interactions between the piping diameter and the reservoir head cause a major increase
of losses. Interactions between the pumping head and valve head have little statistical
significance, as per Figure 6, where the X axis is the factor level, and Y axis the losses.
Rev. Ambient. Água vol. 15 n. 2, e2455 - Taubaté 2020
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Figure 6. Analysis of interactions between variables.

The equation-generated response surfaces of Figures 7, 8 and 9, also showing the behavior
of response regarding factors for complete analysis.

Figure 7. Response surfaces 1 and 2.

Figure 8. Surface responses 3 and 4.

Figure 9. Surface responses 5 and 6.
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The equation modelling the response in electronic chart was launched and then the
optimization algorithm Generalized Reduced Gradients was employed to obtain decision
variables; that is, codified values of factors A, B, C and D resulting in lower possible loss,
respecting restriction of -2 to 2, minimum and maximum values of factors, making adjustments
for an operational level closer to rule or commercial, as shown in Table 3.
Table 3. Factors decoded to the optimal point.
Factors

Values applied (Decoded)

Units

A
Diameter
B Reservoir Head
C
Pump Head
D
Valve Head

0.30
818.97
10.00
21.94

M
M
M.W.C.
M.W.C.

For such values, applied on optimization algorithms, expected loss was 27.86%. one factor
which needed to be adjusted was factor C – Pump Head, once it was modified for 10 m.c.a., to
meet rule NBR 12218 (ABNT, 2017), which set out that value of pressure as the required
minimum in a water-distribution system. The value of the diameter was rounded to 0.300 m,
the commercial value displayed by Porto (2006), and other factors were rounded to the second
decimal place for launching the same in network optimization routines. Thus, the optimal
scenario results appear in Figure 10.

Figure 10. Results for optimal scenario.

In this scenario, pumps were introduced in following pipes: Pipe 5: head of 26.19 m.w.c.;
Pipe 8: head of 3.86 m.w.c.; Pipe 9: head of 47.03 m.w.c.
A valve was also introduced in pipe 7, generating a head loss of 22.19 m.w.c. to keep the
head at 21.94 m.w.c. Losses in this scenario were 26.61%, a reduction of 16.19 p.p. in relation
to the scenario without optimization, a value situated within error R² of 89.12% for the response.
This was within the range predicted by the equation of the model. Thus, this scenario defined
the operational strategy for the network.

5. CONCLUSIONS
The genetic algorithm of optimization obtained a good performance, being able to maintain
pressures within established limits in the study and indicated the quantity of pumps and valves
Rev. Ambient. Água vol. 15 n. 2, e2455 - Taubaté 2020
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employed, as well as pumping pressures or the head loss generated by the valves and portions
of pumps and valve implantation. Thus, the planning of experiments proved to be a potential
tool to assist in the operation optimization of a water distribution network, making possible
optimization of the equation of obtained response surface and, consequently, obtention of
optimal parameters and evaluation of interactions. However, more studies should be done to
evaluate performance on more complex and real network scenarios to validate the tool under
different conditions.
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ABSTRACT
Soil is a fundamental natural resource for subsistence and development of humanity,
exploited mainly for agriculture. Agricultural practices, though, are improperly performed,
compromising edaphic conditions and favoring erosive processes, which mainly culminate in
the loss of soil and nutrients. Water erosion represents the main form of soil degradation, given
that the impact of raindrops on the soil results in the detachment of particles, a process favored
by factors such as climate, relief, soil vegetation and use and occupation. The objective of the
study was to classify four gullies based on their evolutionary turns and to judge the physicalchemical classifications of the soil at the internal and external faces of the gullies. The
morphology of the gullies was classified by aerial images generated by drones. The gullies were
mapped using Google Earth images from 2016. The qualitative assessment was performed
using the digital field-elevation curvature (MDESC) model with field validation. Deformed
samples were collected at depths of 0-10 and 10-20 cm, while non-deformed samples were
collected at depths of 0.0-0.10 cm to evaluate their chemical and physical attributes. A
nonparametric 5% Kruskal-Wallis statistical analysis was performed on the resulting data. The
chemical and physical attributes of the soil differed according to the evolutionary stage of the
surfaces (internal and external) at depths of 0 to 10 cm, while the faces showed differences in
depth of 10 to 20 cm.
Keywords: erosive process, geotechnologies, soil quality indicators.

Atributos físicos e químicos em voçorocas no Bioma da floresta
Atlântica
RESUMO
O solo é um recurso natural fundamental para a subsistência e desenvolvimento da
humanidade, sendo principalmente explorado pela agricultura, cujas práticas inadequadas
comprometem as condições edáficas, favorecendo a ocorrência de processos erosivos, que
This is an Open Access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.
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culminam principalmente na perda de solo e nutrientes. A erosão hídrica atua como principal
forma de degradação do solo, em que, a partir da ação do impacto da gota de chuva sobre o
solo, ocorre o desprendimento de partículas que, associadas a fatores como clima, relevo, solo
vegetação e uso e ocupação, favorecem esse processo. O objetivo do estudo foi classificar
quatro voçorocas com base em seus estágios evolutivos e julgar as classificações físicoquímicas do solo nas faces internas e externas das voçorocas. A morfologia das voçorocas foi
classificada por imagem aérea gerada por drone. As voçorocas foram mapeadas usando imagens
do Google Earth a partir de 2016. A avaliação qualitativa foi realizada usando o modelo digital
de curvatura de elevação de campo (MDSC) com validação de campo. Amostras deformadas
foram coletadas nas profundidades de 0-10 e 10-20 cm, enquanto amostras não deformadas
foram coletadas em profundidades de 0-10 cm para avaliar seus atributos químicos e físicos.
De posse dos dados foi realizada análise estatística não paramétrica de Kruskal-Wallis a 5%.
Os atributos químicos e físicos do solo diferiram de acordo com o estágio evolutivo nas faces
(interna e externa) em profundidades de 0 a 10 cm, enquanto as faces mostraram diferenças em
profundidade de 10 a 20 cm.
Palavras-chave: geotecnologias, indicadores de qualidade do solo, processos erosivos.

1. INTRODUCTION
A lack of technical information related to agricultural expansion has led to various forms
of environmental damage. Agricultural development continues to have numerous effects on
natural ecosystems, as best practices for environment conservation are not widely implemented.
Previous studies (Laurance et al., 2014) have shown that problems in agriculture can negatively
affect human well-being and environmental conservation.
Humans have a large impact on the environment (Ferreira et al., 2016) by affecting soil
occupation, use, and management. Inadequate agricultural practices can damage the physical
and chemical attributes of soil, affect water dynamics, and have various other consequences.
According to Santos et al. (2017), improper management can lead to soil sealing, which
increases surface runoff and, consequently, mass runoff.
Water erosion is one effect of improper management and greatly contributes to soil
degradation. Bogunovic et al. (2018) described erosion as one of the main precursors of soil
degradation. Erosion typically begins as raindrops impacting the soil, causing aggregates to
rupture into individualized particles, which are more easily carried along the landscape by
surface and subsurface runoff.
Linear erosion refers to the beginning of the erosive process, which can become laminar
and evolve into a gully. The different proportions, dimensions, vegetation cover, and water
dynamics are used to classify the gullies according to their morphology and evolutionary stages
as initial, juvenile, mature, or senile (Dobek et al., 2011).
Gullies, which are defined as a result of an erosive process that removes soil mass and
nutrients in an advanced stage, are found throughout the Cachimbal River sub-basin, that
comprises a large part of the territorial extension of the municipality of Pinheiral, in the state
of Rio de Janeiro – Brazil, which is the area of study. According to studies carried out in the
area (Menezes et al., 2010; Santos et al., 2017), the occurrence of gullies may be associated
with different forms of soil usage, occupation, and management.
Hence, this study hypothesized that edaphic attributes present differentiated patterns
according to the evolutionary stages and (inner and outer) surface of the gully. The present
study therefore aims to classify and evaluate the gullies based on their evolutionary stage and
the physical and chemical attributes of the soil in their inner and outer surfaces.
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2. MATERIALS AND METHODS
The study was carried out in the Cachimbal River sub-basin, which composes a large part
of the municipality of Pinheiral, Rio de Janeiro - Brazil (Figure 1). This sub-basin is in the
region of Médio Paraíba Fluminense and makes up the Paraíba do Sul River basin.

Figure 1. Sub-basin of Cachimbal Stream, Pinheiral - RJ.

The climate in the study area is classified as “temperate”, with dry winters and rainy
summers (Cwa), and rainy tropical climate with dry winters (Am), according to the Koppen
climate classification (Alvares et al., 2014). The vegetative cover is currently comprised of
implanted, spontaneous, and unmanaged pastures, which are degraded. During the colonial
period in late 18th century, because of intense use and occupation, the region that once
contained Floresta Estacional Semidecidual Submontana as its original vegetation underwent
changes and this was replaced by coffee plantations. (Menezes et al., 2010).
The predominant soils in the Cachimbal Creek sub-basin are on the hillside, Ultisol
(Argissolos Vermelho-Amarelos) and Inceptisol (Cambissolo Háplico), and summit and
backslope of the hillside, Oxisol (Latossolos Vermelho-Amarelos) (Santos et al., 2017).
According to Santos et al. (2016), the sub-basin’s altitude varies from 360 m at the mouth of
the Cachimbal Stream to 720 m in the Arrozal mountain range. Approximately 72% of the subbasin is comprised of hillsides with slopes, 22.3% of narrow cultivated plains, and 5.7% of
hilltop areas.
The gullies were mapped using 2016 Google Earth images with a spatial resolution of 2.34
m. In the images, four gullies were georeferenced to occur in convex pedoforms at different
evolutionary stages, as in the Ribeirão Cachimbal sub-basin, where gullies generally have this
topographic feature (pedoform) (Gaia-Gomes, 2017).
Qualitative classification was conducted using a digital model surface curvature (Figure
Rev. Ambient. Água vol. 15 n. 2, e2459 - Taubaté 2020

4

João Henrique Gaia Gomes et al.

2), which was generated using topographic charts of the municipalities of Volta Redonda (Sheet
SF-23-ZAV-2) and Piraí (Sheet SF - 23-Z-VI-1), obtained from IBGE on the scale of 1:50,000,
with a spatial resolution of 10 m on the scale of 1:100,000, via ArcGIS 10.5. The coordinates
of the identified gullies were plotted using DMSC; after a convex surface emerged, and the
results were validated through field analysis.

Figure 2. Digital Model of Sub-basin of Cachimbal Stream, Pinheiral - RJ.

A flight using the Drone model Phantom 4 was performed on an exposure strand with four
gullies that emerged in a convex pedoform (Figure 3). In such pedoform, the gullies were
classified according to their morphology as initial, juvenile, mature, or senile (Dobek et al.,
2011; Cherobin, 2012).
The selected gullies were divided according to their inner and outer surfaces. Deformed
samples were collected at depths of 0–10 and 10–20 cm and non-deformed samples were
collected at depths of 0–10 cm to evaluate their chemical and physical attributes. In the gully
classified as initial, 10 deformed and 10 non-deformed samples were collected; in the juvenile
gully, 12 deformed and 12 non-deformed samples were collected; in the mature gully, 16
deformed and 16 non-deformed samples were collected; and in the senile, 18 deformed and 18
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non-deformed samples were collected at both depths. The Kopeck ring was used to collect the
non-deformed samples.

Figure 3. Gullies in different evolutionary stages in the selected
exhibition area.

After collection, the deformed samples were dried, discharged, and passed through a 2mm sieve to obtain an air-dried thin earth sample according to the method reported by Santos
et al. (2015).
The values of pH in water and Ca2+, Mg2+, Al3+, K+, Na+, P, H+Al contents were
determined as described by Teixeira et al. (2017). Total organic carbon (TOC) contents were
quantified according to Yeomans and Bremner (1988). S values (sum of the Ca+2, Mg+2, K+,
and Na+ contents), T values were calculated, and V% was estimated according to Teixeira et
al. (2017).
For physical attributes, bulk density (Bd), particle density (Pd) and total porosity volume
(TPV) were calculated as described by Teixeira et al. (2017).
Particle size analysis was carried out to quantify the following soil fractions: total sand (g
kg-1), coarse sand (g kg-1), fine sand (g kg-1), total clay (g kg-1), natural clay (g kg-1), and silt (g
kg-1) (Teixeira et al., 2017). Based on the results of granulometric analysis, the degree of
flocculation (DF%) were calculated as described by Teixeira et al. (2017).
After identifying and classifying the evolutionary stages of the gullies, the possible
differences between the evolutionary stages and faces of the gullies were evaluated by the
Kruskal-Wallis test, at a 5% significance level.
To evaluate the correlations between variables in the gullies, the Pearson correlation test
was performed. A p-value <0.05 was considered to indicate a statistically significant difference.
The XLSTAT software was used for the analysis.
Principal component analysis was carried out using the XLSTAT program to determine
which chemical and physical variables could be used to indicate similarity or dissimilarity
among the evolutionary stages and faces of the gullies.

3. RESULTS AND DISCUSSION
The curvature surface, with the flat category represented the largest percentage of the subbasin area (59.3%). The lowest area value was observed in the concave category (19.1%). The
convex category represented (21.6%) of the total area.
According to Arthur et al. (2014), concave, flat, and convex surfaces influence sediment
production and intensity and direction of water flow in the soil profile. According to Aumond
et al. (2014), concave surfaces are characterized by microclimatic, topographic, and solar
radiation conditions directed towards the interior, promoting greater concentration of matter
Rev. Ambient. Água vol. 15 n. 2, e2459 - Taubaté 2020

6

João Henrique Gaia Gomes et al.

and energy. Additionally, water, sediment, mineral, and organic matter accumulation can occur
in this pedoform.
The convex pedoform showed different water dynamics in which the surface runoff of
water and sediments was associated with the external and internal flow of matter and energy,
leading to energy dissipation and losses caused by erosion and leaching (Aumond et al., 2014).
The chemical and physical attributes of soil at a depth of 0–10 cm are presented in
Table 1.
Regarding the granulometric fractions for natural clay, differences were observed between
the juvenile and mature stages and between the juvenile and senile stages on the outer surface.
Among these, differences were observed only in the juvenile stage, with the highest values
occurring for the inner surface. This pattern may be associated with the stabilization process
that tends to occur between the mature and senile stages, in which particle drifts occur more
slowly, in contrast to those in the juvenile stage in which more intense erosion is observed and
causes greater removal of sediments.
For the total clay fraction, differences between the initial and mature, initial and senile,
juvenile and mature, and juvenile and senile stages on the outer face were observed, with the
highest values quantified for the outer face of mature and senile gullies. Differences were
observed between the initial stages of the erosive process (initial and juvenile) and
transition/stabilization process (mature and senile). Fractions of smaller granulometry, such as
clay, may develop with lower intensity in the transition/stabilization processes, as their surface
runoff occurs to a lesser extent because of the presence of vegetation cover and colonization of
plant species from mass flow.
The highest values of the flocculation degree were observed for the outer face of the
juvenile gully, showing large differences between the initial and juvenile and between the
juvenile and senile stages. The internal and external faces of the initial and senile stages showed
significant differences. Flocculation degree is inversely proportional to the natural clay content,
and soils with lower values are more vulnerable to water erosion (Lima et al., 2013). The
observed pattern may be related to the removal of naturally dispersed clay particles via the
erosive process, in which only flocculated particles remain, increasing the degree of
flocculation. According to Ayer et al. (2015), lower levels of flocculation occur when soil
conservation methods are not implemented and because of inadequate management, favoring
the destruction of aggregates and reduction of soil permeability.
For the total sand fraction, the highest values were observed for the inner face of the initial
gully. The same pattern was observed for coarse sand. The gullies classified as initial and senile
presented differences between themselves and for the two physical attributes mentioned above
on the inner face. Differences were observed on the inner face of gullies in the initial and mature
stage and in the juvenile and mature stages, which did not corroborate the results for the coarse
sand fraction for which only a difference between the juvenile and mature stages was found.
On the faces, differences were only observed for the mature gully. The observed pattern may
be associated with surface runoff, which tends to occur with greater intensity in the initial and
juvenile stage, carrying particles from the outer to the inner face, which remain stationary inside
the gully until water dynamics modify this pattern.
The lowest values of the fine sand fraction were observed for the inner face of the mature
gully. Differences were found for both faces between the initial and mature stages and on the
external face between juvenile and mature stages as well as juvenile and senile stages. Lower
values of fine sand are also related to surface runoff. Granulometry fractions with smaller
diameters require less kinetic energy to be transported. This attribute was weak in the gully
classified as mature, but strengthened in the senile stage, indicating that a transitional stage
occurred followed by stabilization (Table 1).
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Table 1. Averages of the chemical and physical attributes of the soil of the initial, juvenile, mature and
senile gullies at 0-10 cm depth on the inner (I) and outer (E) faces.
pH

-1

Stages

Initial
Juvenile
Mature
Senile

(cmolc kg )
I

E

I

E

I

E

5.01aA
4.94aA
4.89aA
4.99aA

4.98aA
4.76bA
4.84abA
4.98aA

0.99cA
1.16bA
1.21abA
1.26aA

0.97bB
1.12abA
0.96bA
1.28aA

1.15aA
1.11abA
0.97bcB
0.87cA

1.18aA
1.16aA
1.03aA
0.86bB

Al3+

-1

(cmolc kg )
I

E

I

E

I

E

0.81aB
0.97aA
1.08aA
0.98aA

0.99bA
1.24aA
1.12abA
0.99bB

1.75bA
2.13abA
1.54bA
2.47aA

2.42abA
2.12aA
2.44bA
2.92aA

0.010aA
0.010aA
0.010aA
0.010aA

0.010aA
0.010aA
0.010aA
0.010aA

Stages

Initial
Juvenile
Mature
Senile

K+

TOC

S Value

(cmolc kg-1)

(g kg-1)

(cmolc kg-1)

I

E

I

E

I

E

0.010aA
0.010abA
0.009bcA
0.008cB

0.012aA
0.011aA
0.008aB
0.007bA

6.57bB
12.51aA
10.65abA
13.42aA

10.38aA
13.75aA
13.12aA
14.20aA

2.20aA
2.30aA
2.20aA
2.18aA

2.14abA
2.30aA
2.17bA
2.16abA

Stages

Initial
Juvenile
Mature
Senile

T Value

V

Total Clay

(cmolc kg-1)

(%)

(g kg-1)

I

E

I

E

I

E

4.50abA
4.430abA
4.34bA
4.00aA

4.77bcA
5.32aA
4.47cA
5.08abA

56.00aA
53.50abA
61.63aA
47.35bA

45.00aA
43.40aA
45.70aA
45.00aA

263.00aA
301.00aA
336.70aA
263.25aA

252.00cB
284.70bcB
372.31aA
334.56abA

Natural Clay
-1

Stages

Initial
Juvenile
Mature
Senile

(g kg )

Total sand

(%)

(g kg-1)

I

E

I

E

I

E

75.30abA
37.00bB
97.20aA
104.25aA

61.71aB
51.81aA
60.36aA
56.40aB

69.10bA
86.38aA
73.61abA
68.68bA

576.80aA
516.90abA
477.31abA
425.65bA

532.70abA
540.00aA
421.13cB
428.38bcA

Fine Sand

Coarse Sand

Silt

(g kg-1)
I

E

I

E

I

E

129.20aA
131.82abA
96.87bA
103.50abA

133.80abA
138.83aA
88.75cB
100.31bcB

447.20aA
385.10abA
380.40abA
322.20bA

398.90abA
403.70aA
332.40bA
337.30abA

160.20bB
181.20bA
186.10bB
311.10aA

214.50aA
175.30aB
206.60aA
237.10aA

Bd

Pd

TPV

-3

Stages

Initial
Juvenile
Mature
Senile

FG

101.90aA
131.65aA
124.81aA
101.40aA

Stages

Initial
Juvenile
Mature
Senile

Na+

H+Al

Stages

Initial
Juvenile
Mature
Senile

Mg+2

Ca

(Mg m )

(%)

I

E

I

E

I

E

1.12abA
1.10bB
1.14bB
1.28aA

1.47aA
1.42aA
1.44aA
1.43aA

2.48aA
2.39aA
2.35abA
2.28bB

2.37aA
2.36aA
2.26aA
2.33aA

54.60aA
55.72aA
51.56aA
43.80bA

37.70aA
39.60aA
35.88aA
38.44aB

Equal lowercase letters in the column concern evolutionary stages and equal uppercase letters in the row
are inner and outer surfaces, and do not differ by the Kruskal-Wallis test at 5% significance. I: inner
face of the gullies; E: outer face of the gullies; TOC: Total Organic Carbon; Bd: bulk density; Pd:
Particles density; TPV: Total Porosity Volume.

For the silt fraction, the highest value was observed for the inner face of the senile gully,
showing a difference between the initial and senile, juvenile and senile, and mature and senile
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stages. Between faces, differences were observed for the initial, juvenile and mature stages.
Like the fine sand fraction, silt is one of the fractions most susceptible to disaggregation and
transport (Albuquerque et al., 2013).
Analysis of bulk density (Bd) values revealed higher values for the outer face of the gullies.
Differences were detected between the juvenile and senile stages and between mature and senile
stages in the inner face. A difference was also observed between the faces of the gullies in the
juvenile and mature stages. The soil structure influences its Bd, making it possible to predict
the impacts of erosive processes. In general, higher values of Bd are related to a high degree of
soil compaction. Compaction is directly proportional to Bd, which results in lower porosity,
reducing the internal flow of water and favoring superficial runoff.
The area has a long history of use and occupation for coffee cultivation and pasture,
possibly contributing to the increased Bd which, according to Sousa Neto et al. (2014), is
normally higher in managed areas possibly because of soil compaction. Compared to other gully
types, the senile gully has larger dimensions and a greater depth, resulting in higher Bs values
inside.
For the particle density (Pd), differences were observed between the initial and senile and
between the juvenile and senile stages for the inner face, as well as between faces in the senile
stage. Schjønning et al. (2017) predicted soil particle density from organic matter and clay
contents and found that a higher organic matter content was associated with lower Pd values.
The highest total porosity volume (TPV) values were found for the inner face of the gullies.
Deng et al. (2016) observed a similar pattern when studying the effect of land use on the
physical and chemical properties of soils and erodibility in gully sediments in the municipality
of Anxi, China. Differences were observed in the internal face between the initial and senile,
juvenile and senile, and mature and senile gullies. The faces differed in the gullies classified as
senile, where a higher value was observed for the inner face. Mass runoff originating from the
erosive process culminates in soil disintegration, altering the soil porosity distribution that
initiates restructuring on the inner side of the gully in the senile stage, since it is under
spontaneous and natural regeneration.
The highest pH values were found for the inner side of the gullies, while the highest values
were found in the initial gully, with a difference between the initial and juvenile as well as
between juvenile and senile stages. For exchangeable Al3+ values, the same pattern was
observed as for pH between stages, but with smaller values for the inner face. This pattern was
also observed in the faces of the initial and senile gullies, which also showed differences.
The values of TOC followed the same pattern as H+Al, with higher values of TOC
observed for the senile stage and on the outer face, which may be associated with the addition
of organic matter from the vegetation at this evolutionary stage. For this attribute, a difference
was observed between the initial and juvenile as well as between the initial and senile stages on
the inner face. For H+Al, there were differences between the initial and senile stages as well as
between the mature and senile stages on the inner face, and between the juvenile and mature
and the mature and senile stages on the outer face.
For Ca2+, the highest values were observed for the gully going through the senile stage,
showing the same pattern as TOC contents, which may be associated with the decomposition
of vegetable material originating from the vegetation present on the surface of this gully. The
Ca2+ values differed between the initial and senile stages and between the juvenile and senile
stages on the inner face, as well as between the initial and senile stages and between the mature
and senile stages on the outer face. A difference in the faces was detected in the initial stage.
For the Mg2+ and K+ values, the largest values were observed in the outer face of the
gullies, with the highest ones in the initial stage. When this attribute was compared, according
to the evolutionary stage of the gullies, a difference was observed between the initial and mature
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stages, initial and senile stages, and juvenile and senile stages on the inner face and between
the initial and senile stages, juvenile and senile stages, and mature and senile stages on the outer
face. The faces differed between the mature and senile stages. The observed pattern may be
related to the absorption of these nutrients by the plants found on the inner face and edges of
the gully in the senile stage.
Lower S values were observed in the senile stage, while higher values were observed in
the outer face. A difference between the juvenile and mature stages was only found on the outer
face, which may be related to leaching losses.
The T and V (%) values differed between the mature and senile stages on the inner face.
For the T value in the outer face, differences between the initial and juvenile stages and between
the juvenile and mature stages were observed. The highest value was observed in the outer face
of the juvenile gully, differing from the one observed in V (%), in which the highest value was
found in the outer face of the gully in mature stage. These results can be attributed to the
decomposition and mineralization processes that develop at different intensities because of the
characteristics of each stage, water dynamics, surface runoff, and availability of organic matter
(Machado et al., 2010; Gomide et al., 2011).
No differences were observed between the evolutionary stages and faces in Na+ contents.
Figure 4 shows the results of the analysis of the main components (PCA) and Table 2 shows
the values of the correlations between chemical and physical attributes of the soil and axes at a
depth of 0–10 cm, showing a significant correlation at 5% in the Pearson test. The soil variables
pH, Ca2+, Al3+, Na+, S value, total clay, and natural clay at 0–10 cm depth were not significantly
correlated at a cut-off of 5% in the Pearson test.

Figure 4. PCA for chemical and physical variables of the soil in the four
evolutionary stages and internal and external faces of the gullies in depth
of 0-10 cm.

The PCA analysis showed that, for the relationship between the 1 and 2 axes, there was a
separation in the chemical and physical attributes of the soil among the evolutionary stages and
on the inner and outer faces (II: inner face of the initial stage, IE: outer face of the initial stage,
JI: inner face of the juvenile stage, JE: outer face of the initial stage; MI: inner face of the mature
stage, ME: outer face of the mature stage, SI: inner face of the senile stage, SE: outer face of
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the senile stage). The sum of the two axes explained the value of 84.78%, with axis 1 explaining
55.24% and axis 2 explaining 29.54%.
Table 2. Values of the correlations between the soil’s chemical and
physical attributes of the soil and the axes in depth of 0-10 cm in the
analyzed stages.
Axis
1
2
Axis

Chemical Attributes
Mg2+

H+Al

TOC

0.58
0.72

-0.79
0.55

-0.87
-0.09

T Value V (%)
-0.70
0.60

0.82
-0.50

DF

Silt

-0.44
-0.72

-0.65
-0.45

Physical Attributes
Total Sand Fine Sand Coarse Sand

1
2

0.76
0.64

0.45
0.76

0.82
0.55

Axis

Bd

Pd

TPV

1
2

-0.80
0.46

0.90
0.22

0.87
-0.35

For stage II, the variables for coarse sand (r = 0.82), total sand (r = 0.76), and Pd (r = 0.90)
were associated, correlating positively with axis 1, and variables Mg (r = 0.72) and fine sand (r
= 0.76) correlated positively with axis 2. Regarding JI and MI, the most associated variables
were TPV (r = 0.87) and V% (r = 0.82), which showed a positive correlation. The variables
most associated with IE and JE, DF (r = 0.72) correlated positively with axis 2 and Bd (r = 0.80)
showing a positive correlation, while H+Al (r = 0.79) and the T value (r = -0.70) showed a
negative correlation with axis 1. For the ME, SE, and SI stages, the most associated variables
were TOC (r = -0.87) and silt (r = -0.65), which showed a negative correlation with axis 1.
Analysis of axis 1 verified that although there was a division among stages, the internal
face of the gully classified as senile (SI) presented a different distribution pattern than the other
stages. The interior of the gullies is a modified environment, in which the erosive process of
mass drainage has already occurred and may present changes compared to the outer face.
Arthur et al. (2014) and Santos et al. (2016) found that small variations in relief forms
influence the variability in edaphic factors. The pattern observed in SI may be associated with
spontaneous natural regeneration that occurs in the interior, which is the only parameter
showing this pattern. Regeneration tends to improve soil quality by altering fertility, aeration,
aggregation, water infiltration, and biological activity.
The chemical and physical attributes of the soil at 10–20 cm depth are presented in
Table 3.
For the chemical attributes Al3+, Na+, K+, natural clay, flocculation degree, total sand, and
fine sand, no differences were observed among evolutionary stages or between the inner and
outer faces of the gullies. The lowest pH values were observed for the outer face, with a
difference between the initial and juvenile stages, juvenile and senile stages, and mature and
senile stages. For Ca2+ levels, differences between the initial and juvenile stages, initial and
mature stages, and initial and senile stages were observed. Among the faces of the gullies, a
difference was observed in the mature gully, in which the highest value was observed in the
inner face. The largest Mg2+ values were found for the outer face. When evolutionary stages
were compared, only differences between the initial and mature stages were observed for initial
and senile on both faces, and the highest values for Mg2+ were found in the initial stage.
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Table 3. Averages of the chemical and physical attributes of the soil initial, juvenile, mature and senile
gullies at 0-20 cm depth on the inner (I) and outer (E) faces.
Ca2+

pH

(cmolc kg-1)

Stages

Initial
Juvenile
Mature
Senile

I

E

I

E

I

E

4.93aA
4.96aA
4.95aA
4.92aA

4.79abA
4.65cB
4.73bcB
4.85aA

0.85bA
1.02aA
1.08aA
1.05aA

0.81abA
0.91abA
0.76bB
0.96aA

1.09aA
0.92abA
0.84bA
0.93bA

1.13aA
0.98abA
0.84bA
0.95bA

Al3+

(cmolc kg-1)
I

E

I

E

I

E

0.96aA
0.98aA
0.87aA
1.10aA

1.35abA
1.46aA
1.23abA
1.31aA

1.99abA
2.16aA
1.13bA
2.50aA

2.64abA
3.02aA
2.34bA
3.10aA

0.010aA
0.010aA
0.010aA
0.010aA

0.010aA
0.010aA
0.010aA
0.010aA

K+
Stages

Initial
Juvenile
Mature
Senile

(cmolc

TOC

kg-1)

(g
I

E

I

E

0.011aA
0.011aA
0.009aA
0.009aA

0.006aA
0.007aA
0.008aA
0.009aA

5.94bB
14.81aA
11.38abA
14.90aA

8.54cA
11.97bcB
16.83abA
17.40aA

1.96aA
1.97aA
1.87aA
2.00aA

1.96aA
1.97aA
1.60bB
1.80abA

T Value

V

Total Clay

(cmolc kg-1)

(%)

(g kg-1)

I

E

I

E

I

E

3.95aA
4.03aA
2.99bA
4.50aA

4.40abA
4.30aA
3.95bA
4.90aA

40.00abA
40.55bA
37.06aA
55.35bA

43.20aA
38.50abA
40.94abA
44.00aA

285.70abA
308.81abA
233.40bA
355.31aA

278.50bA
299.83bcA
297.90bA
348.80aA

Stages

(g

kg-1)

DF

Total sand

(%)

(g kg-1)

I

E

I

E

I

E

101.90aA
131.65aA
124.81aA
101.40aA

75.30abA
37.00bB
97.20aA
104.25aA

55.44aA
59.75aA
68.57aA
52.25aA

67.49aA
73.64aA
68.52aA
64.31aA

528.40aA
497.80aA
453.70aA
432.50aA

497.60aA
500.60aA
445.00 aA
493.40aA

Fine Sand

Coarse Sand

Silt

(g kg-1)

Stages

Initial
Juvenile
Mature
Senile

(cmolc kg-1)

E

Natural Clay

Initial
Juvenile
Mature
Senile

S Value

kg-1)

I

Stages

Initial
Juvenile
Mature
Senile

Na+

H+Al

Stages

Initial
Juvenile
Mature
Senile

Mg2+

I

E

I

E

I

E

116.70aA
107.30aA
99.69aA
90.05aA

104.70aA
124.90aA
101.31aA
104.89aA

405.50aA
380.00abA
350.90abA
341.90bA

392.90abA
378.00aA
343.70bA
338.60abA

185.90bA
197.00bA
190.90bA
334.15aA

202.80aA
199.50aA
186.81aA
208.70aA

Equal lowercase letters in the column concern evolutionary stages and equal uppercase letters in the row
are inner and outer surfaces, and do not differ by the Kruskal-Wallis test at 5% significance. I: inner
face of the gullies; E: outer face of the gullies.

The highest values for H + Al and TOC were found in the external face, with differences
between the juvenile and mature stages and between the mature and senile stages on both faces;
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the highest values were associated with senile faces. Higher values for these faces and at this
stage may be related to the presence of vegetation, regeneration process, and vegetable residues.
Gomide et al. (2011) found a similar pattern as the one described previously in a study on
the interior of gullies in the municipality of Lavras in the state of Minas Gerais. They observed
a decrease in the organic matter content caused by the removal of vegetation and, consequently,
a decrease in fertility.
The S value differed between the initial and mature stages and between the juvenile and
mature stages on the inner face. Differences were also observed between the faces of mature
gullies, with the highest value found in the inner face of the senile stage. For the T value,
differences were observed between the initial and mature stages, juvenile and mature stages,
and mature and senile stages, with the highest values for both faces of the gully. For V (%), the
highest values presented the same pattern as that observed for the T value, differing between
the juvenile and mature and between the mature and senile stages on the inner face.
Regarding the granulometric fractions of total clay, the highest values were observed in
the senile stage. Differences were detected in the inner face, between the mature and senile
gullies, and in the outer face, between initial and senile gullies, juvenile and senile gullies, and
mature and senile gullies. The higher values of coarse sand, unlike natural clay, were observed
in the initial gully, which may be due to the physical barrier formed by the roots preventing the
clay fraction from being carried away. Since it is more difficult to remove the coarse sand
fraction because of its size, it is carried away later in the process. For this attribute, differences
were found between the initial and senile stages on the inner face and between the juvenile and
mature stages on the outer face. For the silt fraction, differences were only observed in the inner
face, between the initial and senile gullies, juvenile and senile gullies, and mature and senile
gullies.
The variables Ca2+, Mg2+, Na+, TOC, S value, fine sand, coarse sand, total clay, and natural
clay at 10–20 cm depth were not significantly correlated at a cut-off of 5% in the Pearson test.
Figure 5 shows the PCA results and Table 4 shows the correlations between the chemical
and physical attributes of the soil and axes in the 10–20-cm depth, with a significant correlation
at a cut-off of 5% in the Pearson test.

Figure 5. PCA for the chemical and physical variables of the soil
in the four evolutionary stages and internal and external faces of
the gullies in depth of 10-20 cm.
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Table 4. Values of the correlations between the chemical
and physical attributes of the soil and the axes in depth of
10-20 cm in the analyzed stages.
Axis

1
2

Chemical Attributes
pH

Al3+

H+Al T Value V (%)

-0.81
0.27

0.85
-0.17

0.95
0.24

Axis

1
2

0.90
0.30

-0.93
-0.20

Physicists Attributes
Total Sand

Silt

0.53
-0.58

-0.002
0.96

We verified that the axes 1 and 2 of the PCA separated the chemical and physical attributes
of the soil only between the inner and outer faces of their respective evolutionary stages. The
sum of the two axes explained 83.04% of the differences, with axis 1 explaining 60.81% and
axis 2 explaining 22.23%.
For the SE stage, the most associated variables were H+Al (r = 0.95) and the T value (r =
0.90), which showed a negative correlation with axis 1. The variables most associated with the
IE, JE, and ME stages were Al3+ (r = 0.85), which was positively correlated with axis 1, and
total sand (r = -0.58), which was negatively correlated with axis 2. For the JI and MI stages, the
most associated variable was V (%) (r= -0.93), which showed a negative correlation with axis
1. For stages II and SI, the variables pH (r = -0.81) and silt (r = -0.96) were more associated
and had a negative correlation with axes 1 and 2, respectively.
Analysis of axes 1 and 2 revealed a separation only between the inner faces of the gullies
within different evolutionary stages. In general, the outer face of the gullies is more stabilized
than the inner face because erosion caused greater changes in its chemical and physical
attributes. When conducting a case study to evaluate the role of vegetation in the stabilization
of erosive processes by gullies in a degraded landscape in critical areas of Calhoun, Bastola et
al. (2018) verified that environments with pre-established vegetation were more stable.

4. CONCLUSION
The chemical and physical attributes of soil react differently in different evolutionary
stages and (inner and outer) surfaces at depths of 0–10 cm, and only when the faces are at depths
of 10–20 cm, respectively.
The stage classified as senile showed the best edaphic conditions for the inner face.
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ABSTRACT
Population growth has contributed to increasing poultry production, entailing a high waste
loading, mainly poultry litter. One of the alternatives to treat such residues is anaerobic
digestion, in which digester startup and generated-digestate quality are related to the material
to be digested and to operation conditions, wherein inoculum use is one of the factors. This
study therefore aimed to investigate how digestates, such as inocula, influence poultry litter
(PL) anaerobic digestion, as well the reduction of solids and chemical oxygen demand (COD).
For this, two inocula (bovine and swine digestates) were tested in the digestion process. The
inocula were added at loads of 0.67, 1.00 and 1.67 gVS.L-1day-1. A split-plot design was
developed and data underwent analysis of variance with means compared by the Tukey's test at
5% significance. Concerning bovine and swine inocula, it was concluded that both are indicated
in the process. However, swine inoculum is better indicated because it had a better removal of
total solids (TS), volatile solids (VS) and COD.
Keywords: biodegradability, bovine inoculum, poultry waste, swine inoculum.

Remoção de sólidos e da demanda química de oxigênio na biodigestão
anaerobia da cama de aviário com diferentes inóculos
RESUMO
O crescimento populacional contribuiu para o aumento da produção avícola, o que implica
na geração de resíduo de cama de aviário. Uma das alternativas para tratar esses resíduos é a
digestão anaeróbia, na qual a partida do digestor e a qualidade do digestato gerado estão
relacionadas ao material a ser digerido e às condições de operação, nas quais o uso do inóculo
é um dos fatores. Portanto, este estudo teve como objetivo investigar como os inóculos
influenciam na digestão anaeróbia da cama de aves, bem como na redução de sólidos e da
demanda química de oxigênio (DQO). Para isso, foram testados dois inóculos (bovinos e
suínos) no processo de digestão, com cargas de alimentação diárias de 0.67; 1.00 e
This is an Open Access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.
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1.67 gSV L-1 dia-1. Para a análise estatística foi considerado o delineamento em parcelas
subdivididas e os dados foram submetidos à análise de variância com as médias comparadas
pelo teste de Tukey com 5% de significância. Em relação aos inóculos de bovinos e suínos,
concluiu-se que ambos são indicados ao processo. No entanto, o inóculo suíno é mais indicado
porque teve uma melhor remoção de sólidos totais (TS) e DQO.
Palavras-chave: biodegradabilidade, inóculo bovino, inóculo suíno, resíduo de aviário.

1. INTRODUCTION
The United States of America, Brazil, and China were responsible for the greatest
production of poultry meat worldwide in 2017. Among them, Brazil reached a production of
13.3 million tons, with the largest values achieved by the states of Paraná, Santa Catarina and
Rio Grande do Sul (ABPA, 2018).
Within this background, the broiler industry is responsible for a large consumption of
natural resources and, consequently, waste generation, including chicken litter, within an
average value of 1,262 kg/(bird year). This value depends on substrate type, season, number of
flocks, cycle length and bird density (Rinaldi et al., 2012; Migliavacca and Yanagihara, 2017).
Improper disposal of waste may engender large-scale contaminations of land, water, and
air (Scherhaufer et al., 2018). Because of this, environmental problems have intensified recently
, raising the need for alternatives to minimize impacts and to add value to generated wastes. As
the poultry industry has expanded, in addition to producing large quantities of meat, waste
production has also increased proportionately (Silveira et al., 2014).
Anaerobic treatment of agricultural waste is not only an alternative for energy recovery
but also for pollution mitigation (Alice et al., 2014). This technique is well established for
renewable energy production and includes waste treatment as an additional benefit.
Although anaerobic digestion has proven to be a good tool for degrading several pollutants
and organic wastes, it is a complex process and requires monitoring of pH, alkalinity,
temperature, volatile fatty acids, organic load, hydraulic retention times, biogas composition,
etc. (Mao et al., 2015; Amaral et al., 2014).
Sanchez Rubal et al. (2012) determined the influence of temperature, stirring, sludge
concentration, and solid retention time (SRT) on biodegradable organic matter acquisition
during primary fermentation, clarifying each operational parameter effect on hydrolysis.
In addition to biogas production, Orrico Junior et al. (2010) evaluated potential production
and quality of biofertilizers derived from anaerobic digestion of pre-composted poultry litter
and carcasses. These authors reported sharp reductions in VS contents, on average 44.05%,
showing that the process is effective in degrading resistant compounds, such as bird litter.
Recent studies have prospected growth medium for microalgae using effluents from
poultry litter anaerobic digestion (Singh et al., 2011). Moreover, digestates, widely used as
biofertilizers, can also be employed as inoculum in anaerobic digestion, playing a balancing
role on microorganism populations at the beginning of this process (Shah et al., 2014).
Onofre et al. (2015) have tested the biofertilizer from previous poultry litter anaerobic
processes as inoculum, in order to minimize the start of the treatment.
Cattle, poultry, and swine biofertilizers may serve as inocula, mainly for difficult to digest
materials, because of the high contents of cellulose and lignin, as seen in poultry litter. Costa et
al. (2012) investigated such issues and observed that biological co-treatment and
thermochemical pretreatments improved poultry litter hydrolysis but led to an accumulation of
metabolites, inhibiting methanogenesis.
The inoculum source can affect the amount of biogas produced in anaerobic digestion as
well as influence the process speed (Swiatczak et al., 2017). Furthermore, several dynamic and
microbial factors contribute to the efficiency of organic waste treatment.
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It is worthy to note that different inocula lead to different biogas production, with
significant effect of the inoculum on the Biochemical Methane Potential (BMP) (Vrieze et al.,
2015). Another paper (Rico et al., 2017) shows the influences of inocula on the anaerobic
digestion of pig slurry in UASB reactor.
Therefore, this technology must be optimized to reach maximum benefits (Gyenge et al.,
2014). Understanding the microbial community and its role in the process is critical to the
process control (Shen and Zhu, 2016).
Given this background, this study tested two types of inocula, bovine and swine, in the
anaerobic digestion of poultry litter, quantifying reductions of solids and COD.

2. MATERIAL AND METHODS
2.1. Substrate and Inocula
The substrate consisted of poultry litter gathered from a farm in the city of Quatro Pontes
- PR, Brazil. Table 1 shows the characterization of the material with values of hydrogenation
potential (pH), total solids (TS), fixed solids (FS), volatile solids (VS), moisture, N and
chemical oxygen demand (COD). Prior to biodigestion, residue underwent a pre-treating
process with 8 mm mesh sieving to increase its contact surface and facilitate anaerobic
digestion.
Table 1. Poultry litter and inocula physicochemical characterization.
Material
Poultry litter
Inocula
Bovine
Inocula
Swine

pH
7.90
(±0.00)
7.34
(±0.01)
7.65
(±0.00)

TS (%)

FS (%)

VS (%)

Moisture
(%)

N (%)

COD (mg.L-1)

85.00 (±1.10)

36.00
(±1.00)

79.00
(±1.00)

12.30 (±0.3)

1.8
(±0.1)

7306.36
(±50.0)

5.44 (±0.05)

2.65 (±0.03)

2.79 (±0.02)

-

-

-

2.46 (±0.02)

1.78 (±0.03)

0.68 (±0.05)

-

-

-

As inoculum (IN), two types of fresh material were used: bovine (B) and swine (S), both
collected from field biodigesters and kept at room temperature for characterization. The
previous table shows the physicochemical characterization of both inocula.
2.2. Poultry litter digestion
The trial was carried out at the Laboratory of Bioreactors of the Research Group on Water
Resources and Environmental Sanitation of the Western Paraná State University.
Two biodigesters built in polyvinyl chloride (0.60 x 0.10 m) were operated. The equipment
had an inlet port and a digestate outlet arranged horizontally, with 4 L useful volume, as shown
in Figure 1.

Figure 1. Experimental module.
Rev. Ambient. Água vol. 15 n. 2, e2469 - Taubaté 2020
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The two biodigesters were inoculated with 30% of their useful volume and 70% with a
mixture of water and chicken litter at a ratio of 50 grams of litter for each mixture liter. Twentyfour hours after inoculation, removal of oxygen traces was completed and daily feeding was
started, in a semi-continuous flow model, applying loads of 0.67 (L1), 1.00 (L2) and 1.67 (L3)
gVS.L-1.day-1, at a concentration of 2% volatile solids. These loads were defined according to
previous work (Alcantara et al., 2016).
The operating times for each load were 74, 69, and 66 days, respectively, including
stabilization time, monitored by the ratios VA/TA (Volatile Acidity/Total Alkalinity) and
IA/PA (Intermediate Alkalinity/Partial Alkalinity). The temperature was room temperature,
daily monitored.
The volume of biogas and methane produced was measured with a Mariotte device filled
with sodium hydroxide (NaOH) solution to dissolve carbon dioxide (CO2) (Bertin et al., 2004;
Buitrón and Carvajal, 2010; Scoma et al., 2013). However, these results are shown and
discussed in another paper.
2.3. Monitoring pH, Ammoniacal Nitrogen and Ratios VA/TA and IA/PA
The pH was determined using a benchtop pH meter (Model 3MP) and ammonia nitrogen
concentration was monitored following the 4500-NH3 titration method (APHA, 1998).
The values for the ratios VA/TA and IA/PA were measured through titration, observing
the threshold values reported by Méndes-Acosta et al. (2010) and Ripley et al. (1986).
The total alkalinity in anaerobic systems is determined by titration of the sample to pH
4.30, measuring the buffer capacity due to bicarbonate and volatile acids, defined by Ripley et
al. (1986) as partial alkalinity (PA) and intermediate alkalinity (IA) respectively.
Ripley et al. (1986) established that the ratio IA/PA with values greater than 0.30 indicates
the occurrence of disturbances in the process of anaerobic digestion.
According to Méndez-Acosta et al. (2010), the VA/TA ratio should be between 0.10 and
0.35, to assure the stability of anaerobic digestion.
2.4. Removal of solids, COD Removal and characterization of digestate and sludge
Measurements of TS, FS, and VS were performed based on method 2540 of APHA (2005).
In this case, COD quantification was made following method 5220D of APHA (2005). For
soluble COD, samples were filtered, using the blank test prepared with distilled water.
To determine the micro (Zn, Fe, Cu and Mn) and macronutrients (K, N, Mg, Na, Ca) of
the digestate, a nitro-perchloric digestion (3:1) of the samples was performed and an aliquot
was taken for reading with atomic absorption equipment.
2.5. Statistics
Statistical analyses were performed following a split-plot design, wherein inoculum factor
was the main plot (with two levels: B and S). The secondary plot consisted of feeding load
factor (with three levels: L1, L2, and L3). The analyses were performed using SISVAR software
v. 5.3 (Ferreira, 2010). As response variables, both ratios VA/TA and IA/PA were considered,
as well as removal rates of total solids, total volatile solids, total fixed solids, COD total and
COD soluble.
Data presenting normality by the Kolmogorov-Smirnov's test and homoscedasticity by the
Bartlett or Levene's test had the variances submitted to analysis of variance, at 5% significance.
Tukey's test was used for mean comparison at a 5% significance level.

3. RESULTS AND DISCUSSION
3.1. Stability through pH, ammonia N, IA/PA ratio e VA/TA ratio
With respect to pH, biodigesters remained stable for all treatments, with values near
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neutrality, as shown in Figure 2A. The highest mean values of pH occurred at loads of 1.00 and
1.67 gVS.L-1.day-1, for bovine and swine inocula, respectively.
These results corroborate the findings of Onofre et al. (2015), who evaluated the pH of the
biofertilizer from poultry litter and pointed out that the pH ranged from 6.6 to 8.0, and
determined that the anaerobic digestion process was suited.
Although no variations in pH were observed, the presence of ammonia was also monitored
throughout the process, and the highest concentration of ammonia (280.51 mg L-1) occurred
with a load of 1.67 gVS. L-1 day-1 swine inoculum. According to Chen et al. (2008), ammonia
concentrations greater than 1000 mg.L-1 were harmful to the process. Since the presented value
is below the concentration threshold reported in the literature, it was concluded that there was
no effect of ammonia on anaerobic digestion.

Figure 2. Monitoring of the pH, IA/PA ratio and the VA/TA ratio.

It should be pointed out that the temporal scale shown in Figure 2A is different from the
scales of the other figures because the pH monitoring was registered daily, a fact that did not
occur with the monitoring of the ratios VA/TA and IA/PA, solids and COD removals (Figure
2B and 2C).
According to Chernicharo (2007), the monitoring of the partial or bicarbonate alkalinity is
more useful than the pH monitoring due to scales characteristics: while the pH scale is
logarithmic, the scale for alkalinity is linear. It is fundamental to maintain a low concentration
of volatile fatty acids and pH in the interval 6.6 to 7.4 (Lahav and Morgan, 2004).
Rev. Ambient. Água vol. 15 n. 2, e2469 - Taubaté 2020
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The main buffer in anaerobic digesters is the ion bicarbonate, at pH from 5.3 to 7.3,
expressed in mg of CaCO3 L-1, varying with the waste type (Lahav and Morgan, 2004).
According to Ripley et al. (1986), IA/PA values greater than 0.30 may indicate instability
problems in digestion. Here, it was observed that IA/PA values for a load of 0.67 gVS.L-1.day1
exceeded 0.30; however, decreasing over time and remaining stable for the other applied
loads.
Figure 2B denotes that the highest mean values of IA/PA were observed for loads of 1.67
and 0.67 gVS.L-1.day-1, respectively for bovine and swine inocula; however, these values are
still below the recommendation of Ripley et al. (1986).
Martín-Gonzalez et al. (2013) asserted a possible process stability for values different from
0.3 due to variations in the characteristics of each effluent.
Values for the ratio VA/TA were similar for both inocula, presenting slightly higher values
in a load of 0.67 gVS.L-1.day-1, as seen in Figure 2C, ranging from 0.252 to 0.228 for bovine
and swine inocula, respectively.
Table 2 shows the statistical breakdown of VA/TA ratio means. It can be observed that, by
fixing the load factor and evaluating its variation in all inoculum levels, a significant difference
occurred between loads. The highest values occurred for the loads of 0.67 and 1.67 gVS.L1
.day-1, considered statistically equal for bovine inoculum. By fixing the inoculum factor, there
was no statistically significant difference between loading levels.
Table 2. Statistical breakdown of the means of VA/TA ratio as function of inoculum
and load.
VA/TA
Inoculum

-1

L1– 0.67 gVS.L .day
Bovine
Swine

0.2523(±0.09)
0.2286(±0.08)

-1

Aa
Aa

L2 – 1.00 gVS.L-1.day-1
0.1186(±0.02)
0.1286(±0.02)

Ab
Ac

L3 – 1.67 gVS.L-1.day-1
0.1865(±0.04)
0.1749(±0.04)

Aa
Ab

Means followed by the same uppercase letters within columns (inoculum) and lower
case within lines (loads) do not differ from each other by the Tukey's test at 5%
significance.

The greatest stability time was observed for a load of 1.00 gVS.L-1.day-1; however, at 0.67
gVS.L-1.day-1, the highest means were reached. Nevertheless, these values are within the
optimum range for operating levels. The results corroborate those of Kuczman et al. (2011),
who evaluated biogas production from cassava wastewater with increasing organic loads and
feeding volumes. The microbial adaptation was analyzed by monitoring VA/TA ratio, which
remained within a range between 0.14 and 0.30.
It is important to note that the operational conditions of the process affect the response of
the indicators (Li et al., 2014), indicating the unbalance between acid production and
consumption and warning about a possible digestion failure.
The temperature mean values were from 16°C to 25°C and values below 20°C occurred
only for a load of 1.00 gVS. L-1 day-1, caused by climatic interference. From the mean and
standard deviation, the variation in load was 2.1°C and, as reported by Deublein and Steinhauser
(2011), methanogenic Archaea are able to change rapidly ideally but the temperature should
not vary abruptly by ± 2°C.
3.2. Removal of TS and VS
The highest means of TS removal were related to the load 0.67 gVS.L-1.day-1, with swine
inoculum (59.46%), as shown in Figure 3A.
In addition, bovine inoculum promoted increase in TS removal as loads were raised, with
the highest value at the load of 1.67 gVS.L-1.day-1 (57.36%).
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Figure 3. Monitoring of total solid removal and of total
volatile solid removal.

Table 3 displays the statistical breakdown of the means for TS removal. It is shown that
by fixing load factor there was a significant difference as inoculum level increased, with the
removal by bovine inoculum statistically equal for 0.67 and 1.00 gVS.L-1.day-1. The greatest
value was observed for 1.67 gVS.L-1.day-1 (57.36%). Yet for swine inoculum, loads of 0.67 and
1.00 gVS.L-1.day-1 were statistically similar to each other. On the other hand, loads of 0.67 and
1.67 gVS.L-1.day-1 differed from each other at 5% significance, with the largest removal
observed for 0.67 gVS.L-1.day-1 (59.46%).
By fixing the inoculum factor, and assessing it according to the loads, there was a
significant difference between both inocula at 0.67 gVS.L-1.day-1, being the greatest TS removal
for the swine one (59.46%).
Table 3. Tukey’s test for means of TS removal at 5% significance.
TS removal (%)
Inoculum
Bovine
Swine

L1 – 0.67 gVS.L-1.day-1
44.66(±10.51)
59.46(±14.34)

Aa
Bb

L2 – 1.00 gVS.L-1.day-1
47.65(±6.02)
48.30(±4.41)

Ba
Bba

L3 – 1.67 gVS.L-1.day-1
57.36(±6.39)
52.57(±8.60)

Bb
Ba

Means followed by the same uppercase letters within columns (inoculum) and lower
case within lines (loads) do not differ from each other by the Tukey's test at 5%
significance.

The highest VS removal values referred to a load of 1.67 gVS.L-1.day-1 using bovine
inoculum, as shown in Figure 3B. Additionally, there was an increase in VS removal as loads
increased, with bovine inoculum, being the greatest mean for a load of 1.67 gVS.L-1.day-1
(78.21%).
Table 4 displays the statistical breakdown of the means for VS removal. It is shown that
by fixing load factor there was significant difference as inoculum level increased, with the
greatest removal for bovine inoculum at a load of 1.67 gVS.L-1.day-1 (78.21%). Regarding
swine inoculum, loads of 0.67 and 1.00 gVS.L-1.day-1 are statistically equal, as well as 0.67 and
1.67 gVS.L-1.day-1. Conversely, loads of 1.00 and 1.67 gVS.L-1.day-1 differed at the 5%
significance from each other, with the greatest removal for swine inoculum at a load of
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1.67 gVS.L-1.day-1 (71.71%).
By fixing the inoculum factor and assessing it according to the loads, there was a
significant difference between both inocula at 0.67 and 1.67 gVS.L-1.day-1. The greatest VS
removal was found for swine inoculum at 0.67 gVS.L-1.day-1 (67.85%), and for bovine one at
1.67 gVS.L-1.day-1 (78.21%).
Table 4. Tukey’s test for means of VS removal at 5% significance.
VS removal (%)
Inoculum
Bovine
Swine

L1 – 0.67 gVS.L .day
-1

50.45(±13.25)
67.85(±13.64)

-1

Bc
Aba

L2 – 1.00 gVS.L-1.day-1
65.07(±10.07)
63.82(±9.53)

Bb
Bb

L3 – 1.67 gVS.L-1.day-1
78.21(±5.38)
71.71(±8.54)

Aa
Ba

Means followed by the same uppercase letters within columns (inoculum) and lower
case within lines (loads) do not differ from each other by the Tukey's test at 5%
significance.

The highest removal means, 59.46% (0.67 gVS.L-1.day-1) and 78.21% (1.67 gVS.L-1.day-1),
were found for TS and VS, respectively. These findings corroborate Orrico Júnior et al. (2010),
who evaluated the technical feasibility of anaerobic digestion of pre-composted poultry litter
and carcasses. These authors noted the anaerobic digestion efficiency in degrading resistant
compounds, such as chicken litter. Despite the sharp reductions in VS, around 44.05%, this
value was lower than that obtained here, evidencing microbial action in the inoculum.
This way, the results encountered here are in agreement with those of Silva et al. (2013),
who concluded that anaerobic digestion is an efficient procedure to treat organic residues. They
also ascertained that biofertilizer addition not only favored system performance regarding pH,
but also influenced biogas production and reduced total solids by 40.85%.

3.3. Removal of COD (total and soluble)
The major means of CODtotal removal were registered at loads of 0.67 and 1.00 gVS.L-1.day-1,
using both swine and bovine inocula, respectively, as shown in Figure 4A.

Figure 4. Monitoring of total chemical oxygen demand (CODtotal)
removal and soluble chemical oxygen demand (CODsoluble)
removal.
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As seen in Figure 4B, the load of 1.00 gVS.L-1.day-1 provided the major means of
CODsoluble removal. Since data regarding CODtotal removal showed no normality, results did not
undergo variance analysis.
Table 5 presents the statistical breakdown of means for CODsoluble as a function of
inoculum and loads. When load factor is fixed, it is noteworthy seeing a significant difference
of loads using bovine inoculum, with the emphasis placed at the load of 1.00 gVS.L-1.day-1,
which provided the highest mean (61.31%). For swine inoculum, there was a significant
difference among loads, with the highest removal reached by 1.00 gVS.L-1.day-1 (53.29%),
being statistically equal at 5% significance for a load of 0.67 gVS.L-1.day-1 (48.91%).
When fixing the inoculum factor and evaluating it in relation to the load levels, we could
note a statistically significant difference between both inocula at 0.67 and 1.67 gVS.L-1.day-1.
COD soluble was effectively removed by using a load of 0.67 gVS.L-1.day-1 (48.91%) for
swine inoculum, and at 1.67 gVS.L-1.day-1 (46.32%) for bovine.
The results found in this study are superior to those reported by Blanco et al. (2014), who
studied anaerobic digestion of dairy cattle manure with the addition of poultry litter. These
authors reported a low COD removal efficiency, on average 36%, which resulted in a low
stability for the biofertilizer.
Table 5. Tukey’s test for means of COD soluble removal at 5% significance.
% COD soluble removal
Inoculum
Bovine
Swine

L1 – 0.67 gVS.L-1.day-1
37.23(±21.07)
48.91(±13.75)

Bb
Ab

L2 – 1.00 gVS.L-1.day-1
61.31(±12.66)
53.29(±8.64)

Ba
Bb

L3 – 1.67 gVS.L-1.day-1
46.32(±14.11)
28.48(±15.32)

Ab
Ba

Means followed by the same uppercase letters within columns (inoculum) and lower
case within lines (loads) do not differ from each other by the Tukey's test at 5%
significance.

The results obtained corroborate Lynch et al. (2013), who presented a review detailing
advances in the three main alternative disposal routes for poultry litter, which are composting,
anaerobic digestion, and direct burning. These authors concluded that such technologies open
up opportunities to marketing both energy and nutrients in poultry litter, mainly for anaerobic
digestion, once operation conditions are monitored.
It is known that the presence of inoculum influences the methanogenic activity and can
present significant differences for different inoculum sources (Vrieze et al., 2015; Rico et al.,
2017). In this study, it is observed that different types of inoculum may also influence the
removal of COD and solids.
3.4. Characterization of digestate and sludge
The quality of the digester and its potential for agronomic use depends on many factors.
Because of this, each project have to include a specific analysis to determine available nutrient
content (Nicoloso et al., 2019).
Regarding the values of micronutrients (Zn, Fe, Cu and Mn) in Table 6, note that the
highest mean Zn values are for the 1.00 gVS.L-1.day-1 load. Fe values refer to the loads
1.67 gVS.L-1.day-1 and 0.67 gVS.L-1.day-1 for bovine and swine inoculum, respectively.
The highest values of Cu refer to the load 1.67 gVS.L-1.day-1, and those of Mn to the load
0.67 0.67 gVS.L-1.day-1 and 1.00 gVS.L-1.day-1, for bovine and swine inoculum respectively.
It is observed that the highest mean values of K refer to the loads 0.67 gVS.L-1.day-1 and
1.67 gVS.L-1.day-1 for bovine and swine inocula, respectively. There is a decrease in the
concentration of this element with the use of bovine inoculum and increase with swine inoculum
in relation to increased loads.
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Table 6. Characterization of digestate.
Inoculum

Feeding Loads

Micronutrients (mg.L-1)

L1 0.67
Bovine

L2 1.00
L3 1.67

Zn

Mean

SD

CV (%)

2.20

±0.84

38.21

2.41
1.95

±0.64
±0.18

26.84
9.56

Macronutrients (mg.L-1)

Mean

K

1
1
SD
1

CV (%)

534.60

±44.60

8.51

484.70
478.60

±42.70
±17.70

8.81
3.69

Swine

L1 0.67
L2 1.00
L3 1.67

2.35
2.04
3.36

±0.31
±0.16
±1.07

13.19
7.88
31.93

429.80
486.24
528.82

±27.80
±15.50
±10.86

6.46
3.19
2.05

Bovine

L1 0.67
L2 1.00
L3 1.67

4.63
3.09
5.04

±0.38
±1.12
±0.16

8.27
36.23
3.27

350.00
359.33
344.87

±24.60
±3.52
±5.70

7.02
0.98
1.65

Swine

L1 0.67
L2 1.00
L3 1.67

5.64
4.91
3.94

±0.33
±1.59
±1.35

5.92
32.50
38.88

356.80
333.43
367.30

±67.50
±50.90
±18.37

18.91
5.01
13.87

Bovine

L1 0.67
L2 1.00
L3 1.67

0.31
0.27
0.35

±0.11
±0.06
±0.07

35.75
23.27
19.50

75.69
54.95
50.84

±5.65
±13.99
±11.03

7.46
25.47
21.70

Fe

Cu

N

Mg

Swine

L1 0.67
L2 1.00
L3 1.67

0.47
0.42
0.52

±0.11
±0.04
±0.08

24.74
10.93
15.37

103.50
62.88
63.78

±12.70
±3.19
±6.97

9.24
5.08
10.93

Bovine

L1 0.67
L2 1.00
L3 1.67

1.38
1.33
1.17

±0.21
±0.12
±0.17

15.65
9.56
14.57

316.60
231.90
139.42

±23.60
±25.60
±7.30

7.45
11.02
5.24

Swine

L1 0.67
L2 1.00
L3 1.67

1.36
1.38
1.31

±0.04
±1.05
±0.09

3.31
3.67
7.00

259.82
217.90
157.75

±17.23
±21.70
±9.57

6.63
9.98
6.07

Bovine

L1 0.67
L2 1.00
L3 1.67

-

-

-

387.20
366.92
305.10

±40.60
±14.85
±60.00

10.49
4.05
19.66

L1 0.67
L2 1.00
L3 1.67

-

-

-

291.80
361.22
386.00

±35.50
±15.21
±35.70

12.16
4.21
9.24

Swine
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The highest average values of N refer to the loads of 1.00 gVS.L-1.day-1 (359.33 mg.L-1)
and 1.67 gVS.L-1.day-1 (367.30 mg.L-1) for bovine and swine inocula, respectively. In addition,
the values of K and N are below the values found in effluent from poultry litter digestion by
Singh et al. (2002): potassium (1632 mg.L-1) and nitrogen (1570 mg.L-1).
The highest average values of Mg and Na refer to the load 0.67 gVS.L-1.day-1, in addition
to a decrease in the concentration of these elements with the increased loads. The Ca values
refer to the loads of 0.67 gVS.L-1.day-1 and 1.67 gVS.L-1.day-1 for the use of bovine and swine
inoculum, respectively. An increase in calcium (Ca) concentration was also observed with
increasing charges for swine inoculum.
The results presented corroborate with Tessaro et al. (2015), which evaluated the digestion
with poultry litter by varying the presence of digestate and water, and concluded that the
digestate produced presented assimilable macro and micronutrients by vegetables such as
nitrogen, phosphorus, potassium, calcium, magnesium, sodium, iron, boron, copper, zinc and
manganese. However, it must be taken into consideration that nutrient loss and segregation
processes may occur in the biodigester (Nicoloso et al., 2019).
At the end of the experiment, biodigester sludge was quantified, but not presented
differences in relation to the volume of sludge generated in the process (1.40 liters), being
characterized in relation to nutrients, as presented in Table 7.
Table 7. Characterization of sludge the biodigester.
Nutrients (mg.L-1)
Sludge Bovine
Sludge Swine

Zn

Fe

Cu

Mn

K

Mg

Na

Ca

41.98 140.60 12.40 51.70 457.89 328.24 140.49 2815.58
43.54 134.11 13.80 13.80 526.69 316.92 151.32 3630.22

The bovine and swine sludge presented very close concentration in relation to the nutrients
observed and have a higher concentration of Mn, K and Ca. The use of poultry litter as a
digestate is economically desirable, since it represents an internal resource of the rural property.
It is a waste that contains a high concentration of nutrients; however, it should be considered
that fertilizers with higher proportions of organic nutrients in the organic medium and high
lignin and fiber contents have lower decomposition rate in the soil and therefore lower release
and availability of nutrients to the plants (Tessaro et al., 2015; Nicoloso et al., 2019).

4. CONCLUSIONS
Comparing bovine and swine inocula, it was realized that both could be used in poultry
litter digestion because of their stability, as shown by the ratios VA/TA and IA/PA, as well as
by the pH values close to neutrality.
Relatively to the TS and VS removals efficiencies, the greatest mean values (59.46 and
78.21%, respectively) occurred with the swine inoculum, at the 0.67 gVS.L-1.day-1 load and
with the bovine inoculum at the 1.67 gVS.L-1.day-1 load.
It was observed that the greatest mean values of CODtotal removals referred to the
0.67 gVS.L-1.day-1 load, with the swine inoculum and 1.00 gVS.L-1.day-1, with the bovine
inoculum.
Regarding CODsoluble removal, the greatest mean values were reached at the
1.00 gVS.L-1.day-1 load, being 61.31% and 53.29% for bovine and swine inoculum,
respectively.
It is worth mentioning that the choice inoculum depends on the main purpose process
(biogas or biofertilizer production). Therefore, in this case, where the goal was biofertilizer
production, the use of swine inoculum is recommended, because it resulted in the best TS and
COD removals and higher potassium (K) and calcium (Ca) levels in the generated sludge.
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ABSTRACT
The present work evaluated the influence of filling substrate material (crushed PET bottles
or fine gravel) on the efficiency of pollutant removal in horizontal subsurface flow constructed
wetlands (HSSF-CWs). They were cultivated with a consortium of elephant grass cv. Napier
(Pennisetum purpureum Schum) and Tifton 85 (Cynodon spp.) to treat wastewater from a
common milk cooling tank (WWMT). For this, six HSSF-CWs were used which had
dimensions of 0.6 m tall x 1.0 m wide x 2.5 m long. In order to investigate possible efficiency
loss in the removal of pollutants from the system, operation was divided into two periods:
Period I (from April to December 2015) and Period II (April to December 2016). Thus, the
removal efficiencies of BOD5, solids and total nitrogen (TN), total phosphorus (TP), potassium
(K) and sodium (Na) from WWMT were statistically compared. Results indicated that the
efficiency of the HSSF-CWs for removing pollutants increased or remained similar after one
year and nine months of their operation; and PET bottles were a viable alternative substrate in
HSSF-CWs based on the efficient removal of pollutants from WWMT during the one year and
nine months of monitoring. Crushed PET bottles constitute a viable substrate for filling HSSFCWs. Altering the cultivation positions of the plant species did not change pollutant removal
efficiencies, but indicates the importance of species arrangement to maximize system
performance.
Keywords: alternative substrates, plant consortium, wastewater.
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Eficiência de sistemas alagados construídos de escoamento subsuperficial
horizontal considerando diferentes materiais suporte e posição de cultivo
das espécies vegetais
RESUMO
No presente trabalho, avaliou-se a influência do tipo de substrato (garrafas PET amassadas
ou brita gnáissica # 0) de preenchimento na eficiência de remoção de poluentes em sistemas
alagados construídos de escoamento horizontal subsuperficial (HSSF-CWs) cultivados, de
forma consorciada, com capim-elefante cv. Napier (Pennisetum purpureum Schum) e capimtifton 85 (Cynodon spp.), para o tratamento de água residuária de tanque comunitário de
resfriamento de leite (WWMT). Para isso, foram utilizados seis HSSF-CWs, nas dimensões de
0,6 m de altura x 1,0 m de largura x 2,5 m de comprimento. Com o intuito de investigar a
possível perda de eficiência na remoção de poluentes pelo sistema, a operação do sistema foi
dividida em dois períodos: Período I (de abril a dezembro de 2015) e Período II (abril a
dezembro de 2016). Assim, compararam-se estatisticamente, as eficiências na remoção de
DBO5, série de sólidos e nitrogênio total (TN), fósforo total (TP), potássio (K) e sódio (Na) da
WWMT. Os resultados indicaram que a eficiência dos HSSF-CWs na remoção de poluentes
aumentou ou permaneceu semelhante após um ano e nove meses de sua operação e que Garrafas
PET amassadas podem constituir alternativa viável de substrato em HSSF-CWs, tendo em vista
que propiciaram eficiente remoção de poluentes da WWMT, ao longo de um ano e nove meses
de monitoramento. Garrafas PET amassadas são opção viável se substrato para enchimento de
HSFF-CWs. Alteração na posição de cultivo das espécies vegetais não alterou as eficiências de
remoção de poluentes, mas indicou a importância da forma de arranjo das espécies no
desempenho desse sistema.
Palavras-chave: água residuária, consórcio de cultivares, substratos alternativos.

1. INTRODUCTION
There is an increasing demand for alternative technologies to treat polluted waters and
wastewater that require minimal economic resources, both to implement and operate the
treatment system. The use of constructed wetlands (CWs) has shown to be a sustainable option,
which is why they have been used for decades in the treatment of wastewater (Wang et al.,
2017).
In treatment with HSSF-CWs, the pollutant removal efficiency varies considerably (Zhang
et al., 2014) in function of a complex combination of physical, chemical and biological
processes for the removal of contaminants. These are further dependent on many variables,
including water application rate, type of wastewater, organic application rate, hydraulic
retention time, operating mode (intermittent or continuous), variation of environmental
conditions such as temperature, presence and types of vegetation, substrate, biofilm formation
and others (Brix, 1997; Kadlec and Wallace, 2009; Ávila et al., 2013).
HSSF-CWs that utilize traditional substrate materials, such as gravel, have satisfactory
efficiencies for reducing biochemical oxygen demand (BOD5), ranging from 78.5 to 96.3%
(Matos et al., 2010). With the use of plastic beads, a high porosity medium (0.8 m³ m-3), Sklarz
et al. (2009) obtained an average efficiency of 95%, while Costa et al. (2013) found 69 to 72%
when using blast furnace slag as a substrate.
On the other hand, traditional filter media often clog quickly due to either the size of their
pores or by wear during the operational period (Pedescoll et al., 2009). Thus, the use of
materials that are inert and easy to acquire may be an interesting solution in terms of the
associated costs (purchase and replacement) (Saraiva et al., 2018). In this context, alternative
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materials have been evaluated as substrates in different types of systems used for the treatment
of wastewater. PET bottles (polyethylene terephthalate), whose disposal has increasingly
become an environmental liability, requiring recycling and reuse, have the potential to serve as
an alternative support media for HSSF-CWs (Saraiva et al., 2019).
Dallas and Ho (2005) studied the efficiency of HSSF-CWs filled with two different
substrates: uncrushed PET bottles cut into two or three parts (depending on the size of the bottle)
which presented 94% drainable porosity, and gravel which had 40% drainable porosity.
According to these authors, in addition to the substrate of cut PET bottles presenting better
results in terms of nutrient/pollutant removal, there was a 50% reduction in cost of constructing
the HSSF-CWs compared to those filled with gravel. Furthermore, this material is less subject
to wear resulting from acid attack in the HSSF-CWs, which permits for longer system
operational times without indication of clogging problems in the porous media. Saraiva et al.
(2018) observed BOD5 removal efficiencies ranging from 82 to 87% and from 67 to 70% for
total solids removal when using crushed PET bottles for the treatment of wastewater from a
milk cooling tank (WWMT).
Because plant species have different requirements with regards to nutrients and
environmental development conditions, intercropping can be another important variable to
increase the efficiency of these systems. In order to positively contribute to the performance of
the CWs, it is necessary that macrophytes cultivated in these systems have a set of
characteristics that include adaptation to the excessively reducing, acidic or alkaline
environment, the presence of toxic components, and generally high salinity (Stottmeister et al.,
2003). The plants must have a well-developed and deep root system (Cheng et al.; 2003), and
thus increase the ability of the HSSF-CWs to remove pollutants (Wu et al., 2005).
The root system of plants grown in HSSF-CWs can be stoloniferous or rhizomatous, axial
or fasciculated. According to Chen et al. (2007), the rhizomatous root system is generally larger
and more superficial and presents greater longevity, while the fasciculate root system is more
voluminous, formed by thin roots that grow faster, have larger surface area and greater pollutant
removal capacity. According to Chen et al. (2004), plants with fasciculated roots present less
tolerance to the anoxic conditions of the medium than those of rhizomatous roots which present
a greater capacity for pollutant removal from the waste water being treated in the HSSF-CWs.
Because the physiological and productive characteristics of plant species are factors which
influence the operational conditions and efficiency of the HSSF-CWs with respect to removal
of pollutants, it is important to evaluate reactor performance and influence of plant species with
fasciculated and deep root growth, such as elephant grass, and species which propagate by
means of stolons and rhizomes, such as Tifton 85 grass. Finally, intercropping should be
evaluated, with altering cultivation positions in the HSSF-CWs.
Miranda et al. (2019) observed that the sequence of plant species cultivated also influenced
the hydrodynamic conditions in HSSF-CWs, which indicates the importance of analyzing the
characteristics of the substrate and the effect of pore space expansion by the roots on system
pollutant removal efficiency.
Little is known about the use of PET bottles as a substrate and the influence of the
cultivation position of plant species with different root systems cultivated in consortium on
EFFS-CW efficiency. The objective of this study therefore was to evaluate the performance of
HSSF-CWs cultivated with elephant grass cv. Napier and Tifton 85 grass in consortium, using
crushed PET bottles or fine gravel as a substrate, for the treatment of wastewater from a
common milk cooling tank (WWMT).

2. MATERIALS AND METHODS
The experiment consisted of six HSSF-CWs, constructed of masonry, with dimensions of
0.6 m tall x 1.0 m wide x 2.5 m long, positioned on the ground with the bottom (level) and sides
Rev. Ambient. Água vol. 15 n. 2, e2476 - Taubaté 2020
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made impermeable with a 0.5 mm thick PVC tarp. They were mounted in parallel and delimited
by masonry walls. The units had been in operation since April 2015 for the treatment of
wastewater from a common milk tank (WWMT).
The HSSF-CWs were filled with gneiss gravel (D60 = 9.1 mm, coefficient of uniformity CU = D60/D10 = 3.1 and initial porosity, n = 0.398 m³ m-3), and capped and crushed PET
bottles (250 and 500 mL) (n = 0.642 m3 m-3). The gravel had an average diameter of 12.5 mm
and the crushed PET bottles an average volume of 125 cm3.
In the HSSF-CWs filled with capped and crushed PET bottles, a plastic screen (13 mm
mesh) was placed on top of the substrate along with a 0.10 m layer of fine gravel in order to
prevent PET bottles from floating in the system.
The plant species cultivated in the HSSF-CW were elephant grass cv. Napier (Pennisetum
purpureum Schum) and Tifton 85 (Cynodon spp.). Each occupied half the surface of these
systems in a specific cultivation order as part of the established treatment.
In order to investigate possible efficiency loss of pollutants’ removal from the system, the
operation was divided into periods: Period I (data generated from April to December 2015 in
the experiment conducted by Saraiva et al. (2018)) and Period II (monitoring of the system
from March 11, 2016 until December 15, 2016), with the application of WWMT. Each of these
phases was performed by a different researcher, with different research objectives. During the
two monitoring periods the units were fed continuously for 24 h at the inlet of the HSSF-CW
bed. Wastewater generated in the WWMT sanitization process was collected in a 1000 L
reservoir, from which it was sent to individual feed containers (200 L volume) of each HSSFCW (Figure 1a). Influent distribution occurred at a central point at the inlet to each HSSF-CW
through a ½ inch plastic tap at which the influent flow was controlled. Depth of the WWMT in
all HSSF-CWs was maintained at 0.35 m, providing a nominal or theoretical hydraulic retention
time (HRTn) of 3.0 and 1.9 d, respectively, in the HSSF-CWs filled with crushed PET bottles
and gneiss gravel. Figure 1b shows the frontal and longitudinal sections of the HSSF-CWs,
where it is possible to observe in all sections that the substrate is filled to a depth of 0.45 m. In
the HSSF-CW filled with crushed PET bottles, a 0.10 m layer of #3 gneiss gravel was placed
on the 0.35 m layer of crushed PET bottles. It should be noted that because the water level was
maintained at 0.10 m below the surface of both HSSF-CWs, the liquid height in both systems
was 0.35 m.
The experimental treatments were as follows: HSSF-CWs filled with the crushed PET
bottles substrate, without plant cultivation (CW-P), cultivated in its first half with Tifton 85
grass and in its second half with elephant grass (CW-PTE), and cultivated in its first half with
elephant grass and in its second half with Tifton 85 grass (CW-PET); HSSF-CWs filled with
the fine gravel substrate, without plant cultivation (CW-B), cultivated in its first half with Tifton
85 grass and in its second half with elephant grass (CW-BTE), and cultivated in its first half
with elephant grass and second half with Tifton 85 grass (CW-BET). The experiment was in
operation for one year and nine months.
Each bed was fed at a flow rate of 0.18 m3 d-1 and a mean organic loading rate (OLR) of
33.7 g m-2 d-1 of BOD5, with a hydraulic retention time of 1.90 days in the CWs filled with
gravel (CW-B) and 3.10 days in CWs with PET (CW-P).
Influent and effluent samples from the HSSF-CWs were collected every 30 days, and a
total of eight samples were collected during the system monitoring period from April to
December 2016 (Period II). During the experimental period, the aerial portions of the plants
were cut 6 times, every 45 days.
To understand the variation in efficiency of the systems over time, physical, chemical and
biochemical analyses of samples from the influent and effluents were performed in the
Laboratory of Water Quality at the Department of Agricultural Engineering of the UFV. The
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following variables were analyzed: biochemical oxygen demand (BOD5), total solids (TS),
total suspended solids (TSS), total nitrogen (TN), total phosphorus (TP), potassium (K) and
sodium (Na) according to recommendations and methods of the Standard Methods for the
Examination of Water and Wastewater (APHA et al., 2012) and Matos (2015).

Figure 1. Schematic design representing an overview of the experiment (a); Frontal section
of the HSSF-CWs (A-A’) and cross sections of a HSSF-CW filled with gneiss gravel (B-B’)
and the other filled with crushed PET bottles (C-C’) (b).

Direct influent and effluent flow measurements were performed weekly, using a stopwatch
and graduated cylinder. While conducting the experiment, the water losses by evaporation and
evapotranspiration were evaluated. To do this, once a month at one-hour intervals, during 10
hours a day (9:00 a.m. to 7:00 p.m.), the influent and effluent volumes to/from the system were
quantified using a 250 mL graduated cylinder.
The quantifying evaporation/evapotranspiration is important because of its role in
calculating the actual removal efficiencies of pollutants/nutrients, calculated as presented in
Equation 1.
𝐸𝐹 =

[(𝑄𝐴𝑓 .𝐶𝐴𝑓) − (𝑄𝐴𝑓 − 𝐸𝑣) .𝐶𝐸𝑓)]
(𝑄𝐴𝑓 .𝐶𝐴𝑓)

(1)
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Where: EF = Efficiency for removal of the pollutant (%); CAf = inlet concentration
(variable unit); QAf = influent flow (m³ d-1); CEf = effluent flow (variable unit); Ev =
evaporation/evapotranspiration in the HSSF-CWs (m3 d-1).
The removal efficiencies of the studied variables were analyzed statistically in a 2 x 3
factorial scheme, for a total of 6 treatments. The first factor, substrate, contained two levels
(fine gravel and crushed PET bottles), and the second factor, combination of plants, had three
levels (without vegetation - SV, elephant grass followed by Tifton 85 - ET and Tifton 85
followed by elephant grass - TE). The experiment was set up in a randomized complete block
design (RCBD), where the number of blocks for each variable was a function of the number of
samples.
For verification of the assumptions of normality and homogeneity of variance, the
Kolmogorov-Smirnov test and the Cochran Bartlett test were applied, respectively. The data
that did not meet the normality and homogeneity assumptions was analyzed by non-parametric
tests, Kruskal-Wallis for comparison of groupings and that of Wilcoxon for paired data, always
at a significance level of 5%. Statistica Version 13.3 was used for data processing and statistical
analysis.
The means were submitted to Analysis of Variance (ANOVA, p = 0.05), and when
significant the Tukey Test (p = 0.05) was applied between the means; when there was a
significant interaction between the factors, unfolding was performed.
To compare the removal efficiencies between Period I and Period II, the “t” test was used
for independent data at 5% significance.

3. RESULTS AND DISCUSSION
Table 1 shows the mean values of the surface application rates during experimental
monitoring of the systems, Period I (April to December 2015) (Saraiva et al., 2018) and Period
II, the period of this study (April to December 2016). As observed, only the surface loading
rate of TP differed significantly according to the t-test.
Table 1. Mean values of the surface loading rate of organic matter
(BOD5), total solids (TS), total nitrogen (TN), total phosphorus (TP),
potassium (K) and sodium (Na) applied during the operational periods
I (April to December 2015) and II (April to December 2016).
Surface loading rates (g m--2 d-1)

Period I
Period II

BOD5

TS

TN

TP

*K

Na

32.4 a
33.7 a

42.1 a
47.4 a

1.9 a
2.1 a

0.8 b
0.2 a

0.7 a
0.6 a

0.8 a
0.8 a

*T test for the non-parametric data
*Means followed by the same lower-case letter, in the column, do not
differ according to the t-test at 5% significance.

Table 2 presents mean values for the removal efficiencies of BOD5, TS, TSS, TN, TP, K
and Na in the HFFV-CWs, during Periods I and II.
According to the results presented in Table 2, it was found that there was a significant
difference in the removal of BOD5 only in the CW-P (system filled with crushed PET bottles
and without plants), where the removal efficiency in Period I (87%) was higher than in Period
II (75.0%). However, this result should not be considered, since it is very close to that obtained
in other treatments and may be due to the normal variation of this variable.
Rev. Ambient. Água vol. 15 n. 2, e2476 - Taubaté 2020

Efficiency of horizontal subsurface flow-constructed …

7

Table 2. Mean removal efficiencies of pollutants/nutrients from the HSSF-CWs during Periods I
and II.
Period I
HSSF-CWs

CW-P
CW-PTE
CW-PET
CW-BTE
CW-BET
CW-B

Removal efficiency (%)
BOD5

TS

TSS

TN

TP

K

Na

87 b
82 a
87 a
85 a
87 a
87 a

69 a
67 a
70 a
52 a
57 a
58 a

94 a
91 a
96 a
82 a
90 a
91 a

21 a
37 a
43 a
38 a
50 a
30 a

27 a
23 a
29 a
22 a
27 a
20 a

7a
16 a
23 a
11 a
23 a
15 a

6a
-3 a
8a
-12 a
-14 a
6a

Period II
Removal efficiency (%)

CW-P
CW-PTE
CW-PET
CW-BTE
CW-BET
CW-B

BOD5

TS

TSS

TN

TP

K

Na

75 a
89 a
88 a
88 a
90 a
82 a

54 a
66 a
70 a
63 a
54 a
51 a

97 a
95 b
98 a
96 b
97 a
96 a

30 a
45 a
51 b
56 b
57 a
41 a

17 a
30 a
35 a
38 b
39 a
26 a

19 a
23 a
38 a
36 a
41 a
26 a

-5 a
-2 a
17 a
-1 a
2a
-5 a

Means followed by the same letter in the column do not differ significantly from each other at 5%
significance, according to the t-test.
CW P (medium filled with crushed PET bottles, no plants); CW-PTE (medium filled with crushed
PET bottles, cultivated in the first half with Tifton 85 grass and in the second half with elephant
grass); CW-PET (medium filled with crushed PET bottles, cultivated in the first half with elephant
grass and in the second half with Tifton 85 grass); CW-BTE (medium filled with gravel, cultivated
in the first half with Tifton 85 grass and in the second half with elephant grass); CW-BET
(medium filled with gravel, cultivated in the first half with elephant grass and in the second half
with Tifton grass 85); CW-B (medium filled with gravel, no plants).

In relation to the TSS only CW-PET and CW-BET differed significantly, where greater
efficiencies were obtained in Period II. As the bed matures, there is an increase in retention of
larger particles, which could explain the increase from one period to the other, and apparently
elephant grass cultivation in the first half of HFFS-CW results in greater SS removal.
The TN removal efficiencies differed statistically in the CW-PET and CW-BET, which
may have occurred due to the greater stabilization in development and growth of the plants and
a microbiota adapted to the WWMT treatment. In both Periods I and II a large variation in the
concentration of K and Na in the effluent of the HSSF-CWs was observed; however, there was
no statistical differentiation.
Results of the statistical analysis for average removal efficiencies of the variables studied
during Period II, in relation to the type of support material and the combination of plants in the
HSSF-CWs, are presented in Table 3.
According to the data presented in Table 3, there was no significant difference in the
removal efficiency of BOD5 when comparing the different substrates (crushed PET bottles and
gravel). Therefore, it can be inferred that use of the porous medium composed of crushed PET
bottles is a viable option based on the high removal of BOD5 that it provides, and the more
delayed pore clogging, given the greater porosity of this medium (0.642 m3 m-3) compared to
gravel (0.398 m3 m-3).
Rev. Ambient. Água vol. 15 n. 2, e2476 - Taubaté 2020

8

Suymara Toledo Miranda et al.

Table 3. Mean efficiencies for the removal of BOD5, TS, TSS, TP, TN, K and Na
considering the different support materials and combination of plants.
*Factor
Support material

Combination of plants

Support material

Combination of plants

Factor level

Removal efficiency (%)
BOD5

TS

TSS

TP

GRAVEL
PET

84 a
87 a

56 a
63 b

97 a
97 b

36 b
27 a

NP
ET
TE

77 a
89 b
88 b

53 a
62 b
64 b

97 a
98 a
96 a

21 a
38 b
35 b

TN

K

Na

GRAVEL
PET

51 b
42 a

34 a
26 a

-1 a
4a

NP
ET
TE

35 a
54 b
51 b

22 a
37 a
36 a

5a
13 a
4a

*Gravel (# 0 gravel), PET (crushed PET bottles), NP (no cultivated plants), ET (cultivated
in the first half with elephant grass and in the second half with Tifton 85 grass), TE
(cultivated in the first half with Tifton 85 grass and in the second half with elephant grass).
*Means followed by the same lower-case letter, per factor, do not differ by the Tukey test
at 5% significance.

Regarding the cultivation factor, it was observed that the HSSF-CWs differed significantly
at 5% significance, i.e.; there was a greater efficiency of BOD5 removal in the cultivated HSSFCWs than in those with no plants. According to Caselles-Osorio and García (2007), the presence
of plants has a significant impact on the removal efficiency of organic material, due to the
convective transport of oxygen, or indirectly by evapotranspiration, which increases the
fluctuations of water levels and therefore creates a more aerobic environment. Mendonça et al.
(2015) evaluated the treatment efficiency of dairy effluents in HSSF-CWs using different
substrates (# 0 gravel and a mixture of sand + gravel) and plant species (without vegetation,
cattail (Typha latifolia L) and marshland lily (Hedychium coronarium)) and obtained BOD5
removal efficiencies that varied from 79 to 95.2% in cultivated HSSF-CWs and 77.8 to 94.9%
in uncultivated HSSF-CWs, but the results were not significantly different. Matos et al. (2012)
also verified that there was no significant difference between the cultivated and uncultivated
CWs regarding the removal of BOD5.
The mean TS removal efficiencies showed significant differences for the two substrates
evaluated, but not between the different combinations of plant cultivation. A possible cause of
the lower TS removal in the filter media composed of crushed stone may be related to the fact
that it is subject to wear over time, releasing solids to the wastewater being treated, which does
not occur in the case of the crushed PET bottles. Mean efficiencies of TSS removal did not
show significant differences for different substrates and combinations of plant cultivation. In
the work conducted by Lee et al. (2004), it was observed that 100% of the TSS removal
occurred by physical mechanisms, with no contribution of plants or microbiological
mechanisms. Thomas et al. (1995) and Tanner and Sukias (1995) also reported similar removal
efficiencies between systems with and without plants, contrary to that found by Karathanasis et
al. (2003) who obtained higher TSS removals in a planted unit (88%) compared to an
uncultivated CW (46%). Matos et al. (2010) also observed slightly higher mean TSS removal
efficiencies in uncultivated HSSF-CWs compared to those obtained in units cultivated with
Rev. Ambient. Água vol. 15 n. 2, e2476 - Taubaté 2020
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cattail (86%) and Tifton 85 grass (90%).
The mean efficiencies of TN removal showed significant differences for different
substrates and combinations of plant cultivation in the HSSF-CW beds. According to Wu et al.
(2014), different substrates influence establishment of the biofilm and microbial community
structure, as well as the treatment efficiency. A porous medium, such as expanded clay,
provides a larger surface area for contact with wastewater, favoring biofilm growth. Similar to
expanded clay, gravels have larger exposed areas for growth and adherence of microorganisms
than beds filled with crushed PET bottles, thus favoring greater TN removal, which primarily
occurs by microorganisms (nitrification/denitrification and microbial assimilation).
Better performance of cultivated versus non-cultivated HSSF-CWs for N removal may be
due to the absorption of this nutrient by plants. In addition, the plant roots provide favorable
conditions for the development of microorganisms capable of transforming the chemical forms
of nitrogen (Liu et al., 2012). According to Chen et al. (2016), plants release exudates from the
roots that affect the density and diversity of the root microbiota, which in turn increase the rates
of nutrient removal.
Macrophytes provide an increase in nutrient removal from the wastewater under treatment
due to their accumulation in the biomass, fixation of inorganic and organic particulates, and if
ammonium is present, its transformation into nitrate in the oxidizing rhizosphere (Brix, 1994).
Zhang et al. (2016) stated that the presence of plants in CWs can improve the efficiency of
wastewater treatment, since they verified that when compared to the control treatment (without
plant cultivation), CWs cultivated with M. Aquaticum and A. philoxeroides increased the rates
of total nitrogen removal by 50.9% and 36.3%, respectively.
The mean efficiencies of TP removal showed significant differences for the different
substrates and combinations in plant cultivation, where greater efficiencies of TP removal were
obtained in cultivated HSSF-CWs. Amorim et al. (2015) evaluated HSSF-CWs cultivated with
Tifton 85 grass for the treatment of swine wastewater and obtained lower efficiency for the
removal of TP, which varied between 20 and 30%.
Different from the results encountered in the present study, Fia et al. (2017) observed no
significant difference in TP removal in cultivated and uncultured CWs. Mendonça et al. (2012)
also obtained no significant difference between cultivated and uncultivated HSSF-CWs for the
removal of phosphorus, finding mean removal efficiencies of 33.6% (HSSF-CW filled with
gravel and cultivated with cattail), 28.8% (HSSF-CW filled with gravel and cultivated with
marsh lily), 34.3% (HSSF-CW filled with a mixture of sand + gravel and cultured with cattail),
34.2% (HSSF-CW filled with a mixture of sand + gravel and cultivated with marsh lily) and
18.6% (HSSF-CW filled with a mixture of sand + gravel and without vegetation).
There was a greater efficiency of TP removal in HSSF-CWs filled with gravel compared
to those filled with crushed PET bottles, which was already expected since crushed PET bottles
are, in principle, chemically inert. Mendonça et al. (2012) corroborated with this argument by
explaining that phosphorus removal occurs by adsorption processes and that phosphate ions can
chemically interact with aluminum or iron present in the gravel used as substrate, thereby
increasing the efficiency of TP removal in gravel-filled CWs.
Table 3 shows that there was no difference in K removal between cultivated and uncultured
HSSF-CWs. Fia et al. (2017) evaluated the influence of vegetation on HSSF-CWs for the
removal of pollutants from swine wastewater (SWW). The authors found no significant
difference in potassium removal efficiency, with values of 27% in the three HSSF-CWs
evaluated (uncultivated, cultivated with cattail and cultivated with Tifton 85 grass). Matos et
al. (2010), when treating SWW in uncultivated HSSF-CWs and those cultivated with
alternanthera (Alternanthera philoxeroides (Mart.) Griseb.), cattail and Tifton 85 grass, also
found no differences in potassium removal; however, efficiencies were higher than those found
in the present study (between 29 and 46%).
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It is also observed in Table 3 that there was no difference in Na removal between the
cultivated and uncultivated CWs, as well as when considering the different substrates. The
average Na removal efficiencies were low, even presenting negative efficiencies. According to
Brasil et al. (2005) this can be associated with the great solubility of this chemical element, its
low absorption by the plants and its low association with organic material, which is strongly
retained by physical processes in the HSSF-CW.
In general, the results indicated that nutrient (N, P and K) removal is more associated with
the available substrate surface for the development of adhered biofilm than the HRTn of the
HFSS-CWs. To increase the surface area of the crushed PET bottles, it is recommended that
they have their caps removed and holes drilled in the bottom to allow for flow through the
interior, and also biofilm formation on the inner wall. The use of crushed PET bottles as a
support medium has shown promising, and that the selection and arrangement of plant species
can also provide gain in pollutant-removal efficiency.

4. CONCLUSIONS
The pollutant removal efficiency in HSSF-CWs improved or remained similar over one
year and nine months of operation, with no difference between the gravel and the capped and
crushed PET bottle substrates.
HSSF-CWs filled with capped and crushed PET bottles were more efficient in TS and TSS
removal than those filled with the gravel substrate; however the gravel substrate provided
greater TN and TP removals from WWMT. There were higher mean removal efficiencies of
BOD, TS, TP and TN in the cultivated HSSF-CWs when compared to the uncultivated units.
Based on the results obtained, the use of PET bottles as a support medium showed to be
promising, and that the use of plant species can provide gains in removal efficiency. Cultivation
positions of the plant species did not change the pollutant removal efficiencies, but indicates
the importance of species arrangement for system performance.
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ABSTRACT
Population growth has led to occupation and housing near rivers and lakes. This contributes
to the increase of water pollution. The industrial laundry sector, for example, consumes a large
quantity for its processes and pollutes water bodies due to the improper disposal of its effluents
which contain numerous harmful compounds. This study employed electroflocculation in
effluent treatment and evaluated its efficiency by analyzing turbidity, chemical oxygen demand,
and pH levels. It used aluminum and zinc plates as sacrificial electrodes and principal
component analysis (PCA) as a statistical tool. A maximum electroflocculation time of 40 min
was utilized in order to obtain efficient results from the study. The experiment showed
significant improvement in the water quality in the physicochemical aspects, primarily
concerning the reduction of organic matter in the effluent. The efficiency of this treatment
increased with higher current; however, both the aluminum and zinc plates reacted differently
to pH, COD, and turbidity. Two principal components were generated to explain 86.90% of the
data variance in the experiment. The principal component analysis indicated that the aluminum
electrode showed the best correlation (|>0.5|) for pH, COD, and turbidity in the effluent
treatment.
Keywords: electroflocculation, principal component analysis, water treatment.

Eficiência da eletrofloculação no tratamento de águas contaminadas
por resíduos orgânicos
RESUMO
O crescimento populacional levou a ocupações e habitações perto de rios e lagos. Isto
contribui para o aumento da poluição da água. O setor de lavanderia industrial, por exemplo,
consome alta quantidade de água para seus processos e polui os corpos d'água devido ao
descarte inadequado de seus efluentes, que contém inúmeros compostos nocivos. Este estudo
utiliza a eletrofloculação no tratamento de efluentes e avalia sua eficiência por meio da análise
de turbidez, demanda química de oxigênio (DQO) e níveis de pH. Utilizou chapas de alumínio
e zinco como eletrodos de sacrifício e análise de componentes principais (PCA) como
This is an Open Access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.
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ferramenta estatística. Foi utilizado um tempo máximo de eletrofloculação de 40 min para obter
resultados eficientes do estudo. O experimento mostrou melhora significativa na qualidade da
água nos aspectos físico-químicos, principalmente no que diz respeito à redução da matéria
orgânica no efluente. A eficiência desse tratamento aumentou com o aumento da corrente,
porém, tanto as placas de alumínio quanto as de zinco reagiram de forma diferente ao pH, DQO
e turbidez. Dois componentes principais foram gerados para explicar 86,90% da variância dos
dados no experimento. A análise dos componentes principais indicou que o eletrodo de
alumínio apresentou a melhor correlação (|>0,5|) para pH, DQO e turbidez no tratamento de
efluentes.
Palavras-chave: análise de componentes principais, eletrofloculação, tratamento de águas.

1. INTRODUCTION
Water scarcity is a universal problem that is a result of population growth and lack of
adequate sanitation, where a high load of untreated organic, inorganic, and toxic materials is
discharged, making this resource unfit for human consumption. The preservation of water
resources is a global concern, as wastewater can be reused for water supply. This is practiced
in all sectors, including irrigation, industrial, and urban areas (Behling et al., 2019).
Human activity, industrial or otherwise, generates waste. Dyes, greases, oils, and other byproducts cause various environmental problems, and major contaminations can be linked to oil
refineries, chemical industries, textile, pharmaceuticals industries, sewage, agriculture and,
household waste. As water scarcity increases, the world depends on developing new
technologies for the treatment of toxic organic compounds (Aquino Neto et al., 2011).
According to Marques (2017), the lack of piped sewage, poorly constructed wells, and the
absence of garbage collection are some of the main problems with basic sanitation in most
Brazilian cities.
The National Water Resources Policy (NWRP), Law 9.433/1997 (Brasil, 1997), does not
regulate effluents, although it ensures the availability of water, manages the rational and
integrated use of water resources, creates quality standards for its uses and regulates prevention
and defense against critical hydrological events. Article 9 of the NWRP classifies water bodies
based on their principal uses and guarantees water quality. It aims to mitigate the costs of
pollution control by adopting permanent preventive actions (Bandeira et al., 2018).
The greatest challenge of humanity today is providing clean water to the majority of the
population on a global scale. There is growing global concern with environment conservation
due to rapid population growth, water consumption and quality requirements in various sectors
of society, such as industry, which generates highly toxic and non-biodegradable solid and
liquid wastes that should be treated (Adams, 2018).
Many physical, chemical, and biological methods are used to treat industrial wastewater
from laundries; one such method is electrochemical treatment. Proper selection and control of
electrodes in the electrochemical system is critical to minimize losses and optimize energy
consumption (Ilhan et al., 2008).
The electroflocculation technique is one of the simplest and most efficient electrochemical
treatments adopted to purify various types of water and industrial effluents. This technique uses
simple, easy-to-operate equipment that reduces the amount of sludge. A coagulant is generated
by the electrolytic oxidation of a suitable anode, which conducts the material electrically at the
appropriate pH to an insoluble metal hydroxide, which is capable of removing a wide range of
pollutants (Candito et al., 2012).
Electroflocculation uses gas bubbles produced by water electrolysis to remove suspended
particles. The process consists of a treatment tank with a cathode and an anode where small
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bubbles of hydrogen and oxygen gas are produced by applying an electric current. The
electroflocculation process has several advantages over air flotation methods: the bubbles
produced are smaller than 1–30 μm diameter, while those produced by scattered air flotation
method are 50–100 μm, thus having more surface area and a greater removal efficiency,
particularly for finer particles (10 μm) (Mohtashami and Shang, 2019; Kyzas and Matis, 2016).
For electroflocculation, the potential applied, the distance between the electrodes, the
applied current, the temperature, and the pH are important parameters to be considered. During
electroflocculation, oxidation and reduction reactions occur at the anode and cathode,
respectively, when a potential is applied to the cell. The greater the distance between the
electrodes, the greater the potential applied. (Silva and Silva Neto, 2010).
Silva (2005) stated that anodic and cathodic reactions occurred inside the reactor during
electroflocculation, which dissociated the water molecules, releasing ions and gases (oxygen
and hydrogen) fundamental to the process’s dynamics. In water electrolysis, oxi-reduction
reactions occur as follows Equations 1 and 2:
(−) Cathode: 2H2O (l) + 2e− → H2 (g) + 2OH − (aq) Ered = −0,83 V

(1)

(+)Anode: 2H2 O (l) → O2 (g) + 4H + (aq) + 4e− Eoxi = −1,23 V

(2)

The overall reaction is obtained by doubling the cathodic reduction reaction (Equation 1),
and adding the anodic oxidation reaction (Equation 2) Equation 3:
2H2 O (l) → 2H2 (g) + O2 (g)

(3)

The electroflocculation technique is multifactorial, as it considers factors that may
influence the process, such as the interaction between constituents of the effluent treated. Such
interactions cause difficulty in study and interpretation of the process. Therefore, the use of
multivariate statistical analysis is essential, as it provides a better view of each study, which in
most cases are not well described by conventional mathematics. Principal component analysis
(PCA) is an exploratory method that assists in the elaborating the general hypotheses based on
collected data. This technique is capable of separating relevant information from redundant and
random information. In PCA, sample grouping defines the structure of the data set through
graphs of scores (samples) and loadings (variables), whose axes are the principal components
(PCs) on which the data is projected. Considering that one PC is orthogonal to another, it is
possible to examine the relationships between samples and variables through scores and loading
plots; therefore, the analysis of the set allows us to estimate the influence of each variable in
each sample (Ferreira et al., 1999; Haswell and Wamsley, 1998; Sena et al., 2000; Sousa et al.,
2019).
Thus, a clean and low-cost methodology is essential for the current scenario.
Electroflocculation appears as a competitive alternative in wastewater treatment to reduce the
Chemical Oxygen Demand (COD). Electrochemical treatment destabilizes the effluent
pollutant molecules through an electrical potential applied to the sacrificial electrodes (usually
iron (Fe) or aluminum (Al), and consequently, the cations generated react with the colloids of
the treated solution floating in the form of hydroxides (Strate, 2014). The present study
evaluated the electrolysis duration in effluent treatment using the electroflocculation technique,
comparing Al and Zn electrodes for parameters such as temperature, pH, turbidity, and COD,
despite their cost during the process.

2. MATERIALS AND METHODS
2.1. Water Sampling and Characterization
Water samples were obtained from the Jansen Lagoon in Maranhão state, Brazil. The
Rev. Ambient. Água vol. 15 n. 2, e2484 - Taubaté 2020
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experiments were carried out in a custom-built aquarium with a volume of 10200 cm3, with two
taps to collect the effluent during the process.
The pH was measured by a digital pH meter (Micronal brand) and turbidity was analyzed
by the nephelometric method using a bench turbidimeter. For the COD analysis, 5 mL of the
sample was pipetted with 2.0 mL of the catalytic solution (H2SO4) and 1.0 mL of the digesting
solution (K2Cr2O7) and was placed in a cuvette and then in a digester for two hours at 150°C.
Once removed, it was allowed to stand for 10 min. After resting, the cuvette was shaken and
the supernatants were removed and read at 620 nm on a spectrophotometer.
The samples were analyzed before, during and after the electroflocculation tests. The
methodologies for physicochemical characterization, sample preservation, and effluent
stabilization time for future analysis were based on the Standard Methods for Examination of
Water & Wastewater (APHA et al., 1995). Three experiments were performed to evaluate the
effects on the physicochemical variables with varying distances between the electrodes.
2.2. Electroflocculation process
The electroflocculation tests were performed using a bench electrolytic reactor and
working electrodes: aluminum (130 mm x 70 mm x 3 mm) and zinc (130 mm x 70 mm x 3 mm)
positioned above the reactor and connected to a direct current source (Instrutherm brand, Model
FA 3030). Two electrodes of the same type were separated with respect to the diameter of a
non-conductive material (PVC rings) by varying distances of 0.5; 1.0; 1.5; 2.0; and 3 cm. Figure
1 represents the materials used in the experiments.

Figure 1. (A) Aquarium used; (B) Aluminum and zinc plates; (C) Bench
reactor; (D) PVC rings.

Each electrode was tested for a reaction time of 5, 10, 20, 30, and 40 minutes to analyze if
the electroflocculation filtered the water to eliminate the resident organic charge.
2.3. Statistical analysis
Statistical analyses were performed using Origin Pro 8 software. Principal Component
Analysis (PCA) using Minitab 17 software correlated the variables and treatment time for
aluminum and zinc electrodes.
The results of the physicochemical analysis displayed the mean and standard deviation
(±SD). Analysis of Variance (ANOVA) evaluated the differences between the distances of
electrodes, the treatment duration, and the electrodes used in the experiment. A comparative
test between the means was performed using the Tukey test (p <0.05).
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3. RESULTS AND DISCUSSION
The experimental electroflocculation setup for effluent treatment consisted of two
aluminum electrodes or two zinc electrodes to evaluate the efficiency of each metal.
3.1. Electroflocculation treatment
3.1.1. Effect of treatment time on effluent pH and temperature
The results suggest that varying distances between the electrodes and the treatment time
were the two factors that directly affected the process. For the aluminum electrode, a shorter
distance between the electrodes (0.5 cm) with longer treatment time (40 min) contributed to an
increase in the pH at the end of the process (≈11.5) (Figure 2A). The responses of the zinc
electrode treatment were contrary to the aluminum electrode as it resulted in a decrease in
effluent pH (≈6.10) (Figure 2B). Kobya et al. (2003) report that changes in pH values vary
according to the electrode material used. With the aluminum electrode (Figure 2A), the final
pH is higher, caused by the formation of hydroxides due to the dissolution of electrodes while
with the zinc electrode (Figure 2B); there is a reduction in pH as there is a decrease in
dissolution. The pH tends to remain constant for both electrodes after 30 minutes of electrolysis,
which is advantageous as the energy applied to the system decreases. Distance is another factor
that directly influences the system’s pH. According to Crespilho and Rezende (2004), the
greater the distance between the electrodes, the greater the potential difference that must be
applied, since the solution has resistance to the electric current flow. Thus, the characteristics
of the effluent combined with the distance between the electrodes may be varied to improve the
process’s efficiency. The 2 cm distance for aluminum provided the best results, as it presented
a lower pH range and lower electrode wear. For zinc, a distance of 1 cm was more advantageous
for the pH range.

Figure 2. Experimental pH and temperature data in relation to the distances
(0.5, 1, 1.5, 2 and 3 cm) between the electrodes during the electroflocculation
process. A and C - using aluminum electrode; B and D - using zinc electrode.
Applied potential: 5000 mA.
Rev. Ambient. Água vol. 15 n. 2, e2484 - Taubaté 2020
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Temperature has a direct influence on the electroflocculation process. Hydrogen gas
microbubbles generated ascended rapidly to the foam layer and accumulated in the upper part
of the effluent under treatment (Vieira and Cavalcanti, 2017; Abreu et al., 2019). This effect
reduces the passivation of the electrodes and increases process efficiency. With both electrodes,
the effluent temperature tended to increase during the process. Cerqueira (2006) states that
efficiency can be maintained up to 60°C in the electrolysis process beyond which the efficiency
decreases. With the aluminum electrode, the 2 cm distance between the electrodes caused the
system temperature to reach approximately 33°C (Figure 2C). With the zinc electrode (Figure
2D), the maximum temperature reached was approximately 18°C, for a 3 cm distance between
the electrodes.
3.1.2. Effect of treatment time on turbidity and COD
Turbidity may be quantified by analyzing the intensity of light scattered by the sample,
which relates the particulate materials to the transparency of the solution (Aquino Neto et al.,
2011). The effluent turbidity analysis showed water transparency variations due to the
suspension of organic and inorganic materials. Electrolysis increased the concentration of ions
and their hydrogen flakes with time. The average turbidity value after 40 min of treatment for
aluminum with electrodes 0.5 cm apart was approximately 98.7 to 38.6 NTU (Figure 3A), while
the zinc electrode showed no statistical difference (13.60 NTU) (Figure 3B).

Figure 3. Experimental turbidity and COD data in relation to the distances (0.5, 1, 1.5, 2
and 3 cm) between the electrodes during the electroflocculation process. A and C - using
an aluminum electrode; B and D - using a zinc electrode. Applied potential: 5000
mA.COD analysis studies the quality of dissolved oxygen. It is an important

parameter in the characterization of polluted water (Bittencourt et al., 2018).
The oxygen demand presented a better response for the shortest distance between the
electrodes (0.5 and 1 cm), that is, a lower dissolved oxygen concentration produces the largest
amount of reduced organic matter, thus increasing the efficiency of effluent treatment. The
mean values ranged from 779.4 to 504.2 mg L-1 (Figure 3C) for treatment with the aluminum
electrodes, and from 179.0 to 160.0 mg L-1 (Figure 3D) with the zinc electrodes.
Rev. Ambient. Água vol. 15 n. 2, e2484 - Taubaté 2020
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3.2. Principal Component Analysis
The multivariate analysis technique reduces a data matrix to fewer manageable variables,
called principal components (PCs), where the first PCs contain the maximum variability
(information) of the analyzed data set. The relationship between the samples and variables can
be visualized and interpreted by a score and a loading plotting from the PCA (Karki et al., 2017;
Higgins et al., 2019; Hajigholizadeh and Melesse, 2017).
The PCA was performed to evaluate the correlations between all the studied variables.
From the results of PCA, principal component 1 (PC1) is most significant in describing the
statistical model, explaining 57.70% of the total data variation using aluminum and zinc
electrodes. The first two dimensions of the PCA explains 86.90% of the variance. Four clusters,
three related to experiments performed with the aluminum electrode and one to the zinc
electrode, were the highlights. The treatment using the aluminum electrode was the most
efficient in terms of lower pH, turbidity, COD, and temperature. Figure 4 shows the PCA for
treatment duration and the parameters evaluated during the electroflocculation process using
aluminum and zinc electrodes.

Figure 4. Principal component analysis (PCA) for treatment times and
parameters evaluated during the electroflocculation process using aluminum
and zinc electrodes. T-0 (zero); T-5 (five minutes); T-10 (ten minutes); T20 (twenty minutes); T-30 (thirty minutes) and T-40 (forty minutes). Al
(aluminum electrode); Zn (zinc electrode).

Figure 4 shows that treatment durations of 20, 30, and 40 min increased correlation among
the variable’s pH, turbidity, COD, and temperature for aluminum electrode during
electroflocculation. For the zinc electrode, there was no positive correlation with any of the
evaluated parameters. The experimental data obtained was smaller than the aluminum
electrode’s data; thus, there was a lower pH range, turbidity, COD, and temperature. Table 1
shows the correlation coefficients of the first two principal components for the evaluated
parameters.
From Table 1, it can be seen that the two principal components (PCs 1-2) were sufficient
to describe the model, and together they account for 86.90% of the cumulative variance. Most
information regarding the system (86.90% of the variation) was revealed by CP1 (57.70%) and
CP2 (29.20%). Values highlighted in bold were considered significant in the mathematical
model, where temperature and COD were the dominant variables in CP1 and temperature and
pH in CP2.
Rev. Ambient. Água vol. 15 n. 2, e2484 - Taubaté 2020
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Table 1. Loadings of the variables for the first two
principal components.
Variables

PC1

PC2

Temperature
Turbidity
pH
COD
Eigenvalues
Total variance (%)
Cumulative variance (%)

0.508850
0.495557
0.391010
0.585325
2.3080
57.70
57.70

-0.542761
0.420871
0.652436
-0.320320
1.1699
29.20
86.90

*Bold values indicate significant correlation (|>0,5|).
COD (Chemical Oxygen Demand). PC1 (Principal
component 1); PC2 (Principal component 2).

4. CONCLUSIONS
This study evaluated the electrolysis duration in effluent treatment using the
electroflocculation technique, comparing aluminum and zinc electrodes for parameters such as
temperature, pH, turbidity, and COD.
The efficiency of the effluent treatment by electroflocculation varied with the duration, the
distance between the electrodes, and the type of electrode used; however, it was efficient and
viable as it reduced organic and inorganic residues, which was evaluated indirectly by COD.
The parameters with the best correlation to the process were turbidity, COD, and pH.
The efficiency of removing pollutants from aluminum and zinc electrodes was best for the
shortest distance between plates (0.5 and 1 cm) and a 40 min duration of electroflocculation,
and presented better values for temperature, turbidity, and COD.
The electrochemical process is more efficient than traditional techniques in removing
colloidal particles in suspension, organic matter, and metals, by generating a coagulant inside
the reactor (“in situ”) and the combined action of microbubbles generated by cathode. Its
advantages include versatility, energy efficiency, speed in smaller systems, simplicity of
apparatus used, and non-use of chemical and biological reagents for wastewater treatment.
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ABSTRACT
Malls concentrate a large number of people in a relatively small area, and thus generate
concentrated urban wastewater. This study evaluated the performance of a membrane bioreactor
(MBR) as an alternative for the treatment of mall wastewater. Wastewater samples without any
previous treatment were collected from a medium-size mall and showed a high chemical
oxygen demand (COD) near 2,000 mg L-1. The MBR operated with a constant pressure of 40
kPa during 60 days with a sludge age of 30 days. Concentration of biomass was 3,738±930 mg
L-1 and average permeate flux was 7.0 L h-1 m-2. The MBR was able to remove 91.2% and
97.2% of color and turbidity, respectively. Furthermore, COD removal was approximately 90%
and biochemical oxygen demand (BOD) 88%. In addition, the MBR produced a phosphorus
removal near 50%, and for nitrogen, 80%. The MBR system proved to be an efficient process
for the removal of the pollutants, remaining stable even with the oscillation of the characteristics
of the raw sewage, presenting great potential for application in the treatment of sewage from
malls and effluents with high organic loads.
Keywords: activated sludge, effluent, MBR, sewage, ultrafiltration.

Bioreator de membrana para o tratamento de águas residuais de
shopping centers
RESUMO
Os shoppings têm um alto movimento de pessoas em locais compactos e, assim, geram
águas residuais urbanas concentradas. Este estudo avaliou o desempenho do biorreator de
membrana (MBR) como uma alternativa para o tratamento de águas residuais de shopping
centers. Amostras de águas residuais sem tratamento prévio foram coletadas em um shopping
de tamanho médio e apresentaram alta demanda química de oxigênio (DQO) próxima a 2.000
mg L-1. O MBR operou com pressão constante de 40 kPa durante 60 dias com idade do lodo
de 30 dias. A concentração de biomassa foi de 3.738 ± 930 mg L-1 e o fluxo médio de permeado
foi de 7,0 L h-1 m-2. A MBR conseguiu remover 91,2% e 97,2% da cor e turbidez,
respectivamente. Além disso, a DQO foi removida em aproximadamente 90% e a demanda
bioquímica de oxigênio (DBO) em 88%. Além disso, o MBR produziu uma remoção de fósforo
This is an Open Access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.
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perto de 50% e para o nitrogênio esse valor foi de 80%. O sistema MBR demonstrou ser um
processo eficiente na remoção dos poluentes mantendo-se estável mesmo com a oscilação das
características do esgoto bruto, apresentando grande potencial de aplicação no tratamento de
esgoto de shopping centers e efluentes com altas cargas orgânicas.
Palavras-chave: efluente, esgoto, lodo ativado, MBR, ultrafiltração.

1. INTRODUCTION
Malls are densely occupied urban structures. Their infrastructure includes water supply,
sanitation and storm drainage, and thus generates effluents (e.g. from toilets and restaurants)
with higher organic load than domestic wastewater.
The compactness of malls makes the treatment of sewage difficult, since in general this
treatment occupies large areas located in the middle of cities, lacking efficient solutions for an
adequate environmental balance. The treatment of sewage from malls can create a bottleneck
in the mall’s operation.
The increase of sewage generation has been overloading existing municipal sewage
treatment plants, and in many cases there is no room available for plant expansion (Neoh et al.,
2016). Restrictions of physical space for new systems or expansion of existing systems, the low
performance of conventional systems, the impossibility of interconnections in the collection
networks and overloads in the treatment plants can make it difficult to treat mall sewage. In
addition to containing pathogens, microorganisms and toxic wastes, raw sewage may contain
high concentrations of nitrogen and phosphorus, and discharges without proper treatment may
enhance water eutrophication (Belli et al., 2014).
Activated sludge is a usual process for the treatment of sewage and can be useful for
treatment of mall wastewater because it can remove high organic load and nitrogen and can
reduce the risk of pathogens in the effluent. However, these treatments can require a large
physical space and have high operating costs. Furthermore, secondary settling has limitations.
It can present low efficiency and sedimentation problems when hydraulic detention time is low;
there can be small biological flakes with open structures or malformation, and the occurrence
of sludge bulking can also lead to poor operation (Subtil et al., 2013). The result is a treated
effluent with suspended and colloidal material, increasing BOD and suspended solids due to
cellular material in the water.
Membrane bioreactors (MBR) combine the activated sludge process with solid/liquid
separation through membranes, replacing the sedimentation stage of conventional systems
(Rodríguez-Hernández et al., 2014). MBRs show a great advance in wastewater treatment. In
addition, the effluent treatment is considered to be superior to conventional biological systems
as it produces a better quality permeate (Komesli et al., 2015).
The main characteristics of the MBR are the large capacity of retention of biological
material in the membranes, operation with large biomass load with longer cell detention time,
and the removal of bacteria and viruses without the incorporation of chemical agents (Villain
and Marrot, 2013; Komesli et al., 2015, Maqbool et al., 2014). They are flexible and compact
systems that require little area for installation, and they have been applied on a large scale
worldwide and have been constantly optimized and adapted to new configurations that seek to
improve their performance (Huang and Lee, 2015). Membrane bioreactors can be easily adapted
to different operating cycles, with the incorporation of anaerobic / anoxic periods, which can
operate with high efficiency in the removal of organic matter and nutrients with simultaneous
nitrification and denitrification conditions (Barbosa et al., 2016; Belli et al., 2014; Capodici et
al., 2015).
The process with MBR has been researched for the treatment of effluents in several sectors:
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Keskes et al. (2012) used MBR for the wastewater of slaughterhouse effluent; Belli et al. (2014)
and Capodici et al. (2015) treated municipal wastewater; and Nguyen et al. (2016) for
wastewater from hospitals. Praneeth et al. (2014) used a submerged MBR for treatment of dairy
wastewater. Subtil et al. (2014) compared two configurations of MBR for the treatment of
domestic wastewater. However, malls can generate high volumes of wastewater in restricted
areas. Thus, there is a need to evolve the study to evaluate the real capacity of MBR to be
applied in the malls. Furthermore, the stability of the systems and the determination of optimal
operating conditions with the control of membrane clogging remain major challenges for MBRs
(Krzeminski et al., 2017), and studies should be expanded to increase knowledge on the subject.
This study evaluated the feasibility of the membrane bioreactor system for the treatment
of mall effluent, analyzing physical and chemical parameters of the raw sewage and permeate,
treatment efficiency and their stability.

2. MATERIAL AND METHODS
The mall where the samples of the wastewater were collected is located at University of
Passo Fundo (Brazil). The mall houses different commercial establishments, such as a drug
store, bookstore, bank branch, toilets, as well as a food court with seven restaurants, snack bars,
ice cream shop and coffee shop. The sampling was carried out in the sewer drain (GPS position:
-28.232340, -52.382619) located near the building, without any preliminary treatment, over a
period of 60 days between August and September. The characterization of the wastewater is
shown in Table 1.
Table 1. Physic chemical characteristics of the mall sewage and permeate, and the
removal efficiency of MBR during a 60-day treatment period.
Parameter

Raw wastewater

Permeate

Color (Hazen)
580.10±280.27
51.05±11.08
Turbidity (NTU)
680.10±336.01
19.00±9.72
-1
COD (mg L )
1.849.90 ± 174.28 189.44 ± 30.22
-1
BOD5 (mg L )
991.67 ± 352.81 121.22 ± 80.17
Phosphorus (mg L-1)
25.30 ± 17.64
12.85 ± 8.12
-1
Kjeldahl nitrogen (mg L )
32.60±17.18
5.02±3.56
Ammonium nitrogen (mg L-1)
15.15±9.98
2.92±1.88
-1
Nitrites (mg L )
0.65±0.15
1.65±0.45
Nitrates (mg L-1)
1.51±0.45
4.64±3.15

Removal
91.20%
97.20%
89.76%
87.78%
49.22%
84.61%
80.75%
-

The schematic of the experimental unit is shown in Figure 1. The equipment was supplied
by PAM Membranes (Rio de Janeiro - Brazil). Samples were stored in a buffer tank, in which
a peristaltic pump fed the MBR (6 liter volume). A suction pump (diaphragm) connected to the
submerged membrane module produces vacuum inside the membranes, removing permeate
(treated effluent). This same pump allows the inversion of the flow, performing the backwashes.
Aeration was supplied by a compressor, injecting air at a rate of 4 L min -1, measured by a
rotameter and maintaining dissolved oxygen (OD) in the range of 3-4 mg L-1 (analyzed by a
digital oximeter). There was a control panel connected to a computer for controlling the
operation/backwash cycles, as well as for receiving and storing the MBR information. Level
sensors into the permeate tank controlled the purge of permeate by opening a solenoid valve.
The membranes used were of hollow fiber ultrafiltration of polyvinylidene supplied by
PAM - Selective Membranes. The total length was 0.25 m, the external diameter of the module
was 0.075 m, with a filtration area of 0.22 m² and molar weight of cut-off 50 kDa.
Rev. Ambient. Água vol. 15 n. 2, e2489 - Taubaté 2020
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Figure 1. Experimental diagram of the MBR used for the treatment of mall wastewater.

The experimental unit worked for 60 days, keeping the sludge age at 30 days by sludge
discharging. The operating cycle was 4 hours of permeation and 30 seconds of backwash.
Constant pressure of 40 kPa was used. The hydraulic residence time (HRT) oscillated according
to the membrane sealing process, reaching a mean of 4.06 h ± 1.00 h.
The bioreactor was inoculated with sludge from an activated sludge system of a dairy
industry, previously acclimatized for 30 days. The total suspended solids concentration (TSS)
was 3,000 mg L-1 and during the operation it presented a mean concentration of 3,738±930mg
L-1. The average pH was 7.59±0.51 and the F/M ratio (Food/Microorganism) was measured by
3.33 d-1 ± 1.43 d-1 (measured by COD). Over time, permeate flux was recorded.
Samples of raw and treated (permeate) sewage were collected and analyzed for color,
turbidity, COD, BOD5, total phosphorus, total and ammonium nitrogen, nitrites and nitrates.
The procedures follow the Standard Methods for the Examination of Water and Wastewater
(APHA et al., 2005).

3. RESULTS AND DISCUSSION
Table 1 shows the characteristics of the raw wastewater and permeate during the MBR
operation, as well as the average removal of the system. Note that the sewage has higher
concentration than traditional domestic sewage, which has approximately 300 mg L-1 of BOD,
lacking studies for its proper treatment.
The MBR system showed high color removal and turbidity reduction, with an average
removal of 91.2% and 97.2%, respectively. Bani-Melhem et al. (2015) used the MBR system
with submerged UF membrane for the treatment of gray water and obtained removal similar to
our work (95.20% for color removal and 96.30% for turbidity). Removal efficiency and stability
were mainly attributed to the physical separation of membranes, retaining suspended and
colloidal solids. The color and turbidity removal of the MBR is shown in Figure 2.
The color quality of the permeate as much as the color removal of turbidity remained stable
throughout the operation, as can be observed in Figure 2, regardless of the variations in a broad
range of the raw sewage characteristics. Note that the color ranged between ~100 NTU and
1100 NTU. In general, malls discharge the treated effluent into the public sewage network, and
turbidity is used to determine a surcharge to the mall establishment. Thus, keeping turbidity
low is also important from an economic perspective.
Rev. Ambient. Água vol. 15 n. 2, e2489 - Taubaté 2020
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Figure 2. Color removal (a) and turbidity reduction (b) by the MBR treating mall
wastewater.

The concentration of COD of the raw sewage and permeate from the MBR are presented
in Figure 3. The MBR achieved an average COD removal of 89.76%, adjusting the COD of
permeate below 225 mg L-1. Note that we used a high F/M (~3.3 d-1) in a range near that which
would produce flocculent sludge, but the membrane was capable of removing the SS and
colloidal matter in such a way that the effluent was free of cellular material. The SS
concentration is variable according to the load fed to the MBR. For example, treating domestic
sewage, Maestri (2007) showed that an MBR is capable of removing 88% of COD, operating
with a concentration of SS between 1,000 and 2,220 mg L-1; but the wastewater was low in SS
concentration. On the other hand, Maqbool et al. (2014) and Komesli et al. (2015) obtained
better results, with efficiency varying from 93.3% to 95.1%, but with SS between 11,000 mg
L-1 and 12,000 mg L-1 using synthetic effluent and urban wastewater. However, the synthetic
wastewater does not have any inhibitors, such as disinfectants or other constituents of real
wastewater. Furthermore, we tried augmenting the concentration of SS into the bioreactor, but
the system did not raise beyond 6,000 mg L-1. Thus, we attributed this efficiency mainly to
concentration of SS in the bioreactor (3,738 mg L-1 ± 930 mg L-1), which can be considered low
for a MBR. However, the effluent is free of suspended solids and low in turbidity and color,
and could perhaps be a candidate for a post-treatment for reclamation for non-drinking uses. In
fact, reuse of domestic wastewater was the main focus of Subtil et al. (2013), where the effluent
treated by MBR showed COD, turbidity and color of 24 mg L-1, 0.29 NTU and 25 uC,
respectively. However, the COD of raw the wastewater was only one half that of the mall
wastewater (approximately of 1,000 mg L-1).

Figure 3. Removal of COD in the MBR by treating mall sewage.
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The COD in the permeate during the MBR operation remained stable with a mean of 189.4
mg L-1 ± 30.2 mg L-1, even with the variations of organic load presented by the raw sewage in
Figure 3. Subtil et al. (2013) suggested that COD in the permeate is attributable mainly to the
non-biodegradable and non-transformed soluble organic matter that has passed through the
physical barrier of the membrane. We used a high organic load, and maybe an overload on
activated sludge, and no further degradation of the organic matter was possible. Furthermore,
note that a low HRT was enough to reach a COD removal of approximately 90%.
The BOD removal reached an efficiency of 87.78%. Rodríguez-Hernández et al. (2014)
achieved 96% BOD removal efficiency, attributing the high organic removal efficiency of the
MBR to the highest concentration or biomass activity into bioreactor. However, RodríguezHernández et al. (2014) studied municipal wastewater with low COD (377 mg L-1), and the
sewage of the mall of our study has higher organic load than the general values of domestic
sewage (approximately 300 mg L-1 of BOD).
The efficiency of removal of COD and BOD is directly related to the characteristics of the
MBR biomass, besides the capacity of retention of solids in suspension and colloidal substances
by the membrane. The operation of MBR with high concentrations of SST in the bioreactor can
promote better removal of organic matter from the raw sewage, producing a better permeate.
Figure 4 shows the phosphorus concentrations of raw and treated sewage and the removal
of this parameter by MBR. The concentration of phosphorus in the raw sewage was 25.3 mg L1
± 17.6 mg L-1 and the permeate 12.85 ± 8.12 mg L-1 (removal of 49.22%). This removal is
higher than the result of Barbosa et al. (2016), which obtained an efficiency of 33% for
phosphorus. In addition, Rodríguez-Hernández et al. (2014) showed a removal in a range of
37% and 42% of phosphorus, for municipal wastewater treated by an MBR, and the removal
was attributed to the nutritional need of the microorganisms, disregarding the removal by the
phosphorus-accumulating organisms (OAPs) due to the low organic load applied and the high
age of the sludge. Furthermore, low F/M rates were responsible for low removals of total
phosphorus (20% to 29%) in the work developed by Nguyen et al. (2016). Maqbool et al. (2014)
reported that the low 4 h of HRT, associated with the rapid growth of microorganisms was
responsible for the typical removal of 41.3 % to 48.2 % achieved in their work. The removal of
our work is possibly associated with the combination of all elements: the age of the sludge was
around 30 days, a high organic load was applied (F/M = 3.33 d-1) and the HRT was low (4.18
h). This creates a combination where phosphorus is assimilated by microorganisms, and
microorganisms are retained by the membrane. We also believed that the presence of
phosphates adsorbed on the suspended material and the colloidal substances retained in the
membrane have contributed to the excellent performance obtained.

Figure 4. Removal and concentration of phosphorus in raw sewage of the
mall and in the permeate treated by the MBR.
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The introduction of anoxic cycle to MBR can improve the removal of phosphorus. Han et
al. (2005) operated an MBR to in the intermittent aeration cycles (non-aeration mix feed,
aeration, non-aeration phase, aeration filtration) and the removal of phosphorus was up to
72%. Kellner (2014) and Belli et al. (2014) operated a MBR in sequential batches and an
achieved an average efficiency of 70%, which reached 74% efficiency, assigning the available
organic matter to microorganisms with determinants for the large biological removal of
phosphorus. However, even without the anoxic cycle of our experiments, the MBR achieved a
removal similar to those of usual activated sludge processes.
In regard to nitrogen removal (Figure 5), the raw sewage fed to the MBR presented an
average concentration of 32.60 mg L-1 (standard deviation of 17.18 mg L-1) and permeate was
5.02 mg L-1. The removal of nitrogen remained in the range of 80% to 90% for nearly the entire
period of MBR operation, but this value can oscillate over a wide range. For example, Barbosa
et al. (2016) performed experiments under constant aeration and a sludge age of 3 days, and a
removal efficiency of 81% was achieved. Capodici et al. (2015) observed removal of nitrogen
similar to our work (55% to 76%). However, our MBR worked with a low HRT (4 h), whilst
Subtil et al. (2014) and Rodriguez-Hernandez et al. (2014) operated the MBR with an HRT of
10 to achieve similar removal of nitrogen (near 80%). Therefore, sewage quality and
operational conditions are important and provide different rates of nitrogen removal.

Figure 5. Nitrogen removal by the MBR treating mall sewage.

We did not use the anoxic cycles to improve denitrification. Thus, we observed the average
concentration of nitrites and nitrates of 1.65 mg L-1 and 4.64 mg L-1, respectively, but the
average removal of ammonium was 80.7%. Several factors are important to nitrogen removal,
but we highlighted three. A) age of sludge: Bani-Melhem et al. (2015) operated a MBR for 42
days with total retention of the sludge; the system removed 88% of nitrogen. The authors
reported that nitrifying bacteria requires more time to nitrify the ammonia. Likewise, Capodici
et al. (2015) reported that an age of sludge of only 5 days limited the growth of nitrifying
bacteria. B) Dissolved oxygen: Chen et al. (2012) attributed low ammonia removal in MBR to
low oxygen supplied to the system. C) Anoxic cycle: Belli et al. (2014) reported the removal
of ammonia of 99% and total nitrogen of 82% when an MBR was operated in a sequential batch.
Barbosa et al. (2016) established nitrification and simultaneous denitrification (NDS)
conditions, removing both COD and total nitrogen in a single reactor. However, we kept the
age of the sludge at 30 days and the dissolved oxygen above 2 mg L-1. The presence of nitrites
in the effluent of the MBR shows that there was nitrification, but denitrification requires the
introduction of the anoxic cycle. However, we did not insert the anoxic cycle in our work, and
Rev. Ambient. Água vol. 15 n. 2, e2489 - Taubaté 2020
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thus we identified nitrites in the treated effluent, although the concentration is low.
The average permeate flux and suspended solids of the MBR are presented in Figure 6.
We observed an inverse relationship between both parameters: the higher the TSS in the reactor,
the lower the permeate flux. The average permeate flux was 7.00 ± 1.84 L h-1 m-2. In fact, we
can expect high permeate flux in the operation of MBR for the treatment of wastewater due to
the high concentration of suspended solids. The literature also shows low permeate flux in the
operation of the MBR for the treatment of different wastewater (6.74 L h-1 m-2). Kellner (2014)
used a MBR with submerged hollow fiber membrane for the treatment of sanitary effluents with
SST ranging from 3,000 mg L-1 to 5,000 mg L-1 and the permeate flux was 6.74 L h-1 m-2.
Huelgas and Funamizu (2010) observed a permeate flux of 9 L h-1 m-2 for wastewater treatment
of washing machines and kitchen sinks, suggesting that the high concentration of suspended
solids in the bioreactors and the established operating conditions make it impossible to obtain
high flows through the membranes. Bani-Melhem et al. (2015) reported that the high
concentration of TSS in MBR, higher COD concentrations and inorganic impurities in the raw
sewage can have a significant impact on the reduction of flow. In fact, we used the raw sewage
from the mall without any treatment, and thus inorganic impurities can impact permeate flux.

Figure 6. Average permeate flux and total suspended solids in the MBR.

The permeate flux of the MBR over a 24 h period with a 4 h filtration cycle and 30 second
back flushes with a constant pressure of 40 kPa is shown in Figure 7.

Figure 7. Permeate flux of the MBR in the treatment of mall
wastewater during a 24 h period.

The permeate flux of the MBR presented a strong reduction in the first minutes of operation
and a smooth reduction in the later period, achieving some stability in the range of 5 L h-1 m-2
Rev. Ambient. Água vol. 15 n. 2, e2489 - Taubaté 2020
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to 10 L h-1 m-2. After the back flushes, the permeate was recovered, reaching 60 L h-1 m-2–70 L
h-1 m-2. The recovery of the initial permeate flux indicates that pore clogging of the membrane
was fully reversible. The low resistance of pore clogging was also observed by Zhang et al.
(2014), as they identified that fouling is the major filtration resistance. Belli et al. (2014) studied
an MBR for nutrient removal from municipal sewage and identified the presence of
polysaccharides and proteins (major agents of fouling in MBR) in the reactor. In fact,
exopolysaccharides (EPS) are mainly responsible for fouling in the MBR (Drews et al., 2006).
However, in our experiments we can recover the permeate over the 60 days without any
chemical cleaning. Melin et al. (2006) suggest the installation of preliminary MBR treatments
to reduce membrane fouling and extend the cycle of operation.
Finally, camparing the MBR with conventional activated sludge, Hao et al. (2018)
developed a method to measure the benefits with regard to the sustainability and economic
viability of both processes. In contrast to previous studies, the indexes created by Hao et al.
(2018) showed that the MBR is not a more sustainable process when compared to conventional
activated sludge. We disagree, due to the simple fact that the quality of effluent of MBR will
be higher than the effluent from conventional activated sludge. In the course of time, the MBR
will also be economically competitive.

4. CONCLUSIONS
The MBR system is an alternative with great potential for application in the treatment of
sewage from malls and establishments generating effluents with high organic load.
The system presented great removal of color and turbidity, reaching average efficiency of
91.20% and 97.20%, respectively. The COD and BOD removal was 89% and 87%,
respectively. Furthermore, the permeate quality was stable, even with variations in the organic
load of the raw wastewater.
The MBR, despite the fact that we did not use the anoxic cycle, removed nutrients with
good performance. The average removal of phosphorus reached was 49% and total nitrogen
removal was 84%. The nitrification process was influenced by the age of the sludge maintained
at 30 days and the amount of oxygen supplied to the bioreactor. The introduction of an anoxic
phase into the MBR operating cycle could provide simultaneous nitrification and denitrification
processes.
The MBR presented an average permeate of 7.00 L h-1 m-2, with the oscillations related
mainly to the variation of biomass concentration in the bioreactor. Despite a strong drop of
permeate flux in the initial minutes, membrane fouling was reversible and was controlled by
backflushes.
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ABSTRACT
Wastewater from textile industries is loaded with synthetic dyes. These effluents are often
not adequately treated, affecting the soil and groundwater quality and leading to environmental
contamination. The Agreste mesoregion of the state of Pernambuco is home to one of the largest
textile centers in Brazil. This work therefore aims to study the behavior of Remazol Black B
(RB5) dye in subsurface mediums in this region. The kinetics and isotherm sorption
experiments allowed an evaluation of RB5 retention capacity in two layers of alluvial soil of
the dry riverbed of the Capibaribe Basin. The maximum sorption rate was 81.81 mg kg -1 and
21.7 mg kg-1 for the loamy sand and sand layers, respectively. The Pseudo-second order kinetic
model described more appropriately the sorption kinetics for both soils. The isotherms behavior
was nonlinear, and Freundlich model was the most suitable to describe this process for both
soils, presenting KF values of 8.6407 L kg-1 for loamy sand and 0.1868 L kg-1 for sand. The
isotherm parameters confirm a more significant interaction of RB5 with the loamy sand layer
than with the sand layer, indicating lower leaching in the first layer, which is less mobile for
RB5 contamination. Furthermore, the different sorption rates for both soils indicate the
importance of studying the soil as a heterogeneous profile.
Keywords: isotherm, kinetics, mobility.

Sorção de corante Remazol Black B em solos aluviais da Bacia do Rio
Capibaribe Pernambuco, Brasil
RESUMO
As águas residuais das indústrias têxteis são carregadas com corantes sintéticos. Esses
This is an Open Access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.
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efluentes geralmente não são tratados adequadamente, afetando a qualidade do solo e das águas
subterrâneas, levando à contaminação ambiental. O Agreste de Pernambucano abriga um dos
maiores centros têxteis do Brasil. Portanto, este trabalho tem como objetivo estudar o
comportamento do corante Remazol Black B (RB5) em meios subsuperficiais nessa região. Os
experimentos de cinética e sorção isotérmica permitiram avaliar a capacidade de retenção do
RB5 em duas camadas de solo aluvial do leito seco do rio Capibaribe. A taxa máxima de sorção
foi de 81,81 mg kg-1 e 21,7 mg kg-1 para a camada areia franco e camada areia, respectivamente.
O modelo cinético de pseudo-segunda ordem descreveu mais adequadamente a cinética de
sorção para ambos os solos. O comportamento das isotermas foi não-linear e o modelo de
Freundlich foi o mais adequado para descrever esse processo para ambos os solos, apresentando
valores de KF de 8,6407 L kg-1 para areia franco e 0,1868 L kg-1 para areia. Os parâmetros
isotérmicos confirmam uma interação mais significativa do RB5 com a camada de areia franco
do que com a camada de areia, indicando menor lixiviação na primeira camada, menos móvel
para a contaminação por RB5. Além disso, as diferentes taxas de sorção para os dois solos
indicam a importância do estudo do solo como um perfil heterogêneo.
Palavras-chave: cinética, isotérmica, mobilidade.

1. INTRODUCTION
The Agreste of the state of Pernambuco is inserted in the Brazilian semi-arid region,
configuring a region marked by low rainfall, high evapotranspiration rates, and intermittent
rivers with flow only in the rainy season (Braga, 2016). In the absence of surface water
resources, many rural communities in this region use underground reservoirs, such as alluvial
deposits, by digging wells in the dry riverbed (Braga et al., 2015).
These formations attract several anthropogenic activities, increasing the contamination risk
of the alluvial deposits’ water reserves. In this region of the Agreste of Pernambuco is
concentrated the so-called “Textile Center”, encompassing municipalities such as Santa Cruz
do Capibaribe, Toritama, Caruaru and Brejo da Madre de Deus (SEBRAE, 2013). This activity
has negative impacts due to the release of untreated effluents, which have caused severe
environmental contamination problems in the region. Wastewater from these industries is a
complex mix of dyes and heavy-metal compounds (Shalaby et al., 2017).
In textile manufacturing, the dyeing step is the most substantial process in terms of time,
added value, and technical complexity (Huynh and Chien, 2018). This step includes the dyeing
itself and the washing to remove the non-fiber dye, releasing 10 to 15% into wastewater
(Jayanthy et al., 2014).
Kharat (2015), reported cases where the indiscriminate discharge of textile effluents has
affected soil and groundwater quality. In this way, some synthetic dyes are soil pollutants that
concern researchers due to the toxic nature and adverse effect on life forms (Smaranda et al.,
2017). Regarding this, azo dyes are carcinogenic in nature (Jayanthy et al., 2014; Stagnaro et
al., 2015). This dye typology is characterized by having one or more double nitrogen bonds (N = N-) (Jayanthy et al., 2014), and approximately half of the world's industrial production
belongs to this class (Stagnaro et al., 2015).
The intense textile activity in the Agreste of Pernambuco and the importance of conserving
the scarce surface and groundwater in the region make necessary the development of studies to
assess the impact of manufacturing activity on the subsurface. Therefore, environmental
contamination can be estimated in the laboratory by batch testing, allowing the analysis of
kinetics and sorption isotherm. Sorption is often used to evaluate soil retention capacity for a
compost and the potential loss via leaching (Wei et al., 2019).
From this perspective, this work evaluates through sorption kinetics and isotherm the
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retention and mobility of the Remazol Black B (RB5) azo dye, which is widely used by the
textile industry in the semi arid region of Pernambuco state. For this purpose, two layers of
alluvial soil of the dry riverbed of the Capibaribe basin in the mesoregion of the Agreste of
Pernmabuco’s state will be analyzed.

2. MATERIALS AND METHODS
2.1. Study area
The studies were conducted in the High Capibaribe region, which embraces the highest
portion of the Capibaribe River watershed in the state of Pernambuco. Soil samples were
collected at the coordinates 7º56'57.6” S and 36º17'57.2” W in the dry riverbed, in the portion
between the municipalities of Santa Cruz do Capibaribe and Brejo da Madre de Deus.
Soil samples were collected from the first two soil layers with Layer 1 (CM 1) presenting
a maximum thickness of 52 cm and Layer 2 (CM 2) dimension ranging between 17 and 81 cm.
Subsequently, the particle-size distribution, pH in water, and Zero Charge Point (ZCP)
according to the EMBRAPA (1997) methods were analyzed. The parameters of organic matter
(OM) (g g-1), organic carbon (OC) (g g-1) and cation exchange capacity (CEC) (cmolc dm-1)
were obtained by analyses of soils already made by Rabelo (2018).
2.2. Dyes and solutions
In this study Reactive Black 5 (RB5) dye (Color Index - Reactive Black 5, RB5,
C26H21N5Na4O19S6) was chosen as the model dye. RB5 is a reactive and anionic dye, belonging
to the Azo class.
RB5 is identified as a dye popularly used by the textile industry (Felista et al., 2020; El
Bouraie and El Din, 2016). Large amounts of RB5 are discharged in the watercourses in
developing countries (El Bouraie and El Din, 2016); also, this dye is commonly found in
dyebath effluents in higher concentrations than other reactive dyes (Pekakis et al., 2006).
Finally, the problem of contamination by RB5 has motivated several studies found in the
national literature (Pereira et al., 2019; Cruz Filho et al., 2016; Cruz et al., 2016; Cardoso et
al., 2011; Souza et al., 2010).
In order to simulate the actual dyeing process conditions used in the textile industries, the
RB5 solution was initially subjected to hydrolysis. In this procedure, the initial pH of the
solution was adjusted to 12.0 ± 0.05, with the addition of 20% (w / v) sodium hydroxide. Then,
the solution was heated for 60 minutes at 80 ± 2°C and stirred on a magnetic stirrer.
Subsequently, the solution was cooled to the ambient temperature, and the pH was adjusted by
adding hydrogen sulfide (0.1N) to 7.0 ± 0.05. Similar hydrolysis procedures were verified in
studies developed by Cunico et al. (2015) and Albuquerque et al. (2005).
2.3. Sorption kinetics
For the kinetic study, a solution of RB5 at a concentration of 25 mg L-1 was prepared by
dissolving 50 mg of RB5 in 2 L of distilled water. This value is within the dye concentration
range for the textile effluent according to El Bouraie and El Din (2016). After the hydrolysis
process, the solution was distributed in Erlenmeyers of 100 ml and assuming the soil/solution
proportion of 1:10 (5 g of soil to 50 ml of RB5 solution). All samples were prepared in triplicate
and stirred at 200 rpm on an orbital shaker for the times of 0.17, 0.5, 1, 3, 5, 8, 10, 16, 24, 48,
and 72 hours.
The experiment was performed at a temperature of 24 ± 2°C. In addition, after the samples
were removed from the shaker, they were filtered through 0.45 µm sterile membrane filters.
The quantification of the dye concentration in the samples was evaluated by reading the
absorbance at the wavelength identified by the scan (597 nm) using the Thermo Scientific
GENESYS 30 Vis Spectrophotometer.
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2.4. Sorption Kinetics Modelling
The results of the kinetic study were adjusted to the Pseudo-first order, Pseudo-second
order, and Intra-particle diffusion models.
The Pseudo-first order model is expressed according to Equation 1 (Lagergren, 1898).
𝑞𝑡 = 𝑞𝑒1 (1 − 𝑒 −𝑘1𝑡 )

(1)

Where 𝑞𝑒1 and 𝑞𝑡 are the amounts of dye adsorbed by soil mass (mg kg-1) at equilibrium
and by time (h), respectively, and 𝑘1 (h-1) is the Pseudo-first order constant.
The Pseudo-second order model is expressed according to Equation 2 (Ho and Mckay,
1999).
𝑞𝑡 = 𝑘2 𝑞𝑒2 2 𝑡 + 𝑞𝑒2

(2)

Where 𝑞𝑒2 is the amount of dye adsorbed by soil mass (mg kg-1) for the second-order model
and 𝑘2 (kg h-1 mg-1) is the constant of the Pseudo-second order model.
The intra-particle diffusion model is expressed according to Equation 3 (Weber and
Morris, 1963).
1

𝑞𝑡 = 𝑘𝑖 𝑡 2 + 𝑐

(3)
1

Where 𝑘𝑖 (mg kg-1 ℎ2 ) is the constant of the Intra-particle Diffusion model.
2.5. Sorption isotherms
A RB5 solution was prepared at a concentration of 40 mg L-1 to perform the isotherm
experiments. After performing the hydrolysis, the concentrations of 10; 15; 20; 25; 30; 35 mg
L-1 were obtained by dissolution. The tests were prepared in triplicate, maintaining the
proportion of 5 g of soil to 50 ml of solution used in the kinetics. All samples were stirred at
200 rpm on an orbital shaker until the equilibrium time determined in the kinetics was reached.
Afterward, they were filtered with 0.45 µm sterile membrane filters and the dye concentrations
in the samples were determined by absorbance measurement.
2.6. Sorption Isotherms Modelling
Sorption isotherms were adjusted to the linear and nonlinear Freundlich models. At
ambient concentrations, the sorption isotherm of organic pollutants in the soil can often be
considered linear and represented by Equation 4 (Martins and Mermoud, 1999).
𝑞𝑒 = 𝑘𝐷 𝐶𝑒

(4)

Where 𝐶𝑒 is the RB5 concentration in the solution (mg L-1) and 𝑘𝐷 is the distribution
coefficient for the linear model (L kg-1).
Freundlich adsorption isotherm considers the surface heterogeneity and assumes that
sorption occurs at sites with different sorption energies, being expressed in the nonlinear form
according to Equation 5 (Freundlich and Heller, 1939).
1

qe = KF Ce n

(5)

Where 𝐾𝐹 is the Freundlich constant (L kg-1) and n is the affinity coefficient (kg L-1).
A considerable portion of organic compounds sorption in soils is attributed to the organic
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content of the matrix. Therefore, it is essential to investigate the normalized sorption coefficient
of the organic carbon (𝐾𝑂𝐶 ), which is expressed by Equation 6.
𝑘

𝑤
𝐾𝑂𝐶 = 𝑓𝑐𝑜

(6)

Where 𝑘𝑤 is the soil partition coefficient and 𝑓𝑐𝑜 is the fraction of the soil organic content.
Therefore, the lower the Koc value is, the higher the concentration of the compound in solution
is and higher values indicate a tendency for chemical substances to be sorbed by the soil
particles (Gavrilescu, 2005).

3. RESULTS AND DISCUSSION
3.1. Soil characterization
The results of the analyses for the soils are shown in Table 1. For granulometric analysis,
the test was performed in duplicate, while PH and ZCP were performed in triplicate, the
respective standard deviations are presented.
Table 1. Main characteristics of the analyzed soils.
Layer

Sand %

Silt %

Clay %

79.395 ± 0.35

15.71 ± 0.20

4.895 ± 0.35

CM 1

pH in water

ZCP

OM *
(g g-1)

OC *
(g g-1)

CEC *
(cmolc dm-3)

8.26 ± 0.28

5.50 ± 0.20

2.17%

1.26%

7.4

6.01 ± 0.35

6.00 ± 0.35

1.67%

0.97%

3.3

Loamy sand
95.48 ± 0.40

4.205 ± 0.35

CM 2

0.315 ± 0.29

Sand

* Rabelo (2018)
± standard deviation.

3.2. Sorption Kinetics
The kinetic study shows that CM 2 (Sand) reaches equilibrium time for RB5 sorption faster
than CM 1 (Loamy Sand). Layers CM 1 and CM 2 achieved equilibrium at 16 and 10 hours,
respectively, and the maximum sorption was 81.81 mg kg-1 for CM 1 and 21.7 mg kg-1 for
CM 2.
Alexandre (2019), analyzed the sorption of Direct Black 22 dye for the same soils of this
study, finding an equilibrium time of 8 and 4 hours for CM 1 and CM 2, respectively. The first
layer adsorbed 122 mg kg-1, while the amount adsorbed in the second layer was 40 mg kg-1.
Therefore, these data corroborate with the present study regarding the higher sorption capacity
of CM 1.
The anionic or cationic nature of dyes can be used as the first parameter to understand the
mechanisms involved in the sorption process of these compounds in soils. Depending on the
soil pH, anionic dyes may bind to non-specific anion exchange sites such as Iron and Aluminum
oxides (Ketelsen and Meyer-Windel, 1999). On the one hand, when pH is lower than ZCP, the
matrix has a positively charged surface. On the other hand, if the matrix has a pH higher than
ZCP, the surface is negatively charged (Dawodu and Akpomie, 2016; Bachratá et al., 2013).
Positively charged surfaces favor the sorption of anionic species, while negatively charged
surfaces favor the sorption of cationic species (Dawodu and Akpomie, 2016).
In this sense, analyzing the sorption of Acid Yellow 23 dye in soils, Dawodu and Akpomie
(2016) highlighted that due to the anionic nature of the dye, it will be attracted by a positively
charged adsorbent surface, being the sorption optimal for pH lower than the ZCP of the soil,
which was 5.8.
Rev. Ambient. Água vol. 15 n. 2, e2491 - Taubaté 2020

6

Adriana Thays Araújo Alves et al.

The pH of CM 1 is higher than the ZCP value, and for CM 2, the value is approximately
equal, indicating that the analyzed soils have a low retention potential for the anionic RB5.
The experimental data of the kinetic study with the corresponding adjustments to Pseudofirst order, Pseudo-second order and Intra-particle diffusion models for CM 1 (Figure 1 a) and
CM 2 (Figure 1 b) can be seen in Figure 1. First, there is a rapid increase in sorption, which is
followed by a slow rise until equilibrium is achieved, indicating the amount for which the
adsorbed dye remains approximately constant.

Figure 1. Kinetics studies and adjustments for the Pseudo-first order,
Pseudo-second order and Intra-particle diffusion models for CM 1 (a)
and CM 2 (b).

The parameters concerning the adjustments of Pseudo-first order, Pseudo-second order,
and Intra-particle diffusion are displayed in Table 2.
Both Pseudo-first order and Pseudo-second order models describe well the experimental
data for both soil layers. However, qe1 and qe2 estimated values, which were similar to the real
ones, and the determination coefficients (R2), which are near to one, showed best adjustments
to the Pseudo-second order model. Studying the sorption of the anionic dye Acid Yellow 23 in
a Nigerian soil, Dawodu and Akpomie (2016) also found a good fit for the Pseudo-first order
(R2 = 0.977) and Pseudo-second order (R2 = 0.978) models, indicating the occurrence of several
simultaneous processes that are involved in sorption. In the Pseudo-second order model,
chemisorption is the rate-limiting step and sorption capacity is proportional to the number of
active sites occupied on the sorbent (Ho and Mckay, 1999). For intra-particle diffusion model,
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it is observed that the lines do not pass through the origin, indicating that the intra-particle
diffusion is not the only mechanism controlling the adsorption rate (Jiang et al., 2019), which
is also confirmed by the low determination coefficient for both soil layers.
Table 2. Kinetics parameters for RB5 sorption for CM 1 and CM 2.
Model

Parameter

CM 1

CM 2

Pseudo-first order model

k1 (h-1)
qe1 (mg kg-1)
R2

1.1244
78.5674
0.9886

3.6515
20.5762
0.9892

Pseudo-second order model

k 2 (kg h-1 mg-1)
qe2 (mg kg-1)
R2

0.0116
83.4193
0.9997

0.0792
21.9957
0.9998

Intra-particle diffusion

ki (mg kg-1 ℎ2 )
R2

7.4206

1.5372

0.9572

0.9525

1

The applicability of the Pseudo-second order model to describe RB5 sorption kinetics in
both soils is validated by the linearity, as shown in Figure 2 through the plotted graph of t/qt
values versus time.

Figure 2. Adjustment to the Pseudo-second order model for CM 1 and CM 2.

3.3. Sorption Isotherms
The parameters for the linear and nonlinear modeling are shown in Table 3. It was observed
that the RB5 sorption isotherms for both soil layers were nonlinear, and they were satisfactorily
described by the Freundlich model (R²> 0.9).
Freundlich isotherms model also satisfactorily described the sorption of Thioflavin dye in
sediments taken from the banks of the Váh River, in Šaľa city, Slovak Republic (Bachratá et
al., 2013), and of Basic Yellow X-5GL, Basic Red 13, Direct Blue 86, Vat Yellow 2 and
Mordant Black 11 dyes in sediments from the Qinghe River (Liu et al., 2001). Other studies
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also reported a good correlation of the Freundlich equation with experimental data of dye
sorption in soils, such as the Acid Yellow 23 (Dawodu and Akpomie, 2016), Basic Blue 9 (Sana
and Jalila, 2016), Congo Red (Smaranda et al., 2011), and Acid Red 14 dye (Qu et al., 2008).
Table 3. RB5 Sorption parameters for the linear and
Freundlich models.
Model

Parameter

CM 1

CM 2

Linear

𝑘𝐷 (L kg )
R2

5.2867
0.9478

0.9996
0.9082

Freundlich

KF (L kg-1)
R2
n (kg L-1)

8.6407
0.9970
1.1959

0.1868
0.9962
0.6659

-1

The results presented for both kD and KF confirm a more significant interaction of RB5
solution with CM 1 than with CM 2. These parameters are used to estimate the degree of
pollutants sorption in soils. Therefore, higher values, such as that verified for CM 1, indicate a
higher tendency of sorption in the solid matrix, and smaller values, such as CM 2, imply weaker
interactions between the dye and the matrix, resulting in greater mobility. The coefficient n for
CM 1 indicates sorption closer to the linear.
The results of KF enabled the determination of Koc, obtaining values of 685.8 and 19.2 L
kg-1 for CM 1 and CM 2, respectively. These values indicate for CM 1 a higher tendency of
these particles being sorbed by the soil. The inverse effect is verified for CM 2, for which the
Koc value implies a higher susceptibility to leaching losses.
The graphs corresponding to Freundlich model adjustments for CM 1 and CM 2 are shown
in Figure 3.

Figure 3. Freundlich isotherms for CM 1 and CM 2.

Considering the chemical composition of the sediment, it can be stated that its organic and
inorganic components will significantly affect the sorption capacity (Bachratá et al., 2013).
Regarding the organic component, Liu et al. (2001) verified a decrease in sorption of the anionic
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dyes Mordant Black 11 and Direct Blue 86 (25% and 40%, respectively), in a fluvial soil after
OC removal by H2O2 treatment. Therefore, the higher content of this component in CM 1 than
in CM 2 (1.26% and 0.97% of OC for CM 1 and CM 2, respectively) and the respective
maximum sorption capacities indicate the influence of soil organic component on RB5 sorption.
Besides the organic content, the dye molecules, in general, have a strong affinity with clay
minerals. The clay fraction of the soils was identified as predominant in the sorption of the
Bright Blue anionic dyes (Ketelsen and Meyer-Windel, 1999) and RB5 (Lazaridis and Keenan,
2010). Lazaridis and Keenan (2010) analyzed the sand, silt, and clay fractions before and after
RB5 sorption and they found that only the clay fraction showed a significant displacement in
its absorbance peak. Therefore, suggesting that no considerable sorption phenomenon occurred
for silt and sand fractions (Lazaridis and Keenan, 2010).
For cationic dyes, it is expected a more significant interaction with the clay content than
for the anionic dyes such as RB5. In this sense, in the sorption of three dyes in clays, Elmoubarki
et al. (2015) found a higher sorption capacity for cationic dyes Methylene Blue and Malachite
Green than for anionic dye Methyl Orange. This is because clay has a higher capacity for cation
exchange than for anion exchange due to its negatively charged layers (Errais et al., 2012).
However, the presence of kaolinite with acid surfaces favors the sorption of anionic dyes
because these minerals are the main adsorbent sites for these dyes (Errais et al., 2012).
Consequently, the higher retention of RB5 was verified for CM 1 and is correlated to the clay
content in soils (clay content of 4.895% for CM 1 and 0.315% for CM 2).

4. CONCLUSIONS
Sorption kinetics was best described by the Pseudo-second order model. The kinetic
sorption rates show the influence of soil characteristics, such as organic content and clay
content, on the RB5 sorption process.
This difference in sorption capacity for soils demonstrates the importance of studying the
soil as a heterogeneous medium, in which there are different behaviors of contaminants’
dissipation.
The isotherms had a nonlinear behavior for both soil layers, with the experimental data
satisfactorily adjusted to the Freundlich model. The isotherm parameters confirmed a more
significant interaction of RB5 with the loamy sand layer (CM 1) than with the sand layer (CM
2), indicating a lower leaching capability in the upper layer than in the lower layer, which is
more mobile for RB5 contamination.
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ABSTRACT
Although the analyses of characteristic hydraulic times are important diagnostic tools for
studying water mass exchanges and identifying areas prone to stagnation that are potentially
subjected to eutrophication effects, their concepts and uses are often misinterpreted. This paper
compares similarities and differences between widely used characteristic hydraulic times, CHT,
known as Residence Time, Times of Water Renewal Rates and Water Age. A proper definition
for each of these characteristic hydraulic times is stated to avoid the existing confusion with
multiple concepts in the literature. Methodologies to compute these CHT through
hydrodynamic modelling systems are presented and, in order to enhance understanding, applied
to three idealized cases in steady flow channels: (1) Channel with uniform flow; (2) Channel
with a lateral inflow; and (3) Channel with a lateral embayment. Finally, a practical example is
discussed by applying the methodologies to the Patos Lagoon (RS). The results for the idealized
channel cases are non-intuitive and this theoretical discussion clarifies the interpretation and
uses of different timescales and outlines the Water Age as the more versatile and
multifunctional timescale if compared to the others addressed here. The results for the Patos
Lagoon exemplify the valuable information that CHT can offer for environmental management
in natural water bodies.
Keywords: environmental hydrodynamics, hydrodynamic modelling, transport timescales.

Sobre tempos hidráulicos característicos através de modelagem
hidrodinâmica computacional: discussão e aplicação à Lagoa dos
Patos (RS)
RESUMO
Embora a análise de tempos hidráulicos característicos seja uma ferramenta importante
para estudar trocas de massas de água e identificar áreas propensas a estagnação de águas, que
são potencialmente vulneráveis a efeitos de eutrofização, seus conceitos e usos são
interpretados de forma errada com frequência. Este artigo compara as diferenças e similaridades
entre tempos hidráulicos característicos, CHT, amplamente utilizados, tais como: Tempo de
Residência, Tempo de Taxas de Renovação e Idade da Água. Definições precisas de cada um
This is an Open Access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.
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destes tempos característicos são incluídas neste trabalho com o intuito de evitar confusão entre
os múltiplos conceitos presentes na literatura. São apresentadas metodologias para o cálculo
destes CHT utilizando sistemas de modelagem hidrodinâmica e, a fim de aprimorar o
entendimento, aplicadas a três casos idealizados em canais de fluxo constante: (1) Canal com
fluxo uniforme; (2) canal com um afluxo lateral; (3) Canal com uma baia lateral.
Posteriormente, um exemplo prático é discutido aplicando as metodologias à Lagoa dos Patos
(RS). Os resultados para os casos de canais idealizados não são intuitivos. A discussão teórica
esclarece a interpretação e os usos dos diferentes tempos característicos e destaca a Idade da
Água como o mais versátil e multifuncional, se comparada com os outros CHT abordados neste
trabalho. Os resultados da Lagoa dos Patos são um exemplo do grande valor das informações
que os CHT oferecem para a gestão ambiental em corpos hídricos naturais.
Palavras-chave:
característicos.

hidrodinâmica

ambiental,

modelagem

hidrodinâmica,

tempos
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1. INTRODUCTION
The analysis of characteristic hydraulic times (CHT) has been used as an important
diagnostic tool. These analyses are helpful to track the water mass exchange (Monsen et al.,
2002), giving us an important knowledge of the hydrodynamics processes that helps water
bodies to recover from local pollution. Currently, transport models are the main tool used
worldwide to develop CHT analysis (Bacher et al., 2016). One can find numerous examples in
the literature of CHT studies on water bodies pressured by the surrounding population or by the
presence of industrial activity, that usually present environmental risks.
Du and Shen (2016) studied the Residence Time in the Chesapeake Bay, the largest estuary
in the United States and very important for local economy and ecology. Also, Ying et al. (2018)
and Qi et al. (2016) used CHT to study, respectively, the quality of water in deteriorated bays
due to anthropogenic influences and deteriorated lakes that face an eutrophication problem.
Water timescales analysis has been also developed in important lagoons like the Lagoon of
Venice in the northeast of Italy (Viero and Defina, 2016), or reservoirs like Jirau Reservoir
which shelters the Jirau hydropower system (Rosman, 2018), on Madeira River in the Brazilian
Amazon Region. Port zones have also been investigated using CHT, assisting in harbor
environmental management as stated by Grifoll et al. (2014), where the authors analyzed the
water renewal and mixing of the Barcelona harbor zone in the northwest Mediterranean Sea.
Despite the extensive use of CHT analysis, there is no consensus in definitions, concepts
and methodologies. As a result, several definitions of characteristic hydraulic timescales have
been published (Bolin and Rodhe, 1973; Zimmerman, 1976; Monsen et al., 2002; Delhez et al.,
2014; Cucco and Umgiesser, 2015; Liu et al., 2017; Huguet et al., 2019). There are several
concepts that are different from each other but are closely related between them, thus very
precise definitions are necessary to obtain correct result interpretations.
The purpose of this study is to contribute towards a consensus for concepts and
methodologies to calculate CHT and discuss correct interpretations of the results to stimulate
their applications in complex natural water bodies using hydrodynamic computational models.
The specific objectives were: (1) compare transport time scales widely used to measure water
retention and scalar quantities transported with water, focusing on the similarities and
differences between the concepts of Residence Time, Times of Renewal Rates and Water Age;
(2) describe and present clearly and accurately the procedures for computing these concepts;
(3) calculate Residence Time, Times of Renewal Rates and Water Age applied to idealized
cases to identify the influence of inflows and stagnation water areas in these CHT; (4) calculate
Residence Time, Times of Renewal Rates and Water Age in a natural water body, specifically
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in the Patos Lagoon (RS); and (5) identify challenges in analyzing results of Residence Time,
Times of Renewal Rates and Water Age in natural water bodies. It is important to clarify that
the objective of presenting CHT results in Patos Lagoon is to discuss correct interpretation of
the results for natural water bodies.

2. MATERIALS AND METHODS
We adopted in this work the following definitions: a) Residence Time (RT): given a domain
of interest in a water body with particles positioned at various locations in an initial time, the
RT for each particle is the time it takes to leave the specified domain as it is passively transported
by local currents; b) Times of Renewal Rates (TRR%) represents the time it takes to attain a water
renewal of X% in different regions of the water body; and, c) the Water Age (WA) indicates,
for a given position of the domain, the average time the water parcels that are in that position
remain in the domain of interest as the flow circulates through the domain.
The mathematical models for Residence Time, Times of Renewal Rates and Water Age
hereby presented were implemented and applied to three idealized channel cases and a natural
water body using SisBaHiA®, a professional well-tested computational system for
hydrodynamic modelling registered by COPPE/UFRJ, http://www.sisbahia.coppe.ufrj.br/. This
computational system has been successfully used in different projects and scientific research
(González-Gorbeña et al., 2015; Peixoto et al., 2017; Rosman, 2018; Silva et al., 2019).
Nevertheless, the following methodologies are not restricted to be used with SisBaHiA®, and
can be implemented in any other hydrodynamic numerical model.
In this work, the following SisBaHiA® models were adopted for numerical simulations:
the Eulerian Transport Model (ETM) to calculate the TRR% and the WA; and the Lagrangian
Transport Model (LTM) to calculate the RT. All transport models were driven by hydrodynamic
models included in SisBaHiA®. The governing equations for such model adopt a filtering
technique approach similar to Large Eddy Simulation to define turbulence stresses (Bedford
and Dakhoul, 1982; Smagorinsky, 1963; Leonard, 1975; Aldama, 1985; Rosman, 1987). The
spatial discretization is optimized for natural water bodies and uses mostly biquadratic
quadrilateral finite elements with nine nodes but can also include quadratic triangular finite
elements with six nodes. The spatial discretization is up to fourth order, depending on the mesh
irregularity. The temporal discretization uses second order implicit finite differences scheme,
mixing Crank-Nicolson (Crank and Nicolson, 1947) and Implicit Factored schemes (Beam and
Warming, 1978).
The SisBaHiA® ETM and LTM solve the advective-diffusive transport processes with
kinetic reactions and adopt filtering techniques to define turbulent diffusivities. The ETM is
suitable to simulate the scalar transport of dissolved substances in the water column, like
generic substances, contaminants or any order parameter that indicates water quality. The LTM
is ideal to simulate the scalar transport of substances that are floating, mixed or occupying only
one layer in the water column. Therefore, the LTM model is capable of simulating small-scale
clouds of contaminants and plumes. Ample details of SisBaHiA® models, equations and
numerical schemes are in Rosman (2019).
All the simulations carried out in this paper used the Hydrodynamic 2DH Model, where
the quantity conservation equations motion and the continuity equation are vertically averaged.
2.1. Residence Time Simulation
The most common characteristic hydraulic time is the Residence Time (RT). However, this
is a term that has different meanings depending on the scientific community or work. The
application of computational modelling allows the definition of the RT as a function varying in
space for different hydrodynamic conditions. Although there are many concepts applied to the
RT terminology, most of them considered it as the required time for a particle to traverse a given
Rev. Ambient. Água vol. 15 n. 2, e2456 - Taubaté 2020
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domain (Zimmerman, 1976; Monsen et al., 2002; Delhez et al., 2014; Du and Shen, 2016).
Bacher et al. (2016) presented a review of articles that use hydrodynamic modelling to calculate
Residence Time with lagrangian and eulerian approaches. Here, to calculate the RT within a
predefined region of the modelling domain, the LTM receives information directly from the
hydrodynamic model. Initially, the predefined domain is filled with neutral particles. The
particles represent centroids of water mass parcels inside the domain and therefore, they do not
occupy space. The model enumerates and associates every particle with its initial position and
release instant. The LTM of RT considers advective and dispersive processes of particles but
does not compute turbulent diffusion of water masses among particles.
The total simulation time is defined to characterize the period of interest, during which the
local currents transport all the particles. Whenever a particle exits the predefined domain, its
RT is recorded in its launch position. Hence, at the end of the simulation, the value of the RT of
each particle is registered at the launching position of the particle inside the predefined domain.
Particles that remained within the domain until the end of the simulation receive an RT equal to
the duration of the simulation.
2.2. Times of Renewal Rates Simulation
For heterogeneous and varied water bodies, it is better to use the eulerian approach, which
permits the analyses of parcels of water at different locations over time. In this approach, the
water flux passes through a control volume that is considered an observation point. For this
reason, if the goal is to analyze the characteristic time for water renewal, it is recommended
that the Times of Renewal Rates (TRR%) be computed directly at different points over time, to
obtain the time evolution of the renewal rates at different points of the study domain (Roversi
et al., 2016; Rosman, 2018).
Following the usual hierarchy of the models, an ETM that calculates TRR% receives
information directly from a hydrodynamic model. The TRR% simulation assumes a reference
value of Water Renewal Rate, WRR, equal to 0% for the waters that are inside the domain of
interest at the initial simulation instant. For renewal purposes, incoming waters, i.e., waters that
enter the domain by the open boundaries or through other inflows, such as rivers, have a
reference value equal to 100%. As new water with 100% reference value mixes with initial
water of 0% reference value an intermediary value is computed, indicating the percentage of
mixing at any given point in time.
To represent these two conditions, a generic substance with concentration C is used as a
tracer for new water. Consequently, at the beginning of the simulation, all the water enclosed
within the domain of interest is considered old and is prescribed with concentration C = 0. All
new water inflows in the domain after the initial time are considered new water with
concentration C = 100.
Then, due to the advection, dispersion and diffusive processes, the percentage of fresh or
new water in the domain will be directly proportional to this generic substance concentration,
varying from 0% to 100%. The values resulting from these simulations represent the percentage
of the mixing of new and old waters in each position of interest, delimited by the predefined
domain. The WRR will be different at each point of the domain because it depends on the
magnitudes of the currents and turbulence in different places and times, as a function of the
advective-diffusive transport.
The Times of Renewal Rates, TRR%, are the characteristic hydraulic times associated with
the concept of water renewal. It means the necessary time, with respect to the initial modelling
time, for a water parcel to reach a specific value of Water Renewal Rate, WRR.
2.3. Water Age Simulation
The Water Age is an extended and very discussed concept in literature with different
Rev. Ambient. Água vol. 15 n. 2, e2456 - Taubaté 2020
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methodologies (Deleersnijder et al., 2001; Li and Shen, 2015; Qi et al., 2016; Viero and Defina,
2016; Huguet et al., 2019). Here, the analysis of Water Age allows us to analyze the average
time that the water remains in the predefined domain over time. This time is estimated from the
decay of an age-marker passive substance present in water. To determine the decay time, a first
order decay kinetic reaction of the age-marker substance is mandatory, with a constant rate of
k > 0 and without other effects of losses and gains of mass.
To conceptualize the calculation, consider a uniform well-mixed volume of water in the
whole domain, with initial concentration C0 for the age-marker substance. Considering a firstorder decay kinetics, the time variation of the concentration of the age-marker substance, C (t),
is given by Equation 1:
𝑑𝐶
𝑑𝑡

= −𝑘𝐶

(1)

Whose analytical solution leads to Equation 2:
𝐶(𝑡) = 𝐶0 exp(−𝑘𝑡)

(2)

and hence Equation 3:
𝑡=

𝐶
)
𝐶0

−𝑙𝑛(

(3)

𝑘

Once the initial concentration C0 and a later concentration C (t) are known, the decay time
elapsed between the two concentration values defines the WA at the recorded time of C (t), in
respect to the initial condition.
The k unit is the inverse of time and it is easier to understand its magnitude by an equivalent
time, like the well-known half-life time denoted as T50. For example, it is more intuitive to
understand that every two days a given concentration will be reduced by 50% than to extract
𝑙𝑛(0.5)
this information from a reaction rate of k = -0.347/day. Note that 𝑇50 = − 𝑘 . Another very
useful equivalent time is T90, which is the time it takes for a 90% concentration reduction due
to decay processes. Note that T90 is equivalent to an order of magnitude decay, thence
ln(0.1)
𝑘=− 𝑇 .
90

When considering a water body in which new water with C = C0 inflows in multiple points
at different times and outflows of water with different decay periods might occur at different
points and times, it becomes evident that the C will be a function of space and time. Therefore,
the WA will also be a function varying in space and time. Hence, at a given position and instant,
due to turbulent advective-diffusive transport mechanisms, the WA function value represents an
average age for the local water mixture, which is composed of water parcels with different ages,
given by Equation 4:
𝑊𝐴 (𝑥, 𝑦, 𝑡) =

− ln(

𝐶(𝑥,𝑦,𝑡)
)
𝐶0

𝑘

(4)

Regarding the decay kinetics, the value of WA does not depend on the value of the decay
rate k, because the resulting values of C are consonant with k. However, in natural water bodies,
with space-time varying flows, different values of k will cause different concentration gradients.
In the mass balance equation for the decaying age-marker substance, the turbulent advectivediffusive balancing fluxes depend on the concentration gradients, and due to that, the resulting
WA can differ slightly for different values of the decay rate. For this reason, it is important to
prescribe a suitable k value to obtain proper results for water age function WA (x, y, t).
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As the numerical accuracy is limited, the decay constant k must be carefully chosen in
terms of the equivalent T90. For every elapsed T90 in a simulation, a decay of one order of
magnitude occurs, which involves a decimal place. If T90 is too large in relation to the duration
of the modelling, the decay may be so small that the values of C will be always very close to
C0. On the other hand, if the given T90 is too small in relation to the duration of the modelling,
the values of C will approach zero rapidly, the gradients of C will be more pronounced near the
inputs and the effects of advective-diffusive balancing fluxes terms will have more influence
on the estimation of WA. Both cases may generate inaccuracy. For best results, suitable values
of k should have an equivalent T90 between half and double the duration of the simulation.
To calculate the WA with SisBaHiA®, the ETM receives information directly from a
hydrodynamic model. A primary initial condition C (x, y, t0) = C0 = 1 is set throughout the
domain. Therefore, at the beginning WA= 0, since ln (1) = 0 in all locations. During the
simulation time, the new waters that enter the domain by the open boundaries or through other
inflows, such as rivers, have age zero and, therefore, must have age-marker substance
concentration equal to one, i.e., C (xi, yi, t) = C = 1.
As the initial waters and the new waters with WA= 0 are mixed and transported in the
system domain, the value of C decreases at each point as a function of the decay process. Thus,
the value of WA becomes different at each point because it depends on the magnitude of the
currents and the turbulence at each location during the simulation time.
An important consideration about the hydrodynamic models linked with transport models
for the analysis of Water Age is that precipitation and evaporation should not be included. These
two processes produce a change in the water volume and can lead to distortions in the result of
Water Age due to dilution or intensification of the concentration of the age-marker substance
used to calculate WA. In natural systems where it is necessary to include these effects, such as
lakes, for example, equivalent lateral flows could be used to incorporate the mass of the
reference substance, or infiltration and exfiltration processes.
The total simulation time to analyze Water Age should be enough for the simulation to
achieve a dynamic equilibrium. An appropriate duration should be approximately the time
required for a renewal of at least 50% of the water of the system that is being modelled. This
duration can be estimated doing a previous modelling of TRR%.
2.4. Study Cases
For the idealized tests, three processes were approached using steady flow situations: (a)
water exchanges in a uniform channel; (b) the effect of lateral inflows; and (c) the effect of
water stagnation areas.
Therefore, to analyze CHT for these cases, three numerical steady flow tests were
developed: Test 1 - Channel with uniform flow; Test 2 – Channel with a lateral inflow; and,
Test 3 – Channel with a lateral embayment, to represent a stagnant prone zone.
The simple geometry of all tests allows an easy and intuitive interpretation of the results,
facilitating the observation of the influence of each variable and, in this case, the physical result
of water renewal using the concepts of Residence Time, Times of Renewal Rates and Water
Age. All tests employed similar computational domain and mesh discretization, with changes
only to include a lateral inflow in Test 2 and a lateral embayment in Test 3. Next sections
describe the characteristics of each test, which were modelled using SisBaHiA®.
For all tests, the respective channel has an equivalent bottom roughness amplitude of
0.02m, which results in Chézy coefficient values 𝐶ℎ ≅ 50m½/s.
Test 1. Channel with uniform flow
This test considers a straight channel with 10km extension and 600m width. The initial
conditions were a predefined water level gradient and homogeneous water column, H = 2m. At
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the upstream boundary, there is an inflow of Q1=300m3/s uniformly distributed, and at the
downstream boundary the water level is given as –0.125m. The channel’s bathymetry has a
slope to result in a uniform and steady flow in the channel, with a depth averaged velocity of
0.25m/s. Figure 1 schematizes Test 1, whose domain was discretized with a quadratic finite
element mesh with 300 quadrilateral elements of 200m × 100m, v. Figure 2.

Figure 1. Idealized modelled channel scheme for Test 1.

Figure 2. Left: Modelling domain of the channel for Test 1 to Test 3 with the finite
element mesh, bathymetry, and the position of Station A used to present the results. Axes
represent local coordinates in metres. In the figure, the elements are shown with internal
lines connecting the 9 nodes of each element. Right: Modelling domain of Patos Lagoon
with the finite element mesh, bathymetry, and the position of stations A-B used to
present the results. Axis in UTM coordinates (WGS84, 22S).

Test 2. Channel with a lateral inflow
Test 2 was carried out with the same modelling domain and the same initial conditions
used in Test 1. To simulate a lateral inflow on the mainstream, a constant inflow of Q2=200m3/s
was introduced in the center of the left margin of the channel, as shown in Figure 2. The
resulting velocity field for this test is steady and varied along the channel.
Test 3. Channel with a lateral embayment
Test 3 considers the same channel with a 10km extension and a 600m width but has a
lateral embayment in the center of the channel, with a width of 600m and a length of 1000m.
Figure 2 presents the discretized domain, with a quadratic mesh of 336 quadrilateral finite
elements of 200m × 100m. The initial conditions were the same as those established in Test 1,
with a constant and spatially distributed discharge of Q1=300m³/s upstream, the water level
Rev. Ambient. Água vol. 15 n. 2, e2456 - Taubaté 2020
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fixed at –0.125m at the downstream boundary. The resulting velocity field is steady and varied
along the channel.
For all the idealized tests, the total simulation time was 24h. For Test 1, the travel time
along the channel is approximately 11h but the total simulation time was extended to 24h
because Test 3 requires even longer to fully renovate. It is worth mentioning that for all the
idealized tests the time step of the hydrodynamic model was 60s, with a maximum Courant
number of 6.5. To compute the RT with the LTM for all the idealized tests, the entire domain
was filled with neutral particles one-metre apart from each other.
Patos Lagoon study case
Patos Lagoon is located in the state of Rio Grande do Sul, Brazil, and extends from
latitudes 29.99° S to 32.20° S with mean longitude of 51.40° W, Figure 3. It is the largest
choked coastal lagoon in the world (Kjerfve, 1986), with over 300km in length and an average
width of 40km, its surface covers about 10360km2. The lagoon receives waters from an
approximately 200000km2 drainage basin (Seeliger et al., 1997). Socioeconomic activities such
as agriculture and extensive livestock farming have been developed around the lagoon
(Fernandes, 2001).

Figure 3. Localization and satellite view of Patos Lagoon (Lansat 8 OLI,
2016).

The Lagoon is connected to the ocean through a channel located at its southern end, the
Rio Grande Channel (Marques et al., 2009). The Port of Rio Grande, the second most important
port in Brazil for the development of Brazilian international trade (Rio Grande do Sul, 2019),
is near the mouth of the lagoon at the Atlantic Ocean. Patos Lagoon is navigable by vessels
from the mouth to Guaíba Lake, northwest of the lagoon (Martelo et al., 2019). The so-called
Guaíba Lake is the main source of fresh water supply to the metropolitan area of Porto Alegre,
the State capital, with a population of about 4.3 million inhabitants (Bendati et al., 2000).
Studies of hydraulic timescales could characterize areas prone to stagnation and indicate critical
measurement points for quality monitoring programs. The delimitation of zones whose waters
are mostly renewed by riverine or tidal flows are some of the relevant results that could be
extracted from the modelling of CHT in Patos Lagoon.
Rev. Ambient. Água vol. 15 n. 2, e2456 - Taubaté 2020

On characteristic hydraulic times through hydrodynamic modelling …

9

The computation of CHT to Patos Lagoon serves as a guide for applications and results
interpretations for other studies. Patos Lagoon was chosen to compute CHT for the following
reasons:
● Seasonal changes significantly modify its hydrodynamic circulation, due to changing
winds, river discharges and storm surges;
● It has a connection with the sea and, therefore, a tidal influence area;
● There are important economic and industrial activities in its basin;
● In terms of CHT, there are just a few studies related to Residence Time of the lagoon,
in a traditional way, which differs significantly from what we present ahead (Moller, 1996;
Fernandes, 2001).
The adopted modelling domain of Patos Lagoon, shown in Figure 2, and the hydrodynamic
model for the Patos Lagoon is the same as that which was calibrated and validated for the hydrosedimentological analysis concerning the National Dredging Plan of the National Secretary of
Ports, of the Brazilian Federal Government (COPPETEC, 2015).
The modelling domain of Patos Lagoon includes all the lagoon and vicinal coastal areas.
It has a variable depth distribution, with an average of 6m, making the lagoon a very shallow
water body, tending to be vertically well-mixed. The entrance channel is about 22km long, 2km
wide and approximately 12m deep. The main port terminals are in this channel, in which the
water column can be vertically stratified by saline intrusion. Bathymetry data, derives from
nautical charts of the Directorate of Hydrography and Navigation of the Brazilian Navy, and
other available data from surveys in the channels, and it is referred to mean sea level at Rio
Grande Port. The sediment characterization of the Patos Lagoon and the most distant areas of
the navigation channels is predominantly silty, with fractions of sand and clay (Toldo Jr. et al.,
2005). In the port areas, available sediment data from surveys were used (DNIT, 2007; FURG,
2008). The discretization of the domain used 1982 quadratic finite elements, containing 8149
calculation nodes. In Figure 2, the mesh grid is shown with internal lines connecting the 9 nodes
of each quadrangular element and the 6 nodes of each triangular element.
For a better characterization of the hydrodynamics and water renewal, this study considers
two seasonal scenarios: a Summer/Dry scenario and a Winter/Wet scenario, from 12/21/2010
to 03/20/2011 and 06/21/2011 to 09/23/2011, respectively. For both scenarios, the modelling
includes effects of astronomical tides and storm surges, the main tributary rivers and local
winds. Due to the importance of waves generated by local winds in Patos Lagoon,
the hydrodynamic model was coupled with the wave generation model . Storm surge effects in
the mean water level were obtained from averaging daily measurements. The astronomical tide
levels, generated from the main harmonic constants of a tidal station, were also considered
despite their minor influence on the hydrodynamic regime. Both stations were located at the
end of the Rio Grande Channel. The NCEP Reanalysis Model (Kistler et al., 2002) provided
the wind data used in this modelling, for 25 points distributed along the modelling area at a
resolution of 0.5º. For the period covered, the northeast quadrant winds are predominant, and
the highest velocities were 16m/s. When cold fronts hit the study area, winds of the southwest
quadrant were observed. These events generate a set-up and set-down mechanism of oscillation
with the nodal line in the mid lagoon area. This oscillation has the same period of the passages
of frontal systems for this region, 3 to 10 days, which occurs more frequently in winter. Figure
4 shows the sea level boundary condition and the wind regime for the two scenarios.
The modelling considers the inflows of the three main tributaries: daily flow data from
ANA (2015) for Jacuí River and Camaquã River, and a mean annual value for São Gonçalo
Channel (Bordas et al., 1984; Hartman and Harkot, 1990; Vaz et al., 2006). Jacuí River is the
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river with higher discharge seasonal changes; it has a maximum discharge approximately of
1600m3/s for the Dry scenario and 16000m3/s for the Wet scenario.
For the simulation of CHT in Patos Lagoon, the total simulation time was 3 months for
each scenario, the time step of the hydrodynamic model was 100s, with a maximum Courant
number of 26. To compute the RT with the LTM for the Patos Lagoon simulation, the entire
domain was filled with around 13100 neutral particles, no more than 1000m apart.

Figure 4. Sea level boundary condition and wind regime for Dry and Wet Season
scenarios.

3. RESULTS AND DISCUSSION
3.1. Residence Time
Figure 5 shows the isolines maps for the three idealized tests at the end of the RT
simulation. At the end of the simulation, the particles that have not left the channel have a R T
value of 24h. As it can be seen, the RT presents different values along the channel. For all cases,
as expected, next to the open boundary the water RT is minimum. For Test 1 and Test 2, the
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water in the upstream of the channel has the maximum RT. For Test 3 the maximum RT is within
the lateral stagnant embayment.
Comparing Test 1 and Test 2, the influence of the lateral inflow is noticeable. The lateral
inflow imparts a faster flow in the downstream half of the channel, resulting in a RT lower at
such half of the channel in Test 2 if compared to Test 1. The lateral inflow creates a backwater
upstream of the confluence, which hinders the flow, making the RT higher in the upstream half
of the channel if compared to Test 1. This is a relevant aspect, because when planning a
monitoring campaign, it is important to consider relevant inflows entering the mainstream.

Figure 5. Above: Maps of isolines of Residence Time, for the end of the 24h
simulation for Test 1 to Test 3. Below: Maps of isolines of Residence Time for the end
of the three-month simulation for the Dry and Wet scenarios in Patos Lagoon.

In Test 3, the left margin upstream of the lateral embayment presents values of RT higher
than the right. This happens because particles flowing in the left margin are tapped in the lateral
embayment. These particles are retained in the stagnation area and require more time to leave
the channel. In the lateral embayment yet, particles remain trapped in this region during the 24h
of simulation, so the RT = 24h. The RT analysis shows that stagnation areas in relatively low
flows, like the one presented in the idealized channel, can confine water. In nature, this
represents regions with low water renovation that are prone to trophic processes. In the case of
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Test 3, results showed particles retained at the stagnation area during the whole simulation time.
This is not a completely realistic situation compared with eddy areas in natural flows, where
diffusive processes would cause mixing with water parcels outside of the eddy area.
The results of Patos Lagoon in Figure 5, at the final time of the RT simulation for the Dry
and Wet season scenarios, show that the particles that did not exit the lagoon after the 90-day
simulation period got a RT value of 90 days. For both scenarios, the northern region has a higher
RT than the rest of the lagoon, but the isolines maps show relevant seasonal differences.
For the Dry scenario, all the particles that were at the initial time in the north region do not
leave the lagoon after 90 days. For the Wet scenario, the RT value decreases from 90 days to
approximately 70 days in the northwest region. As stated in the idealized channel Test 2, river
discharge is not represented in RT simulations as new water entering the modelling domain.
Although, the influence of significantly higher values of Jacuí River discharges during the wet
season are noticeable. The stronger velocities induced by Jacuí River allow the particles of the
northwest region to reach the middle lagoon area. In the middle of the lagoon, the influence of
frontal systems forces the entrance of sea water, increasing the magnitude of the velocities and
allowing the particles located in the southern areas to exit the lagoon through the Rio Grande
Channel. Smaller river discharges that have no relevant influence on the hydrodynamics, such
as the Camaquã River, do not influence significantly the final result of RT.
Tidal influence is observed comparing the Dry and Wet RT results in the saline intrusion
area. For Dry scenario, when river discharges of Jacuí River are smaller, tidal entrance is not
restrained and the isolines of RT < 20 days are located in a more internal zone of the lagoon.
The preferential flow course is on the right of Rio Grande Channel and, consequently, the R T
of the little estuarine arms located at the left of the channel is higher. For the Wet scenario,
Jacuí higher discharges imply stronger opposition to tidal entrance and, therefore, values of RT
< 20 days are limited to a narrower estuarine area. In this scenario, the difficulty of tidal flow
to enter the lagoon induces the flow to pass through the estuarine channels, reducing the R T in
this area if compared to the Dry scenario.
In the northwest region, for both scenarios, RT is 90 days. This means that the particles that
were initially in that region remain in the lagoon domain. However, from RT results, one cannot
know to where those particles were transported. Even though, if particles are retained in this
natural embayment, the result would not be a completely realistic situation in eddy areas in
natural flows, where diffusive processes would cause mixing with water parcels outside of the
eddy area. Since a particle represents the centroid of a water mass distribution, it is important
to remember that lagrangian modelling of RT considers advective and dispersive processes of
particles but does not compute turbulent diffusion of water masses among particles. Therefore,
in heterogeneous water bodies such as the Patos Lagoon, particles transported just by advective
and dispersive processes could result in nonrealistic mixing situations, due to the lack of proper
turbulent diffusion.
3.2. Times of Renewal Rates
To present the results of the Times of Renewal Rates models, Figure 6 shows isolines maps
of renewal rate at a specific TRR%. For this study and the idealized cases, the time of TR50% at
the downstream station A, v. Figure 2 was chosen. A TR50% at Station A is the time when 50%
of the water at A entered the modelling domain after the initial simulation time. Consequently,
the other 50% is from waters that were already in the channel at the initial time, but certainly
not in the same place as Station A.
For the idealized cases, Figure 6 shows that the isolines of Renewal Rate, for the time of
TR50% at Station A, for Test 1 and Test 2 are very similar, but the effects of the lateral inflow in
Test 2 are noticeable. For Test 1, water renewal is homogeneous along the channel section at
Station A. For Test 2, due to the lateral inflow, the Renewal Rate along the section of Station
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A varies from 45% in the right margin of the channel to 80% in the left margin. For Test 3, the
isolines show that a plume of water with lower Renewal Rates exits the lateral embayment and
arrives at the end of the channel producing a variation of Renewal Rate from 10% to 60% across
the channel section of Station A.

Figure 6. Above: Map of isolines at the time TR50% at the center of the outflow section of
the channel, Station A, for Test1 (TR50%= 11.1h), Test 2 (TR50%= 9.8h), and Test3 (TR50% =
11.4h). Below: Map of isolines at the time TR50% at the center of the lagoon, Station B, for
the Dry scenario (TR50% = 41 days), and the Wet scenario (TR50% = 39 days).

For the Patos Lagoon case, Figure 7 represents the isolines maps of renewal rate at the
specific TR50% in station B located in the middle of the lagoon, as depicted in Figure 2. The
higher discharge of Jacuí River in the Wet scenario is responsible for almost 100% of water
renewal of Guaíba Lake, the embayment that receives this affluent. Jacuí River is also
responsible for the greater water renovation of the north half of the lagoon, 20% higher for the
Wet scenario if compared with Dry scenario. Observing the results of the natural northeast
embayment for both scenarios, the influence of higher Jacuí River discharges accelerates water
renewal up to TR50% = 40 days approximately. From this result, one can conclude that water
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parcels that initially were in this embayment at the beginning of the simulation, were mixed
with more renovated waters that come from Jacuí River. This information, which cannot be
derived from the RT results, is important for management and monitoring decisions.
The saline intrusion region does not present relevant seasonal changes. Water renewal in
this area occurs due to tidal and storm surge effects and water 100% renovated discharges of
the two main river tributaries of this region. Notice that the isoline of more than 90% renovated
near São Gonçalo Channel is more far away from the mouth of the channel in the Dry scenario
than in the Wet scenario. This is the case because the intense discharge of Jacuí River blocks
the flow of São Gonçalo Channel during the Wet scenario.

Figure 7. Above: Map of isolines of Water Age at the end of the 24h simulation
for Test 1 to Test 3. Below: Map of isolines of Water Age at the end of the threemonth simulation for the Dry and Wet scenarios in Patos Lagoon.

3.3. Water Age
During the Water Age simulation, as hydrodynamic circulation progresses, parcels of
newer waters are mixed with older ones. Advection, diffusion and decay processes continue
varying WA in space and time, so the value of WA becomes varied and variable.
Figure 7 presents the WA spatial results at the end of 24h of simulation for the idealized
cases. For each case, these results represent the average age of the water mixture at each point.
As the inflows enter on the channels with WA = 0, the water parcels next to them, with WA > 0,
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are mixed and renewed rapidly, decreasing the resulting WA of the mixture. This is noticed at
the left of Figure 7, at the beginning of the channel for the three tests and at the center for Test
2 case, where there is an additional lateral inflow. The influence of the lateral inflow is noticed
in the results of Test 2, where there are newer waters at the right margin of the channel. This
analysis, together with those previously presented for Test 2 in the RT and TRR% sections, shows
the importance of properly considering inflows in characteristic hydraulic time analyses in
natural water bodies where rivers have a significant influence. At the final time of the
simulation, where equilibrium is reached, both embayment margins present approximately
values of WA=20h. For the modelling cases addressed here, the equilibrium is static because
the flux is steady. The WA simulation considers the diffusion processes, so the water mixing is
better represented in the results than in the Residence Time analyses.
The Patos Lagoon maps of Figure 7 present the WA spatial results at the end of the threemonth simulation for each scenario. The results show clearly the influence of river inflows in
the northern part, and the influence of tides in the southern part. This limit is clear in the 32day isoline in the central part of the lagoon for WA results. For both scenarios, as observed in
Test 2 for the idealized channel, as the river inflows reach the lagoon with WA = 0, they mixed
with water parcels with WA > 0 and renewed rapidly the surrounding areas. The water renewal
is, therefore, highly related to the river discharge.
Seasonal changes of Jacuí River discharges modifies WA in the northwest of the Patos
Lagoon from 45 days for Dry scenario, to 35 days for the Wet scenario. As pointed out in the
previous results, in the northeast of the lagoon there is a natural embayment that hinders water
renewal. Water parcels positioned in this area did not mixed easily with the surrounding water
parcels. This information is evident observing the Wet scenario results, since WA is 50 days in
the embayment area and 37 days outside it.
In the southern half of the lagoon, water renewal is more influenced by tidal effects.
Comparing the results of WA in this region, there are no relevant differences between the two
seasonal scenarios. Therefore, one could say that the most important seasonal differences in
Water Age are mainly ruled by the seasonal Jacuí River discharge variations.
In natural flows, there is no static equilibrium as occurs in steady flows. The equilibrium
is dynamic, and, after enough time of simulation, the water age fluctuates around a value
depending on the fluctuations of the main hydrodynamic forcing effects, such as tides or river
flows fluctuations, for example. After three months of simulation for both scenarios, only the
south of the lagoon and the Jacuí River region reached the dynamic equilibrium. The north and
the northeast of the lagoon did not reach it, meaning that these areas would achieve higher
values that 55 days of WA at their dynamic equilibrium, which makes this area especially
vulnerable to eutrophication effects. Consequently, this region of Patos Lagoon must be
monitored as it is more vulnerable to trophic processes.

4. CONCLUSIONS
The results presented in this paper showed that, even in idealized situations with simple
domains and controlled flux alterations, non-intuitive results for CHT arise. Therefore, a clear
understanding of the concepts regarding different CHT, and the methodologies adopted to
compute each case are of paramount importance. When considering the same idealized test,
even though the Residence Time, the Times to Renewal Rates and the Water Age analyses
represented the same hydrodynamics conditions, the isolines results are visually quite different
for each case. These different results conform to the definitions of each concept and the
methodology used to compute them. However, if the result interpretation is addressed careless
or without a good understanding of the concepts and methodologies behind the characteristic
hydraulic times, it could lead to wrong conclusions due to mistaken interpretations. Identifying
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correctly the regions with lower WRR and higher WA and RT is important because they indicate
likely stagnant areas potentially vulnerable to eutrophication effects. This explains the
importance of presenting the idealized channel results and discussions included in this paper
before presenting the CHT results for Patos Lagoon.
A discussion about lagrangian and eulerian approaches to compute characteristic hydraulic
times has also been addressed. The application of the CHT modelling in Patos Lagoon, a
heterogeneous water body, the traditional concept of Residence Time, even using the lagrangian
approach that allows RT varying in space and time, showed that it is not ideal. The methodology
adopted here considered neutral particles, which do not represent diffusion processes that is
important in stagnation areas. The eulerian approach at the applied CHT model proved to be a
better option since diffusivity is considered. If the objective is to analyze the time it takes for a
given point of the modelling domain to reach a certain water renewal, it is recommended to use
the Times of Renewal Rates. However, if the objective is to analyze for how long, on average,
the waters remain in the predefined domain over time, it is recommended to apply the Water
Age concept presented here.
The Water Age concept proved to be a versatile and multifunctional characteristic
hydraulic time in the idealized tests and in Patos Lagoon. A good understanding of the concept
and computation of WA allows, depending on the characteristics of the case, an estimation of
the Travel Time, Residence Time or Time of 50% of Renewal Rate of Waters of a region.
Monitoring campaign decisions such as the number of sampling sites or the sampling time
should be made after Water Age analyses, to see stagnation areas where relevant
biogeochemical processes could occur. After analyzing the WA results for Patos Lagoon, the
north and northeast areas were highlighted as the areas where quality monitoring is more
needed. These results are useful to make decisions that could save funds in monitoring
campaigns. Therefore, the use of WA as the characteristic hydraulic time is recommended
rather than the other concepts addressed here. However, it has been also presented that each
CHT gives diverse information, related to its own CHT definition and computation
methodology, about the processes involved in water renewal. Consequently, for a better
understanding of renewal processes in natural water bodies, it would be recommended that more
than one CHT be analyzed.
Finally, this study contributed to clarify widely used CHT concepts that have been
frequently used without a unified definition in the literature, leading to misleading
interpretations. The results presented here for Residence Time, Times to Renewal Rates and
Water Age for simple and intuitive hydrodynamics conditions helped to describe the meaning
and the correct interpretation of the results associated with the idealized tests and Patos Lagoon.
The results presented for the CHT analysis in Patos Lagoon exemplifies the useful
information that can be extracted from CHT analysis and the advantages of using CHT as a
prerequisite for the development of water quality monitoring campaigns in natural water bodies.
Thus, this work intends to serve as a guide for future application and results interpretation of
these concepts in environmental management and monitoring programs.
For a more precise characterization of the RT, TRR and WA in Patos Lagoon, a revision and
actualization of the environmental data used for the modelling must be done, in addition to a
calibration and validation process using water level and/or current data measured at different
points of the lagoon.
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ABSTRACT
Chemical contamination of the water supply system caused by anthropic activities can
cause adverse health effects. This study determined the presence of toxic metals, organic
substances, pesticides and trihalomethanes in the water supply systems of the urban area of
Ibague City. The economic and sanitary activities located in the 25 surface streams of the 32
water supply systems of the municipality were characterized. A total of 25 water samples were
taken from the surface streams, and 35 samples in the water network of each drinking water
service provider for the identification of pesticides (carbamates, organochlorines,
organophosphorus), mercury, arsenic, cyanide, lead, cadmium, antimony, cobalt, selenium,
silver, nickel and hydrocarbons. The presence of trihalomethanes was sampled after the
treatment process given. A total of 775 economic and sanitary activities were detected in the
surface streams of the water supply systems, highlighting the human settlements, agricultural
and tourist activities impact on the water sources. Organochlorine pesticides (0.009-0.109
mg/L), mercury (0.001-0.004 mg/L) were identified in the water supply system in
concentrations higher than those permitted by local regulation. Concentrations of
trihalomethanes (0.064-1.260 mg/L) were detected in 68.7% of the water supply systems with
treatment. The presence of chemical contaminants occurs mainly in communities with water
supply systems of low complexity with high anthropic affectation. It is necessary to strengthen
the assessment of hazards and risk by health surveillance, as well as intersectoral intervention
for the protection of water sources and the improvement of water treatment technologies.
Keywords: environmental health, mercury, pesticides, trihalomethanes, water contamination.

Presença de pesticidas, mercúrio e trialometanos na água para
consumo humano em Ibagué, Colômbia: ameaças à saúde humana
RESUMO
A contaminação química do abastecimento da água causada por atividades antrópicas pode
causar efeitos adversos à saúde. O presente estudo propõe determinar a presença de metais
This is an Open Access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.
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tóxicos, substâncias orgânicas, pesticidas e trihalometanos dos sistemas de abastecimento da
cidade de Ibague, Colômbia. Foram caracterizadas as atividades econômicas e sanitárias
presentes em 25 fontes de água superficial de 32 sistemas de abastecimento de água da área
urbana do município. Se coletaram 25 amostras de água das fontes superficiais de água e 35
amostras do sistema de abastecimento de água para identificação de pesticidas (carbamatos,
organoclorados, organofosforados), mercúrio, arsênico, cianeto, chumbo, cádmio, antimônio,
cobalto, selênio. prata, níquel e hidrocarbonetos. A presença de trihalometanos foi avaliada no
pós-tratamento. No total, 775 atividades econômicas e sanitárias foram detectadas nas fontes
de água superficial do sistema de abastecimento de água, destacando o impacto dos
assentamentos humanos, das atividades agrícolas e turísticas nas fontes de água. Pesticidas
organoclorados (0,009-0,109 mg / L), mercúrio (0,001-0,004 mg / L) foram identificados no
sistema de abastecimento de água em concentrações superiores às permitidas pelos
regulamentos. Concentrações de trihalometanos (0,064-1,260 mg / L) foram detectadas em
68,7% do sistema de abastecimento de água com tratamento. A presença de contaminantes
químicos ocorre principalmente no abastecimento de água comunitaria de baixa complexidade
com alta afetação antrópica. É necessário fortalecer a avaliação de perigos e riscos pela
vigilância sanitária, bem como a intervenção intersetorial para a proteção de fontes de água e o
aprimoramento das tecnologias de tratamento de água.
Palavras-chave: contaminação da água, mercúrio, pesticidas, saúde ambiental, trihalometanos.

1. INTRODUCTION
Water quality is an essential component of public health. Chemical contamination of water
sources is increasing; 30% of sweet water is used by industry and municipalities, generating
large areas of highly contaminated wastewater. Anthropogenic activities, such as industry,
agriculture, and discharge of large amounts of organic and inorganic toxic fuels, increase the
health risks associated with these substances (Schwarzenbach et al., 2010, Fawell and
Nieuwenhuijsen, 2003). Industrial pollutants intensify the contamination of water systems
because treatments that control infectious agents are not effective in removing many toxic
chemicals from drinking water (Landrigan, 2018).
In Colombia, the quality of water supply is regulated by Decree No. 1575/2007 and
Resolution No. 2115/2007 (Colombia, 2007). In routine surveillance, some chemical
substances are monitored, among them: zinc, calcium, phosphates, manganese, molybdenum,
sulfates, chlorides, iron, aluminum, calcium, fluorides, nitrites, nitrates and magnesium.
However, toxic chemicals, such as pesticides, mercury, arsenic, cyanide, lead, cadmium,
antimony, cobalt, selenium and silver, are not routinely monitored by Colombian sanitary
surveillance. In these cases, the toxic chemical substances are subject to surveillance if
anthropic activities associated with the release of these substances are identified in water
sources of the water supply system and their presence confirmed in the water supply according
to Resolution No. 4716/ 2010 (Colombia, 2010).
The increase in local agriculture, industry, mining, and increasing urbanization in
Colombia implies an increase in potentially toxic substances in the water. An evaluation of the
progress towards the goals for drinking water access of the Millennium Development Goals
(MDGs) for Colombia shows a level of partial compliance with the established goals. By 1990,
88% of the total population had safe water sources, distributed in 97% of the urban population
and 69% of the population in the rural areas, for which a goal of 99.2% and 78.1% respectively
was established. By 2014, 91% of the population had access to safe water sources, 97% in urban
areas and rising to 74% in rural areas, evidencing enormous inequities in the provision of the
public service of safe water between these sectors, as well as critical territorial gaps that deserve
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priority attention (UN, 2015).
It is essential to understand that safe sources of water are defined as connections to the
water supply, pipe, well, pump, bottled water, tank car, and public battery. In this definition,
there is no emphasis on the evaluation of potability standards. Therefore, many safe water
sources must be monitored for quality to determine their true impact on health.
The monitoring of water quality carried out in 1,067 municipalities (96.8%) of Colombia
in 2014 pointed out the problems of water quality, considering that only 195 (18.3%) met the
standards established by the Colombian regulations presenting an acceptable IRCA (Water
Quality Risk Index) of 502 (47%) within the partial compliance range, and 370 (34.7%) did not
comply with the established standards (Guzman et al., 2015). The present study evaluated the
presence of toxic metals, organic substances, pesticides and trihalomethanes in the water supply
system of the urban area of the municipality of Ibagué, Colombia, considering the sanitary
surveillance guidelines established in Resolution No. 4716/ 2010 in order to discuss its
contributions and challenges.

2. METHODOLOGY
2.1. Study area
The study was conducted in the city of Ibague located in the center-west of Colombia, on
the central mountain range coordinates 4°26'16" N, 75°12'02" W at an altitude of 1,285 meters
above sea level, with average annual total rainfall of 1,691 mm, and temperatures between 20º
and 28ºC (IDEAM, 2017). The city has a territorial extension of 1,439 km², administratively
divided in 13 communes in the urban area and 17 rural settlements, with a total of 558,805
inhabitants according to projections of the National Administrative Department of Statistics DANE 2018 (Colombia, 2011). It has a total of 32 water supply systems in the urban area. The
municipal water supply and sewerage service company serves 80% of the population, and 31
low complexity community-type water supplies, which serve 20% of the population in those
sites of difficult access; only 16 water supplies have treatment plants built and operating. The
water supply consists of 25 surface water sources that belong to the basins of Rio Totare, Rio
Coello and Rio Opia.
2.2. Characterization of economic and sanitary activities in water sources
The activities that affect the quality of the surface water source of the water supply system
were identified, for which a survey was carried out with the environmental authorities and the
water supply service companies. Subsequently, a characterization of the economic and sanitary
activities present upstream of the intake was carried out through field visits by inspectors. To
this purpose, a technical sheet was prepared which allowed the gathering of the economic and
sanitary information of the water source: type of activities, coordinates, possibly associated
chemical inputs, and occasional discharges. The characterization of the activities was carried
out between September and December of 2017. During this period three trips were made
through the water basin: one through the main channel of the basin and two through routes by
the water dividing lines that delimit each basin (left and right limits of the basin), trying to cover
the greatest of area. Subsequently, technical sheets were completed, and the activities were georeferenced using Trimble GPS equipment SPS780 with a TSC2.SC.900 antenna. The
information collected was systematized, and the coordinates were graphically mapped within
the geodetic network of the Instituto Geográfico Agustín Codazzi-GAC using ArcGis software
with its Arsmap 10.5 application.
2.3. Sampling
A total of 60 water samples were taken: 25 samples, one in each surface water source of
the pump intake, and 35 starting points of the distribution networks of the water supply system.
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Four samples of the municipal water supply were taken due to the population served, and one
sample for the communal water supply. The sampling was carried out in December 2017,
following the guidelines for taking and presenting samples (APHA et al., 2005; Instituto
Nacional de Salud, 2011), considering the specifications of each characteristic (see Table 1).
The temperature and pH were measured in the samples taken. The reading of the free residual
chlorine was included in the treated samples. The samples were then stored in refrigerators to
keep them at temperatures from 2°C to 4°C, to be transported to the reference laboratory in
Bogotá DC, considering the chain of custody, biosecurity measures and preservation conditions
for transportation in order to guarantee the integrity of the sample.
Table 1. Preservation of the samples.
COMPOUND

PRESERVATION

Arsenic, cadmium, mercury, nickel, HNO3 was added until pH <2 was obtained and cooled to
silver, lead, selenium, antimony, cobalt, ≤ 6°C
carbamate
Hydrocarbons

Addition of HCl or H2SO4 until pH ≤ 2, Refrigerate at ≤
6°C

Free cyanide

NaOH until pH ≤ 12. Refrigerate at ≤ 6°C

Organochlorine pesticides

Refrigerate at 4°C to 6°C. If additional chlorine is present
(sodium thiosulfate 0,92 mL at 10%), adjust pH from 5 to
8 with either NaOH or H2SO4

Organophosphorus pesticides

Refrigerate at 4°C to 6°C. Adjust pH from 5 to 8 with either
NaOH or H2SO4

Trihalomethanes

Cool to ≤ 2°C

2.4. Laboratory analysis
The samples were processed in the Laboratory of Analysis of Water and Soils of Colombia
ANASCOL S.A.S., a laboratory accredited by the Institute of Hydrology, Meteorology and
Environmental Studies - IDEAM and the Interlaboratory Program of Quality Control of
Drinking Waters -PICCAP. The parameters were analyzed in both raw and treated water;
trihalomethanes were only analyzed in treated water (see Table 2). The methodologies for
analyzing the selected characteristics were carried out according to the guidelines of the
"Standard Methods for the Examination of Water and Wastewater," Edition 21 (21). The
samples were processed in December 2017 and January 2018. The minimum values detectable
by the techniques used are presented in Table 2; the results obtained were evaluated considering
the minimum values acceptable by the resolution N° 2115/2007 of Colombia. The analysis of
the presence of contaminants was carried out for the treated water supply systems and is not
treated separately, considering the samples in the surface water source and in the supply
network.
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Table 2. Analytical characteristics and methodology for the analysis of the chemical water quality of
the urban water supply of Ibagué, Colombia, 2017.
VARIABLE

METHOD

MDV
*
(mg/L)

MVA
**
(mg/L)

TOXIC METAL
Arsenic

Atomic Absorption Spectrophotometry - Manual hydride
generation. SM3114B

0.01

0.01

Cadmium

Digestion Nitric Acid-SM 3030 E-Atomic Absorption
Spectrophotometry direct flame Air-Acetylene. SM 3111B

0.001

0.003

Mercury

Atomic Absorption Spectrophotometry - Cold Vapor. SM3112B

0.001

0.001

Nickel

Digestion Nitric Acid-SM 3030 E-Atomic Absorption
Spectrophotometry direct flame Air-Acetylene. SM 3111B

0.005

0.02

Silver

Nitric Acid Digestion-SM 3030 E- Atomic Absorption
Spectrophotometry direct flame Air-Acetylene. SM 3111B

0.02

NR

Lead

Nitric Acid Digestion-SM 3030 E- Atomic Absorption
Spectrophotometry direct flame Air-Acetylene. SM 3111B

0.005

0.01

Selenium

Atomic Absorption Spectrophotometry - Manual hydride
generation. SM3114B

0.0005

0.01

Antimony

Digestion Nitric Acid-SM 3030 E-Atomic Absorption
Spectrophotometry direct flame Air-Acetylene. SM 3111B

0.3

0.02

Cobalt

SM 3030 E SM 3113 B Digestion - AA - Graphite Oven
(Electrothermal)

0.001

NR

0.4

0.05

1

0.01

ORGANIC SUBSTANCES
Dissociable cyanide

Distillation - Volumetric. SM 4500CN - A. B. C. D. I

Hydrocarbons

Partition - Infrared / Determination Hydrocarbons. NTC 3362:
2011-11-30 Numeral 4. Method C / Numeral 7. Modified Method F.
PESTICIDES

Carbamates

China National Standard Method GB / T 5009.104-2003 Liquidliquid extraction, CG / NPD

0.01

0.0001

Organochlorine
pesticides

Liquid-Liquid Extraction. EPA 3510 C. Revision 3. December
1996- Gas Chromatography with Electron Capture Detector (GC
/ ECD). EPA 8081B. Revision 2. February 2007

0.005

0.0001

Organophosphorus
pesticides

Liquid Liquid Extraction US-EPA 3510C Revision 3. December
1996-Gas chromatography with Nitrogen-Phosphorus detector
(GC / NPD). US-EPA 8141B Revision 2. February 2007.

0.0025

0.0001

0.004

0.2

DISINFECTION SUB-PRODUCTS
Trihalomethanes

SM 6232B Gas chromatography with electron capture detector
(GC / EDC). US-EPA 8081 B. Revision 2. February 2007.

*MDV: Minimum Detectable Value
**MVA: Acceptable Maximum Value according to Resolution N° 2115/2007 of Colombia.

3. RESULTS AND DISCUSSION
The laboratory results identified the presence of cadmium, mercury, and nickel in water
sources and the supply network of some water supply at the established detectable
concentrations. No arsenic, barium, molybdenum, silver, lead, selenium, molybdenum, cobalt,
hexavalent chromium, surfactants, dissociable cyanide, hydrocarbons, carbamates and
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organophosphorus pesticides were detected. The reference values for cadmium, nickel and
antimony were below the VMA levels established by Colombia (see Table 3).
Table 3. Results of the chemical analyses in water sources and supply network of the water supply
system of the urban area of Ibagué, 2017.
Characteristic

UNI1

MVA
COL2

Water supply system
with presence of the
Characteristic

Results
(Min - Max)

Water supply
system above
MVA COL

WS3

SN4

WS

SN

WS

SN

Cadmium
Mercury
Nickel
Antimony
Total
Organochlorines

mg/L
mg/L
mg/L
mg/L

0.003
0.001
0.02
0.02

0.0015 0.0016
0.001-0.003
0.005 - 0.007
0.005

0.001-0.001
0.001-0.004
0.005-0.007
0.03

3
9
11
1

10
11
11
0

0
9
0
0

0
11
0
0

mg/L

0.001

0.018 - 0.056

0.009-0.109

22

13

22

13

Alpha-BHC
Heptachlor
Aldrin
Heptachlor epoxide
Endosulfan sulfate
Total
Trihalomethanes

mg/L
mg/L
mg/L
mg/L
mg/L

0.0001
0.0001
0.0001
0.0001
0.0001

0.01
ND5
0.014 - 0.040
ND
0.005 - 0.020

0.025-0.101
0.022
0.075-0.064
0.007-0.012
0.005-0.008

1
0
16
0
15

4
1
9
2
2

1
0
16
0
15

4
1
9
2
2

mg/L

0.2

NA6

0.064-1.260

NA

15

NA

11

Chloroform
Bromodichloro
Methane
Dibromochlor
Methane

mg/L

0.2

NA

0.003-0.068

NA

14

NA

0

mg/L

0.2

NA

0,003-0,028

NA

10

NA

0

mg/L

0.2

NA

0,058-0.074

NA

15

NA

10

1

UNI: Units 2 MVA COL: Acceptable Maximum Value Colombia,
network:, 5 NR: No Report, 6 NA: Does not apply.

3

WS: Water source, 4Supply

The analysis showed the presence of mercury mainly in community-type water supplies.
Mercury is found in the environment in its inorganic and organic forms. Its inorganic form is
present in surface and underground waters; mercury is transformed to methylmercury that
enters the human body through ingestion (Díaz-Arriaga, 2014). It mainly affects the nervous
and immune system, the digestive system, skin and lungs, kidneys and eyes. Children are
vulnerable to mercury poisoning, which can lead to deterioration of the developing central
nervous system, as well as lung and nephrotic damage (Bose-O'Reilly et al., 2010; Counter and
Buchanan, 2004).
The presence of mercury is a critical problem in public and environmental health in
Colombia, due to the high exploitation of gold. More than 17 departments and 80 municipalities
in the country are affected by gold mining (Díaz-Arriaga, 2014). Mercury has been identified
in water sources in several regions of the country, such as the Ciénaga de Ayapel and the waters
of the Cai River in the department of Chocó, as well as in the Ciénaga de Grande Achi in the
department of Bolivar (Díaz-Arriaga, 2014; Marrugo-Negrete, 2015). Likewise, in the region of La
Mojana, the presence of mercury in biological samples of mining workers was evidenced,
establishing a statistical correlation with water sources as a source of contamination (Díaz et
al., 2018).
The analysis of pesticides evidenced the presence of organochlorines in the water source
of 22 water supplies (68.7%) and the supply network of 13 water supplies (40.6%). The
organochlorines identified were Alpha-BHC, heptachlor, aldrin, heptachlor epoxide and
endosulfan sulfate, but carbamates and organophosphates were not identified. The values
detected in both water sources and in the supply network were above the reference VMA.
Organophosphates, organochlorines, carbamates and pyrethroids are among the most
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commonly used pesticides. Organochlorine compounds can resist biodegradation, accumulate
in the environment and become persistent organic pollutants that have been detected in animal
and human tissues. It can have adverse effects on the endocrine system affecting the production
of hormones, such as thyroid and sex hormones; in the nervous system it can cause neuronal
effects and dysfunction of neurotransmitters and affect liver function besides being potentially
mutagenic and carcinogenic (Hendry-Hofer et al., 2019; Nicolopoulou-Stamati, et al., 2016;
Zaragoza-Bastida et al., 2016).
Pesticides have been widely identified in water sources in Colombia. At the Ciénaga de
Grande de Lorica in the department of Córdoba, α-BCH, β-BCH and γ-BCH, aldrin and
heptachlor epoxide organochlorines were identified which exceeded the individual
concentration of pesticides allowed by the national regulations (Lans et al.,2008). An analysis
of exposure to pesticides of the inhabitants of the riverside of the Bogotá River evidenced the
presence of organochlorine and organophosphorus pesticides in the river water and fish, and
ethylenethiourea in human biological samples (0: in biological samples of human origin)
(Monsalve et al., 2012).
With respect to water supply consumption, a study was carried out in Soacha (department
of Cundinamarca) which analyzed the presence of mercury and organophosphorus and
carbamate pesticide residues, identifying values below the Acceptable Maximum Values
(VMA) (Silva et al., 2015). In Cali, an analysis of mercury, diuron and 2,4 diclofenac acetic
acid in the city's water supply concluded that these substances were absent (Echeverry et
al.,2015). The water supply systems mentioned are highly complex; the water supplies analyzed
in the present study presented highly dangerous pollutants, mainly in the community water
supply system, evidencing the problems of this type of system. To fulfill the goals of the SDGs
(Sustainable Development Goals), it is necessary to define public policies and investments that
strengthen the community treatment systems of the water supply with sustainable alternative
solutions that recognize their technical-administrative nature for reaching the goals of water
safety for the country.
The presence of trihalomethanes was identified in the water supply of 15 of the 16 water
supplies with treatment. Chloroform, bromodichloromethane and dibromochloromethane were
analyzed in 11 water supplies (68.7%) with detected values above the VMA. Trihalomethanes
are byproducts derived from the oxidation of organic matter in chlorination; they have been
associated with alterations of the liver, kidney, nervous and reproductive system, showing
carcinogenic and mutagenic effects (Kim et al., 2017; Sanchez, 2008). Through the analysis of
trihalomethanes, values higher than those established in the regulations were identified in
68.7% of the water supplies with treatment, including conventional and communal-type water
supply. In the municipality of Pereira, the presence of trihalomethanes in 75 water samples was
evaluated in the water supply of the company Aguas y Aguas de Pereira, concluding that all
samples showed results within the VMA established by the regulations (Vargas et al., 2015).
The rate and the degree of formation of the trihalomethanes may increase depending on the
concentration of chlorine and humic acids, the temperature, the pH and the concentration of
bromide ion (WHO, 2017). The World Health Organization (WHO) recommends implementing
basic strategies to reduce the concentration of trihalomethanes, such as: (a) changing process
conditions (including the elimination of precursor compounds prior to the application of the
disinfectant); (b) changing the disinfectant to one less prone to produce by-products in the water
source; (c) use non-chemical disinfection methods; (d) eliminate them before water distribution
(WHO, 2017).
In the field visits by inspectors, 29 wastewater sources were identified that flow directly
into 13 water sources of 19 water supplies, 96.5% of which were derived from human
settlements and 3.5% from agricultural activities. In the characterization of the economic and
sanitary activities upstream of the intake, a total of 775 activities were identified on the margin
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of the streams of the water supply. The source with the highest number of activities was the
River Combeima with 19.4% (source of a water supply), followed by La Volcana Stream with
9.82% (source of one water supply ), El Tejar Stream with 8.07% (source of one water supply) and
La Granate Stream with 5.14% (source of three water supply ).
The economic and sanitary activities identified are due to human settlements (53.1%),
agricultural activities (42.5%), sand and clay extraction (1.9%), tourism (1.7%) and
construction (0, 8%). The most significant activity was human settlements associated with the
increase in population and urbanization in the peripheries, where the sources of the water supply
are located. A highly diversified agricultural and livestock exploitation was observed: coffee,
plantain, cocoa, kidney bean, banana, lulo (Quito orange), blackberry, corn, beans, avocado,
vegetables, cassava and orange, poultry, pig, livestock, pisciculture and horse stalls, many of
which are on the margin of the ravine without any delimitation. Likewise, the study identified 63
forested areas and 17 disaster zones.
There was no direct relationship between the number of economic and sanitary activities
present at the water source with the presence of contaminants in the drinking water. In systems
with conventional treatments, the contaminants were not identified, while in community
systems that were supplied by surface sources with high percentage supply systems with
contaminants and others without water contaminants were identified. It is crucial to prioritize
the protection of water sources, especially in those cases not having efficient treatment. The
WHO, through the Water Safety Plan, recommends monitoring the sources continuously by
service providers. Knowing the nature of the quality of the raw water, the dynamics of the water
sources, the changes related to weather phenomena or other circumstances, including runoff or
recharge processes, as well as verifying and correcting land use in the catchment basin, is required
in order to carry out risk management at the water sources of the water supply.
In the monitoring of the water quality in terms of the chemical pollutants studied, there are
significant limitations that must be overcome in order to be able to evaluate more rigorously
the risks to health derived from those chemicals that are considered in the regulations. These
include the analysis of health effects associated with such chemicals, considering the frequency
of exposure and the concentrations at which the population will be exposed. The likelihood of
health effects depends on toxicity and concentration, but also depends on the period of
exposure, since for most chemicals, health impacts are associated with long-term exposure (UN,
1999).
The regulations establish that the definition of the characteristics that must be analyzed in
the water source and the water supply is determined from the field visits by inspectors; 29
wastewater sources were identified that flow directly into 13 water sources of 19 water supplies
of the economic and sanitary activities upstream of the intake. It is essential to mention that
there are difficulties in performing exhaustive field visits by inspectors, considering the
geographical adversity and the runoff potential of the leachate, adding a significant margin of
error. Subsequently, the sampling established for the identification of these pollutants in the
water source and the distribution network is annual or semi-annual, depending on the population
served, sampling that is not quite representative, knowing the dynamics of the basins of the water
sources. The definition of the characteristics monitored in the supply network is taken from the
sampling, and the results of the first sample carried out in the water source which, as mentioned,
is poorly representative, being that the definition of contaminants in the network will be
subjective. In this study, we detected contaminants present in the water supply and not in the
water source, as well as mining contaminants without their prior identification in the field visits
by inspectors.
Another important aspect is the analytical availability in the territories; it is crucial to
consider that the analysis of these parameters is recent in the regulations and the methodologies
present high costs. Many of the territories do not have an adequate laboratory setup for testing
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these substances and few laboratories in the national public health network have implemented
these methodologies. On the other hand, the methodologies available in some cases are not able
to identify low concentrations of the substance analyzed. Therefore, laboratories require
strengthening of their infrastructure and laboratory techniques, as well as their measurement
and calibration capabilities.
Finally, the VMA for pesticides in the Colombian regulations are not specific for each of
the chemical groups, which makes its analysis cumbersome. A general value is established for
all pesticides, without considering that each one in the groups presents a particular mechanism
of action and established lethal dose. It is essential, then, to develop regulations relating to the
analysis of pesticides in water in Colombia. The regulations in the legal frameworks of Brazil,
Chile, Uruguay and Venezuela follow the guidelines of WHO, where there are specifications
for each chemical group of pesticides (Pinto et al., 2012).

4. CONCLUSIONS
This study identified the presence of contaminants such as mercury, pesticides and
trihalomethanes in water of urban supply systems, showing the weaknesses of the treatment
system in eliminating these high risk chemical substances. It is observed that some supply
systems with “safe sources” have chemical contamination, which makes it essential to
determine the real risk to the populations served by these systems, considering the presence of
water contaminants.
The results show the lack of protection of the hydraulic sources of urban aqueducts,
associated with the presence of economic and sanitary activities and discharges from
settlements, agriculture, mining, tourism and construction that increase the pollution load of the
sources. It is therefore necessary to strengthen the monitoring of water sources and to promote
the timely management of hazards at the sources.
It is also important to strengthen the analysis of chemical substances and the evaluation of
hazards and risk by the health authorities. Water quality monitoring should opt for new, more
representative and accurate tools to assess the quality of drinking water and its impacts on
health.
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ABSTRACT
Recently, the Poti river mouth region has experienced environmental impacts that resulted
in a change of landscape in its dry season, highlighting the eutrophication and proliferation of
phytoplankton, algae, cyanobacteria and aquatic plants. Considering the aspects related to
water-quality monitoring in the semiarid region of Brazil from remote sensing, this study aimed
to evaluate the performance of Sentinel-2A satellite data in the retrieval of chlorophyll-a
concentration in Poti River in Teresina, Piaui, Brazil. The chlorophyll-a concentration retrieval
and mapping methodology involved the study of the water surface reflectance in Sentinel-2A
images and their correlation with the chlorophyll-a data collected in situ during the years 2016
and 2017. The results generated by the Chl-1, Ha et al. (2017), Chl-2, Page et al. (2018), and
Chl-3, Kuhn et al. (2019) equations show the need for calibrating the algorithms used for the
Poti River water components. However, the empirical algorithm Chl-2 shows a correlation has
been established to identify the spatiotemporal variation of chlorophyll-a concentration along
the Poti River broadly and not punctually. The spatial distribution of this pigment in maps
derived from Sentinel-2A is consistent with the pattern of occurrence determined by the in situ
data. Therefore, the MSI sensor proved to be a tool suitable for the retrieval and monitoring of
chlorophyll-a concentration along the Poti River.
Keywords: Poti river, remote sensing, water quality.

Recuperação e mapeamento da concentração de clorofila-a a partir
de imagens do Sentinel-2 em um rio urbano na região semiárida do
Brasil
RESUMO
A região da foz do rio Poti experimentou nos últimos anos impactos ambientais que
resultaram na mudança da sua paisagem na estação seca, destacando-se a eutrofização e a
This is an Open Access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.
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proliferação de fitoplâncton, algas, cianobactérias e plantas aquáticas. Considerando os
aspectos relacionados ao monitoramento da qualidade da água na região semiárida do Brasil a
partir do sensoriamento remoto, este estudo teve como objetivo avaliar o desempenho dos dados
do satélite Sentinel-2A, na recuperação da concentração de clorofila-a no rio Poti em Teresina,
Piauí, Brasil. A metodologia de recuperação e mapeamento da concentração de clorofila-a
envolveu o estudo da reflectância da superfície da água nas imagens Sentinel-2A e a respectiva
correlação com dados in situ de clorofila-a, coletados em pontos de monitoramento, durante os
anos de 2016 e 2017. Os resultados gerados pelas equações Chl-1, Ha et al., (2017), Chl-2, Page
et al., (2018), e Chl-3, Kuhn et al., (2019), mostram a necessidade de uma calibração dos
modelos utilizados aos componentes das águas do rio Poti. No entanto, o algoritmo empírico
Chl-2 mostra que uma correlação foi estabelecida para identificar a variação espaço-temporal
das concentrações de clorofila-a ao longo do rio Poti de maneira ampla e não mais pontual. A
distribuição espacial desse pigmento nos mapas oriundos do Sentinel-2A é consistente com o
padrão de ocorrência determinado pelos dados in situ. Portanto, o sensor MSI provou ser uma
ferramenta adequada para a recuperação e monitoramento da concentração de clorofila-a ao
longo do rio Poti.
Palavras-chave: qualidade da água, rio Poti, sensoriamento remoto.

1. INTRODUCTION
Disorderly development in large urban centres, devoid of any planning and with increasing
levels of environmental degradation, drastically affects water availability and especially its
quality (Vargas et al., 2018). The quality of the river water is affected by factors such as the
increase of domestic and industrial pollutants that favour the eutrophication of the river water.
The eutrophication that can lead to the death of aquatic fauna and flora, turning the water unfit
for consumption and other uses (Esteves, 2011; Jorge and Lobo, 2019).
Water-quality monitoring is a challenging process as data collection is insufficient or nonexistent for most bodies of water. Punctual samples do not always portray the dynamics of water
constituents, because the river is a highly dynamic lotic ecosystem that requires the collection
of a large number of quality parameters to understand spatiotemporal variations and monitor
changes (Prasad et al., 2018; Kuhn et al., 2019; Martins, 2019). In contrast, some authors have
adopted an efficient approach that integrates diverse in situ data with remote sensing images to
monitor the factors that affect water quality and understand the limnological processes, because
satellite imagery provide the synoptic, continuous and long-term observation (Ha et al., 2017;
Pinardi et al., 2018; Martins, 2019).
The European Space Agency (ESA) has launched the mission Sentinel-2 with two identical
satellites. The MultiSpectral Instrument (MSI) onboard the satellites is a 13-band passive
optical sensor in a 20.6° orbital field of instrumental view. These features, in addition to a 10
m spatial resolution and five-day high temporal resolution, make the MSI sensor a suitable
instrument for the retrieval of biophysical parameters in inland waters compared to other
satellite missions designed for such applications as Landsat-8 / OLI, Sentinel-3 / OLCI, Aqua /
MODIS (ESA, 2019; Pinardi et al., 2018; Pereira-Sandoval et al., 2019).
Studies on the use of Sentinel-2A images in the retrieval and mapping of chlorophyll-a
focus on a limited number of band ratio empirical algorithms. These models are based on
statistical relationships between in situ measurements of water constituents and radiometric data
from the satellite sensor, which provide the best correlation between reflectance data and the
concentration of optically active water constituents at different wavelengths (Ogashawara et
al., 2017). The commonly used two band-ratio algorithms are based on the ratios of the blue
(440 and 510 nm) and green regions (550 and 555 nm), of the red (670 and 675 nm) and near
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infrared (NIR) regions (685 and 710 nm), and of the green (550 and 555 nm) and red regions
(670 and 675 nm) (Mouw et al., 2015; Toming et al., 2016; Ha et al., 2017).
In the semiarid region of Brazil, in the city of Teresina, in the state of Piaui, the urban
riverbed of the Poti River has experienced intense environmental impacts in recent years,
leading to changes in its landscape in the dry season, highlighting eutrophication and the
proliferation of phytoplankton, algae, cyanobacteria and mainly from aquatic plants (Costa,
2014; Santos, 2017). The Sanitation Laboratory at the Federal University of Piaui has estimated
chlorophyll-a concentration in punctual samples of the Poti River from laboratory analyses in
2016 and 2017. However, this sampling is a costly and low-temporal frequency procedure. The
application of remote sensing can monitor large extensions of the Poti River over a long period
and with a high temporal frequency, reducing efforts and resources, because six Sentinel-2
images are acquired monthly in the study area.
In this context, this study evaluated the performance of the Sentinel-2A satellite data in the
retrieval of chlorophyll-a concentrations in Poti River in Teresina, Piaui, Brazil. This is the first
attempt to use remote-sensing techniques to monitor the spatial and temporal variability of
water quality parameters in order to support the decision-making process, regarding preventive
and corrective environmental management of the intense environmental impacts that occur in
the Poti River, mainly in the dry season.

2. MATERIALS AND METHODS
2.1. Study area
The study area, as shown in Figure 1, corresponds to the 36.8 km urban stretch along the
Poti River, located in the municipality of Teresina, which is the largest city and the capital city
of the state of Piaui, Brazil. This section of the river was chosen due to the location of the water
quality monitoring sample points that have been carried out by the Sanitation Laboratory at the
Federal University of Piaui.

Figure 1. Study area: A) location of the study area in the context of Brazil's biomes (Brasil,
2017); B) location of Teresina in the state of Piaui; and, C) In the image Sentinel-2A L2A,
acquired in August 2019 (ESA, 2019), shows the urban stretch of the Poti River in Teresina,
with the location of the seven chlorophyll-a concentration monitoring points. From point PT-05,
the environmental impacts occurred in 2014 (Costa, 2014) and 2018, upstream and 2015,
downstream are observed.
Rev. Ambient. Água vol. 15 n. 2, e2488 - Taubaté 2020
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The Poti River originates in the state of Ceara, in the city of Algodoes, and empties into
the River Parnaiba, in Teresina. River Poti’s mouth flows around 1.3 m³ s-1, on average in the
driest quarter. The studied area has an approximate area of 3.7 km² and an average width of 100
m in the rainy season and, during the dry season, it can be reduced to a few meters wide and a
few centimetres deep in some places (Mendes-Câmara, 2011).
The region is in the transition zone between the Cerrado and Caatinga biomes, in which
the predominant natural vegetation is mixed forests that are being replaced by areas of
agriculture and degraded vegetation (Espindola et al., 2017). The climate of the region is
characterized as tropical equatorial zone, warm, semiarid, with a dry season from July to
November and a rainy season from January to April, an average annual temperature and
precipitation of 27.4ºC and 1.325 mm, in that order (IBGE, 2015; INMET, 2018). In the last
four decades, Teresina, with 1,391.046 km² of area, has suffered high rates of urban expansion
(IBGE, 2017). The city urbanization tendencies show that urban expansion has been larger than
the population growth, causing problems related to the occupation of flood regions in the
confluence of the Parnaiba and Poti Rivers, the contamination of the rivers themselves, the
increase of the traffic, the increase of air pollution, lack of adequate housing and general
infrastructure in peripheral areas (Espindola et al., 2017). It is noteworthy that Teresina has
only 61.6% of households with adequate sanitation (IBGE, 2017).
2.2. Remote sensing data acquisition and preprocessing
In this study, the remote-sensing data has been obtained by the Sentinel-2A satellite,
available on the Copernicus Open Access Hub web platform (ESA, 2019). The images have the
size, spatial and radiometric resolution of 100 km x 100 km, 10 m, 20 m and 60 m, and 12 bits,
respectively. The Level-1C (L1C) product downloaded is pre-processed, orthorectified,
georeferenced to the Universal Transverse Mercator projection using the World Geodetic
System 84 datum, and radiometrically calibrated for top-of-reflectance atmosphere (ESA,
2018). The atmospheric correction was processed in the downloaded images using the Sen2Cor2.5.5 processor, available in the Sentinel Application Platform (SNAP-6) program toolbox,
resulting in Level-2A (L2A) product, radiometrically calibrated for bottom-of-atmosphere
reflectance. As the algorithm used in the correction described above processes bands of
different spatial resolutions, the images were resampled to 20 m by the tool (ESA, 2018). The
specifications of Sentinel-2A bands used in this study are presented in Table 1 (ESA, 2018;
SINERGISE, 2018).
Table 1. Bands specifications for Sentinel-2A.
Band

Central
wavelength
(nm)

Wavelength
(nm)

Spatial
resolution
(m)

Capabilities

B02
Blue

492.4

458-523

10

Is useful for soil and vegetation
discrimination forest type mapping; Is
absorbed by chlorophyll

B03
Green

559.8

543-578

10

Gives excellent contrast between clear and
turbid water, and fairly well penetrates clear
water

B04 Red

664.6

650-680

10

Reflects well from dead foliage and is useful
for identifying vegetation types, soils and
urban features

B05 Red
edge 1

704.1

698-713

20

For classifying the vegetation
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The multispectral images have been selected considering the dates available from 2016,
the Sentinel-2A satellite launch period until the end of 2017 according field data, following the
criteria of cloud-free in study area, totalling a set of eight scenes, in the orbit 138, with the
subsequent acquisition dates: August 15th, 2016; September 24th, 2016; October 14th, 2016;
November 13th, 2016; August 30th, 2017; September 19th, 2017; October 29th, 2017; and
November 18th, 2017.
2.3. Field Data
During 2016 and 2017, the Sanitation Laboratory sampled chlorophyll-a concentrations at
seven monitoring points shown in Figure 1 monthly. The reference standards for the monitoring
of bodies of water are set out in National Environmental Council Resolution No. 357
(CONAMA, 2005) and in the National Water Agency's National Sample Collection and
Preservation Guide (ANA, 2011). The chlorophyll-a were obtained from water samples by the
spectrophotometric analysis using a Hach DR 2800 Spectrophotometer. Samples were filtered,
extracted and calculated according to colorimetric method (Marker et al., 1980). From a total
of 168 samples available, 56 samples were used corresponding to the dry season. Field data
campaigns were conducted on August 17th, 2016; September 21st, 2016; October 26th, 2016;
November 23rd, 2016; August 18th, 2017; September 16th, 2017; October 28th, 2017; and
November 25th, 2017.
Considering that the field data sampling collecting date did not agree with the dates that
Sentinel-2A overpassed the study area, we analysed all time windows available in the dry
season, because it is the critical period during which eutrophication and the proliferation of
phytoplankton, algae, cyanobacteria and aquatic plants occur. The number of match-ups along
the period under study: 1 with one-day difference, 1 with two-days difference, 2 with threedays difference, 1 with seven-days difference, 1 with ten-days difference and 2 with twelvedays difference.
2.4. Chlorophyll-a concentration retrieval algorithms
A variety of empirical algorithms have been developed and used to retrieve chlorophyll-a
concentration in inland waters, where the spectral reflectance curves of waters with different
chlorophyll-a concentrations are characterized by high absorptions in the blue and red bands
and high reflectance in the green and red edge bands (Matthews, 2017; Ogashawara et al.,
2017). The choice of the algorithms was based on a literature review in which the band ratio
empirical algorithms found in Ha et al., 2017 (Chla-1: Equation 1), Page et al., 2018 (Chla-2:
Equation 2) and Kuhn et al., 2019 (Chla-3: Equation 3) were selected. These algorithms include
the green to blue band ratios and those including the red band and red edge band (Ha et al.,
2017; Page et al., 2018; Kuhn et al., 2019). They were routinely applied to Sentinel-2A data
and obtained the best performances in retrieval chlorophyll-a in lentic and lotic inland waters
from regions with similar geographical and climatic features as those found in the study area.
𝐵03

𝐶ℎ𝑙𝑎 = 0.80 (𝑒𝑥𝑝 (0.35 (𝐵04)))

(1)
𝜌 (𝐵05)− 𝜌 (𝐵04) 2

𝜌 (𝐵05)− 𝜌 (𝐵04)

𝐶ℎ𝑙𝑎 = 14.039 + 86.115 (𝜌𝑟𝑐(𝐵05)+ 𝜌𝑟𝑐(𝐵04)) + 194.325 (𝜌𝑟𝑐(𝐵05)+ 𝜌𝑟𝑐(𝐵04))
𝑟𝑐

𝑟𝑐

𝑟𝑐

𝑅𝑟𝑠 (𝜆𝐵02)

𝑙𝑜𝑔10 (𝑐ℎ𝑙𝑎) = 0.2412 − 2.0546 (𝑙𝑜𝑔10 (𝑅

𝑟𝑠 𝜆(𝐵03)

𝑅𝑟𝑠 (𝜆𝐵02)

0.5538 (𝑙𝑜𝑔10 (𝑅

𝑟𝑠 𝜆(𝐵03)

3

𝑅𝑟𝑠 (𝜆𝐵02)

)) + 1.1776 (𝑙𝑜𝑔10 (𝑅

𝑟𝑠 𝜆(𝐵03)

𝑅𝑟𝑠 (𝜆𝐵02)

)) + 0.4570 (𝑙𝑜𝑔10 (𝑅

𝑟𝑐

𝑟𝑠 𝜆(𝐵03)

(2)

2

)) −

4

))

(3)

Rev. Ambient. Água vol. 15 n. 2, e2488 - Taubaté 2020

6

Alessandro Rhadamek Alves Pereira et al.

In this understanding, the following steps were performed in QGIS Desktop 3.4.5 software:
i) Calculation of chlorophyll-a concentration as a function of the Chla-1, Chla-2 and Chla-3
equations in Sentinel-2A / L2A images (satellite-derived). The Sentinel-2A band selection
(Table 1) has followed the proximity wavelength criteria closest to that defined by each
empirical algorithm; ii) Listing of chlorophyll-a values at the seven monitoring points.
Discrepancies between chlorophyll-a concentrations of punctual data, in situ (Chla-is) and
satellite-derived (Chl-1, Chl-2, Chl-3), were quantified using statistical metrics, often intended
for evaluation of remote-sensing algorithms, which in this case include the Pearson squared
correlation or coefficient of determination (R²), the Root Mean Square Error (RMSE), and the
Bias (Ha et al., 2017; Page et al., 2018; Kuhn et al., 2019). All data were analyzed using R
3.6.1 and Past 3.24 statistical softwares.
The R² metric represents the linear consistency between the observations and the
proportion of the variation explained by the linear regression, the RMSE measures the precision
of the combinations and the absolute difference, which is sensitive to the extreme values, and
the Bias determines the underestimation or overestimation of the calculated data, compared to
field-measured data (Qin et al., 2017; Ansper and Alikas, 2019). A high R² value indicates a
high degree of correlation between in situ observations and Sentinel-2A, while a low RMSE
value indicates that Sentinel-2A observations resemble well with in situ observations, and a
value close to zero for Bias suggests that there is no systematic underestimation or
overestimation of Sentinel-2 and in situ data (Qin et al., 2017).

3. RESULTS AND DISCUSSION
3.1. Comparison of chlorophyll-a concentrations
Table 2 shows the descriptive statistics of in situ chlorophyll-a (Chla-is) punctual
concentration levels during the sampling period. In the Poti River, spatial variability is
represented by the variation in the average concentrations of Chla-is, while the high standard
deviation in the concentration levels of Chla-is indicates temporal variability.
Table 2. Descriptive statistics of chlorophyll-a in situ punctual concentration (mg m³-1) in 2016 and
2017.
Point / Year Mean Standard deviation Coefficient of Variation Minimum Maximum
PT-00/16
PT-01/16

17.75
31.40

15.68
26.14

0.88
0.83

5.46
10.92

38.22
65.52

PT-02/16

32.76

31.21

0.95

5.46

76.44

PT-03/16

23.21

8.19

0.35

16.38

32.76

PT-04/16

39.59

21.09

0.53

27.30

70.98

PT-05/16

28.67

16.90

0.59

5.46

43.68

PT-06/16

27.30

24.82

0.91

5.46

60.06

PT-00/17

5.18

2.07

0.40

4.14

8.29

PT-01/17

10.36

7.94

0.77

4.14

20.72

PT-02/17

15.54

12.37

0.80

4.14

33.15

PT-03/17

9.32

7.84

0.84

4.14

20.72

PT-04/17

9.32

7.84

0.84

4.14

20.72

PT-05/17
PT-06/17

10.36
11.40

4.14
7.08

0.40
0.62

8.29
4.14

16.58
20.72
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From the monthly in situ samples of chlorophyll-a, the average results obtained in 2016
were 28.67 mg m³-1, ranging from 5.46 mg m³-1, recorded at PT-00, to 76.44 mg m³-1, read at
PT-02, both in August. In 2017, the average chlorophyll-a count was 10.21 mg m³-1, also
varying in August at the same points, between 4.14 mg m³-1 and 33.15 mg m³-1, respectively.
According to the data, annually the concentration of chlorophyll-a increases from August to
December, peaking in November, and in 2017 there was a reduction of 36% in the concentration
of chlorophyll-a in the study area. These results show a large spatiotemporal variation of
chlorophyll-a in the dry season, depending on the location of the collection points, where the
points that indicate the lowest and highest recurrent chlorophyll-a concentrations are PT-00 and
PT-02.
The influence of factors such as incipient environmental management, occupation of river
margins, existence of clandestine connections of raw sewage in the rain drainage and the high
evaporation of water, have contributed to the alteration of the limnological characteristics of
the Poti River (Oliveira and Silva, 2014; Oliveira Filho and Lima Neto, 2018). In addition, in
the dry season, the reduction in flow, width and depth favour the formation of natural barriers,
such as meandering curves, rocky outcrops, alluvial deposits of pebbles to sands and river
islands, cause the damming of Poti River waters (Lima and Augustin, 2014). From this
perspective, natural and artificial barriers, in addition to the land-use change, are the most
important structural determinants for the modification of the limnological characteristics of a
watershed, as they create a lentic mosaic macrosystem, very different from the original lotic
condition, favourable to the processes of eutrophication (Debastiani Júnior et al., 2016). These
concentrations can be explained by the location of these points, as PT-00 is located in the leastinhabited region, with preserved riparian forest and without contributions from domestic and
industrial effluents, while PT-02 is located at 850 m downstream from the Alegria Sewage
Treatment Plant (Mendes-Câmara, 2011).
Subsequently, the processing of the Chl-1, Chl-2 and Chl-3 equations was performed on
Sentinel-2A / L2A images obtaining the values of chlorophyll-a at seven points.
Considering that these algorithms also tend to vary in performance, because depending on
the optical properties of the river and chlorophyll-a, temperature, nutrients and light may
introduce classification errors, the performance of the applied algorithms was analyzed
punctually in Sentinel-2 images available in the dry period. In total, four values of chlorophylla were used for each sampling point. The performances of the algorithms for the Poti River are
summarized in Table 3.
Considering a moderate correlation, with R² values equal or higher than 0.50, between the
results of punctual quantitative agreement between in situ data and values obtained with each
equation, overall, the empirical algorithm Chl-2, with seven values, obtained the best point
performance compared to the algorithms Chl-1, with six values, and Chl-3, with four values.
Therefore, according to this data, the relation between the bands B04 and B05 most indicated
the retrieval of chlorophyll-a in the Poti River.
In this sense, considering the Equation Chl-2, by Page et al. (2018), Figure 2 shows the
graphs of the dynamics of the chlorophyll-a in situ (Chla-is) and satellite-derived (Chl-2) for
2016 (samples 1-28) and 2017 (samples 29-56). In the set of 56 samples, the Chl-2 algorithm
shows an overestimation of concentrations, as indicated by Bias, and follows the tendency of
chlorophyll-a to occur as pointed out by the in situ data. However, it is possible to observe the
performance of the algorithm at different collection points along the river and realise that it can
estimate the variation of chlorophyll-a concentration broadly and not more punctual.
3.2. Mapping of chlorophyll-a concentrations
The mapping of chlorophyll-a concentrations was performed using the QGIS Desktop
3.4.5; when a clipping was generated referring to the study area, in the images resulting from
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each calculated equation it was possible to spatially verify the occurrence and distribution of
chlorophyll-a along the Poti River in the mentioned biennium.
Maps derived from Sentinel-2A-L2A show details of the spatial variation of chlorophylla concentration, allowing easy identification of areas with high or no chlorophyll-a
concentrations, and show that there is a common pattern between estimated and in situ data. At
the same time, regardless of the algorithm used, the maps always show the stretch from Point
PT-04 to the mouth of the Poti River, approximately 16 km long, as the area with a high
concentrations of chlorophyll-a.
Table 3. Comparison by point between estimated and in situ chlorophyll-a concentration (mg m³-1)
in 2016 and 2017.
Point / Year
PT-00/16
PT-01/16
PT-02/16

Chl-1

Chl-2

Chl-3

R²

RMSE

Bias

R²

RMSE

Bias

R²

RMSE

Bias

0.17
0.00

21.34
37.70

-16.51
-30.15

0.54
0.25

16.26
28.23

0.68
1.70

0.41
0.73

21.35
38.13

-16.57

41.45

-31.41

0.03

30.10

6.17

0.59

41.83

-31.87

0.98

23.29

23.25

0.16

23.43

-22.30

0.25

42.74

-38.58

0.49

31.38

-27.68

0.01

34.08

-26.43
-4.42

0.06

PT-03/16

0.75

22.97

-21.87

PT-04/16

0.54

42.32

-38.14

0.45

44.40

27.15

30.93

-27.15

0.52

65.05

45.86

33.63

-25.85

0.01

38.39

24.74

PT-05/16
PT-06/16

0.65
0.01

PT-00/17

0.96

4.37

PT-01/17

0.15

11.43

PT-02/17

0.05

17.85

PT-03/17

0.39

10.51

PT-04/17

0.85

10.45

PT-05/17
PT-06/17

0.79
0.29

9.70
11.83

-30.70

-3.95

1.00

7.96

6.64

0.94

4.80

-9.12

0.20

14.80

13.35

0.46

11.78

-9.65

-14.27

0.67

21.15

11.34

0.00

18.28

-14.80

0.26

10.93

-8.54
-8.41
-9.55
-10.74

-8.04

0.22

20.70

19.38

-8.02

0.91

23.43

22.42

0.48

10.76

-9.03
-10.07

0.95
0.07

27.34
36.50

26.91
29.30

0.01
0.54

10.20
12.45

Figure 2. Comparison between the Chla-2 and Chla-is indices in 2016 and 2017.

Figure 3 shows the change in chlorophyll-a concentration at the beginning of the dry
seasons of 2016 and 2017, calculated with data from the Chl-2 algorithm (Page et al., 2018),
with emphasis on the section of Point PT-04 to the mouth of the Poti River in the months of
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August until November of each year. As can be seen in this figure, the high concentration of
chlorophyll-a corresponds to red.

Figure 3. Spatial distribution of chlorophyll-a concentration from August to November 2016 and
from August to November 2017.

4. CONCLUSIONS
This study is the first attempt to evaluate the use of Sentinel-2 in Poti River remote sensing.
The results show that Sentinel-2 images have great potential for urban river remote sensing, as
we were able to retrieve and map chlorophyll-a concentrations by means of routinely used
empirical algorithms.
The results generated by the Chl-1, Ha et al. (2017), Chl-2, Page et al. (2018), and Chl-3,
Kuhn et al. (2019) equations show the need for calibration of the models used to simulate the
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Poti River water components. Considering a moderate correlation between the results of
punctual quantitative agreement between the in situ data and the values obtained with each
equation, the empirical algorithm Chl-2 obtained a better punctual performance than the
algorithms Chl-1 and Chl-3.
The empirical algorithm Chl-2 shows a correlation has been established to identify the
spatiotemporal variation of chlorophyll-a concentration along the Poti River broadly and not
more punctually. The spatiotemporal distribution of chlorophyll-a in maps from Sentinel-2A
images are consistent with the pattern of occurrence determined by the in situ data. Therefore,
the MSI sensor proved to be a tool suitable for the detection and monitoring of chlorophyll-a
concentration along the Poti River.
In addition, it is recommended that a chlorophyll-a concentration monitoring system be
implemented using a calibrated algorithm for the Poti River optical properties and Sentinel-2
data in order to improve the environmental management of the river. To enable the monitoring
of water quality in urban rivers, especially in the tropical semiarid region of Brazil is a
contribution to the conservation of the environment and the sustainable management of this
water resource, as it will permit the verification of current and possible future conditions of
eventual environmental, social and economic impacts.
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ABSTRACT
Density of phytoplankton in stabilization ponds influences treatment performance. The
study hypothesized that the phytoplankton community structure varies according to local and
temporal changes and consequently influences the treatment of the effluent. Phytoplankton
community structure in facultative and maturation ponds in central Brazil was analyzed to
provide guidance on system operation and maintenance. Further, species density, abundance,
diversity, richness, dominance and beta diversity were measured. The efficiency of the
treatment was evaluated based on Biochemical Oxygen Demand (BOD). Additionally, a
Canonical Correspondence Analysis (CCA) was used to investigate how physical and chemical
variables influenced the composition of the most abundant species in the dry and rainy seasons
and the microalgae that were most related to the removal of BOD. One hundred and sixty-eight
taxa were recorded, and the most abundant classes in both ponds were Chlorophyceae and
Cyanophyceae (40% potentially toxic). The maturation pond had greater adaptability in the
rainy season, while the facultative pond was more flexible in the dry season. The best period of
growth varied among species. In both ponds, Chlorella minutissima was the one which most
contributed to the optimization of the treatment. Thus, identifying phytoplankton species and
relating them to water quality parameters and weather can help to understand the ecological
dynamics of wastewater treatment and provide useful information for the operation and
maintenance of stabilization ponds.
Keywords: cyanobacteria, diversity, wastewater.

Variabilidade na estrutura das comunidades fitoplanctônicas e
influência no funcionamento de lagoa de estabilização
RESUMO
A densidade do fitoplâncton em lagoas de estabilização influencia no desempenho do
This is an Open Access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.
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tratamento. A hipótese foi que a estrutura da comunidade fitoplanctônica varia de acordo com
as mudanças locais e temporais e, consequentemente, influencia o tratamento do efluente.
Foram analisados a estrutura da comunidade fitoplanctônica em lagoas facultativas e de
maturação no Brasil central para fornecer orientações sobre a operação e manutenção do
sistema. Foram medidas a densidade, abundância, diversidade, riqueza, dominância e
diversidade beta das espécies. A eficiência do tratamento foi avaliada com base na Demanda
Bioquímica de Oxigênio (DBO). Adicionalmente, foi realizada uma Análise de
Correspondência Canônica (CCA) para investigar como variáveis físicas e químicas
influenciaram a composição das espécies mais abundantes nas estações seca e chuvosa, e as
microalgas mais relacionadas à remoção de DBO. Foram registrados 168 táxons e as classes
mais abundantes em ambas as lagoas foram Chlorophyceae e Cyanophyceae (40%
potencialmente tóxicas). A lagoa de maturação possui maior adaptabilidade na estação chuvosa,
enquanto a lagoa facultativa foi mais flexível na estação seca. O melhor período de crescimento
variou entre as espécies. Em ambas as lagoas, a Chlorella minutissima foi a que mais contribuiu
para a otimização do tratamento. Assim, identificar espécies de fitoplâncton e relacioná-las com
parâmetros de qualidade da água e a sazonalidade pode ajudar a entender a dinâmica ecológica
do tratamento de águas residuais e fornecer informações úteis para a operação e manutenção de
lagoas de estabilização.
Palavras-chave: águas residuárias, cianobactéria, diversidade.

1. INTRODUCTION
Stabilization ponds are artificial environments used for sewage treatment. An increase in
nutrients in these ponds promotes phytoplankton overgrowth, which can risk public health,
since some species release toxic substances that can bioaccumulate and cause cancer. Species
evenness varies in such ponds; for example, cyanobacteria can dominate in either stabilization
or maturation ponds (Aquino et al., 2011).
The efficiency of the stabilization ponds is due to several factors such as temperature,
hydraulic retention time, depth, bacteria and algae. In the case of algae in a stabilization pond,
algal growth and nutrient assimilation are not only affected by nutrient viability, as they also
depend on complex interactions between physical factors such as pH, light intensity,
temperature, wind, solar radiation (Von Sperling, 2002) and biotic factors such as algal density
(Lau et al., 1995). Phytoplankton in stabilization ponds is essential for oxygen production
required for organic matter degradation (Pastich et al., 2016).
The phytoplankton community is involved in many ecosystem processes of inland,
estuarine, and marine waters. They also are good bioindicators (Amengual-Morro et al., 2012).
Branco et al. (1963) recorded 45 algae genera useful for wastewater treatment, while
D'Alessandro et al. (2015) analyzed the efficiency of nutrient removal by algae. However,
studies on phytoplankton communities of stabilization ponds are still scarce.
Chlorophyceae is the most speciose algae group in stabilization ponds, usually followed
by Euglenophyceae or cyanobacteria (Soldatelli and Schwarzbold, 2012; Gani et al., 2011).
Additionally, some species commonly found in environments rich in organic matter also occur
in stabilization ponds, such as Chlamydomonas, Euglena, Navicula, Synedra, Oscillatoria, and
Phormidium (Sen et al., 2013). Thereby and Granado (2004) recorded Chlorella vulgaris as
dominant in the winter and less abundant in other seasons in a stabilization pond. There are
plenty of studies on algae and cyanobacteria focusing on limnological variables. However, little
is known about how biotic and abiotic variables of stabilization ponds influence the
phytoplankton community, despite the importance of algae to the functioning of these
ecosystems.
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The hypothesis of the present research was that the structure of the phytoplankton
community varies according to local and temporal changes and, consequently, influences the
treatment of the effluent. To test this, species density, abundance, diversity, richness,
dominance, and beta diversity of the phytoplankton community were analyzed. How physical
and chemical variables influenced the composition of the most abundant species in the dry and
rainy seasons and the microalgae that were most related to the removal of Biochemical Oxygen
Demand (BOD) were also explored. The results helped to identify the microalgae which are
better fitted for wastewater treatment in stabilization ponds, and thus provide guidance for
system operation and maintenance of the ponds.

2. MATERIALS AND METHODS
2.1. Study sites
This study was conducted in facultative and maturation pond of the module A of the
wastewater treatment plant of Trindade, Goiás, central Brazil (16°39'09'' S; 49°31'50'' W)
during six months spanning rainy and dry seasons (September through December 2010, April
and May 2011). The plant has an average flow rate of 161.6 L s-1, and BOD (biochemical
oxygen demand) removal efficiency of 84%. The facultative pond studied has an area of 27,000
m2, depth of 1.25 m, a volume of 33,750 m3, and HRT (hydraulic retention time) of 4.8 days.
The maturation pond has an area of 13,975 m2, 1.25 m of depth, volume of 17,468.75 m3, and
2.5 days of HRT.
2.2. Sampling and species identification
To choose sampling points, pond depth was first measured using a measuring tape attached
to a rigid rod on a boat at points F1, F2, F3, M1, and M2 (Figure 1). In the facultative pond,
depth was measured at three-points equidistant to the margin, one at the beginning (F1) at 90
m from pond entrance, one in the middle (F2) at 180 m from pond entrance, and another at the
end of the lagoon (F3) 270 from the entrance. Similarly, depth was measured at two points
equidistant to the margin, one at the beginning (M1) 70 m from the entrance of the maturation
pond and another at the end (M2) 150 m from the entrance.
Facultative pond
90 m

F3

F2

F1
90 m

90 m

90 m

Effluent

Influent

F2S (0.10 m)
F2M (0.85 m)
F2B (1.50 m)

Maturation pond
M1
80 m

M2

M1S (0.10 m)

M2S (0.10 m)

M1M (0.65 m)

M2M (0.65 m)

M1B (1.10 m)

M2B (1.10 m)

65 m
Effluent

Influent

70 m

Figure 1. Sampling points in the facultative and
maturation ponds of module A of the wastewater
treatment plant of Trindade, Goiás, central
Brazil. S: surface; M: middle; B: bottom.

Samplings were made using a 5 L Van Dorn bottle from 09h40 to 11h00 am in the
facultative pond. Using a boat, samplings were collected along the vertical profile at point F2
(surface, middle, and bottom approximately 20 cm above the mud). In the maturation pond,
samplings were made from 10h50 to 12h00 am at points M1 and M2 at three depths (surface,
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middle, and bottom) at each point. The maturation pond had two collection points due to the
higher concentration of chlorophyll than the facultative pond. The physical, chemical and
biological parameters of the maturation pond were obtained by averaging them at two points
(M1 and M2) and their depths.
Qualitative samples of phytoplankton were stored in transparent 100 mL glass bottles and
fixed with 4% formaldehyde. Live samples were also analyzed. Species identification was
based on morphological and morphometric characteristics analyzed under an inverted Olympus
microscope CKX41, coupled with a camera and a Cell D® program. Nomenclature for classes
followed Van Den Hoek et al. (2008); Cyanobacteria was identified using Komárek and
Anagnostidis (2005); Chlorophyceae using Komárek and Fott (1983), D’Alessandro and
Nogueira (2017); Euglenophyceae Nogueira (2007); for other classes Bicudo and Menezes
(2006).
Quantitative samples were placed in 100 mL amber glass bottles, fixed with Lugol (Bicudo
and Menezes, 2006) and analyzed under an inverted microscope Olympus CKX41 using a
settling chamber following Utermöhl (1958). Cells were counted in 10 to 15 randomly chosen
fields (Uehlinger, 1964). Due to high concentration of organisms, 1:2 and 1:3 dilutions were
used. To enhance quantification strategy, were counted a maximum of 250 individuals
(unicellular, colonial, coenobium, trichome, and filamentous) of the second most common
species. Were adopted a minimum counting efficiency of 97%, which is the probability that the
required number of individuals have been counted and new species are less likely to appear
(Pappas and Stoermer, 1996). Thus, counting error is less than 20% at a significance level of
95%. Here, were considered a cell, colony, coenobium colony, trichome, or filament as an
individual.
2.3. Environmental variables
To calculate the euphotic zone, the Secchi disk value was multiplied by three. Water
temperature and dissolved oxygen were measured using an oximeter (Thermo Scientific/Orion
5 stars). Ammonia samples were analyzed by the direct method Nessler following Silva and
Oliveira (2001). It was also measured pH (potentiometric method), conductivity (CND;
potentiometric), biochemical oxygen demand (BOD; dilution), chemical oxygen demand
(COD; colorimetric), nitrate (NO3; UV), orthophosphate (PO4-3; ascorbic acid), and total
phosphorus (TP; ascorbic acid) following APHA et al. (1998).
2.4. Community structure parameters
The classification of size fractions for the most abundant species followed Sieburth et al.
(1978). Were calculated species diversity using the Shannon (1948) index based on species
density, and the evenness index of Pielou (1966). Species richness was measured in each
quantitative sample. Abundant species were those with more than 0.8% abundance at each
sampling point. Dominant species in each sampling point were determined following Lobo and
Leighton (1986). Were calculated Whittaker’s (1972) beta diversity index (βW) to measure
compositional turnover between ponds based on qualitative data.
2.5. Data analysis
A Canonical Correspondence Analysis (CCA) was used to test how abiotic variables and
seasonality influenced the composition of the most abundant species. The significance of the
model was tested using Monte Carlo randomization with 999 runs.

3. RESULTS AND DISCUSSION
3.1. Characteristics of ponds
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Both ponds had working depths of 1.25 m, a higher volume than initially designed,
probably because module C was deactivated. Thus, part of the volume of module A was directed
to other two modules, changing their depths. Also, depth changed considerably during the
sampling period, but the average for the maturation and facultative ponds were 1.74 and 1.36
m, respectively. Depth decreased in October (early rainy season) compared to September, likely
because one of the pumping stations (“Bruacas”) was broken and did not release sewer to the
treatment plant, changing flow rate.
The increase in depth in both ponds in November and December 2010 was due to module
A’s structure, high rainfall, and increased flow rate. The variation in depth of stabilization ponds
in the wastewater treatment plant of Parque Atheneu, Goiás, Brazil was related to rainfall and
likely illegal release of rainwater to sewage (Martins, 2003). Shammas et al. (2009) point out
evaporation of pond water is usually insignificant, except in places with dry and warm weather,
such as the study site. The same authors states that evaporation rate varies with temperature,
atmospheric pressure, wind speed, and salt content of the water.
The euphotic zone of the stabilization pond varied throughout the sampling period.
However, the photic zone of the facultative pond did not vary as much as in the maturation
pond, probably due to the pond’s size. The greatest depth recorded in both ponds was in
November (1.85 m in the facultative, and 1.40 m in the maturation pond), whereas the deepest
euphotic zone was recorded in September (0.38 m and 0.17 m, respectively) and the shallowest
in November (0.13 m and 0.12 m, respectively). However, the facultative pond had the
shallowest zone in October, December, April and May.
3.2. Phytoplankton community structure
One hundred and sixty-eight taxa were found belonging to six divisions and seven classes
(Cyanophyceae, Chlorophyceae, Euglenophyceae, Dinophyceae, Bacillariophyceae,
Prasinophyceae, and Cryptophyceae (Figure 2), of which 121 taxa were recorded in the
facultative and 152 in the maturation pond. The most speciose class in both ponds was
Chlorophyceae, followed by Euglenophyceae and Cyanophyceae. These classes have different
life history strategies such as their buoyancy mechanism, which may explain their high diversity
and abundance. Previous studies also found dominance of Euglenophyceae instead of
Chlorophyceae, due to higher concentration of organic matter (Mahapatra et al., 2013).
The highest phytoplankton density in both ponds was recorded on the surface. This
happened in September in the facultative pond (14,076,303 ind mL-1), while in the maturation
pond it was in October (12,462,508 ind mL-1). Species density increased in the dry season and
decreased in the rainy season, due to dilution.
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Figure 2. Proportional species richness of phytoplankton per class in the facultative ( ) and
maturation ( ) ponds of module A in Trindade wastewater treatment plant, Goiás, central
Brazil.
The highest phytoplankton densities ever recorded were observed in the stabilization

ponds: 14 x 106 ind mL-1 in the facultative and 12.4 x 106 in the maturation pond. The species
densities in wastewater treatment plants were 7 x 106 ind mL-1 in Parque Atheneu, Goiás
(Martins, 2003), 9 x 105 cel mL-1 in Novo Horizonte, São Paulo (Falco, 2005), 3.8 x 106 ind
mL-1 in Jacupiranga, São Paulo (Casali, 2008), 5.6 x 105 ind mL-1 in Biossistemas Integrados,
Espírito Santo (Delazari-Barroso, 2009), and 4.2 x 105 ind mL-1 in UCS, Rio Grande do Sul
(Soldatelli and Schwarzbold, 2012).
The dominant species was Synechocystis sp. (cyanobacteria), which composed on average
75% of the density in the facultative and 83% in the maturation pond. Additionally, other algae
and cyanobacteria were abundant during the study, such as Chlorella vulgaris, Chlorella
minutissima, Closteriopsis acicularis, Merismopedia tenuissima, and Synechococcus sp.
(Figure 3). Florentino et al. (2019) evaluation of algal diversity in stabilization pond systems
treating domestic wastewater showed that the genera Euglena and Chlorella were present in
relatively high frequencies in five of the six effluents analyzed.

Figure 3. Relative abundance of species with higher density throughout the study,
in the facultative and maturation pond of the module A, wastewater treatment plant
of Trindade. ( ) Chlorella vulgaris; ( ) Chlorella minutissima; ( ) Closteriopsis
acicularis; ( ) Merismopedia tenuissima; ( ) Synechococcus sp.; ( )
Synechocystis sp.; ( ) others.

The abundance of Synechocystis sp. decreased in November and December 2010, which
allowed the increase in abundance of C. acicularis. In April and May 2011, the abundance of
C. minutissima increased. Seasonality affected both ponds similarly. The most abundant species
were part of the nanoplankton, except for C. acicularis, which is microplankton.
The possible cause of the high abundance of these algae and cyanobacteria was their great
capacity to reproduce and absorb nutrients in stabilization ponds. Due to these characteristics,
the cyanobacteria M. tenuissima was one of the most abundant species in the Parque Atheneu
Stabilization Ponds, Goiás, BR (Martins, 2003), whereas Planktothrix isothrix as the most
abundant in Barbalha, Ceará, BR (Aquino et al., 2011).
A previous study found a high cyanobacteria density in the maturation pond, due to its
morphometric parameters and high nutrient availability. A similar situation was found with
Synechocystis sp. occurring in a higher abundance in the maturation than in the facultative pond
during the whole study, except for December. Cyanobacteria tend to become dominant in turbid
water because they are superior competitors at low light intensity, and once their high biomass
has created a turbid environment, other phytoplankton species compete less effectively. Eland
et al. (2019) determined more variation was seen between the systems waste stabilisation ponds
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than between different stages in the treatment processes for both eukaryotic and cyanobacterial
communities. Chlorella species and Planktophrix cyanobacteria dominated both treatment
systems.
Species diversity, evenness, richness, and dominance were, on average, higher in the rainy
than in the dry season in the facultative pond. The opposite pattern was observed in the
maturation pond, probably due to differences in pond structure. Species diversity increased
from October to December in both ponds, probably due to increased rainfall, which carried
particles of suspended solids into the pond, reducing the euphotic zone and decreasing dissolved
oxygen concentration, favoring new species, especially flagellates (Riediger et al., 2015), such
as Chlamydomonas sp., Chilomonas sp., Chlorogonium sp., and Collodictyon sp. because, these
species are heterotrophic and do not need light to produce metabolites. These heterotrophic
algae have high potential to reduce cyanobacterial blooms (Kobayashi, 2013).
The most speciose division in stabilization ponds is usually Chlorophyte, being Chlorella
the most abundant genus. Chlorella is a microalgae widely used in industry, mainly for the
production of biodiesel, polyunsaturated fatty acids (PUFAS), omega-3, lutein and other
antioxidants. Therefore, the effluent from the stabilization ponds of our study site can be used
as a nutrient medium for cultivating Chlorella, making the production of bioproducts viable
(Abdel-Raouf et al., 2012), as implemented by other studies (Dahmani et al., 2016). The most
common cyanobacteria genera in stabilization ponds are Oscillatoria and Microcystis, and
common algae are Chlamydomonas, Euglena, Chlorella, Scenedesmus, and Micractinium.
These algae were recorded in our study site and could potentially be used in biotechnological
applications.
The genera Aphanocapsa, Phormidium, Planktothrix, Pseudanabaena, Synechocystis, and
Synechococcus recorded in the study site are considered potentially toxic. Merismopedia
tenuissima can also produce cyanotoxins of microcystin type. However, cyanobacteria are not
only ones to produce toxins, the algae Euglena granulata, E. clavata and E. anabaena found in
the study site can produce toxins (Zimba et al., 2017).
Beta-diversity (βW) describes the turnover or change in species identities along space. It is
a measure of difference in species composition between local communities. Thereby, βW in the
facultative pond was high in September (20.7) and low in October (12), whereas it was high in
April (20.2) and lower in October (8.6) in the maturation pond. Both ponds had relatively low
βW, indicating a low turnover in the phytoplankton community, i.e., ponds have high similarity
(Schuster et al., 2015) and environments with high productivity can present low βw (ZorzalAlmeida et al., 2017). The maturation pond had higher βW in the rainy season, whereas it was
higher in the dry season in the facultative pond. Increase βW in the maturation pond (Nov. –
Apr.) was mainly due to Chlorophyceae phytoflagellates, such as Chlamydomonas and
Chlorogonium.
3.3. Species-environment relationship
The most frequent species could be divided into four groups regarding their response to
environmental variables. Species of Group I occurred in September (end of the dry season),
Group II in October (late dry and early rainy season), Group III in November and December
(mid rainy), and Group IV in April (late rainy and early dry season) and May (early dry). C.
minutissima had higher relationship in Group IV, while C. acicularis in Group III and the
remaining species in Groups I and II (Figure 4a). The variables most correlated with Axis 1
were HRT and temperature, whereas BOD, CND, and ammonia were most correlated with Axis
2. Correlations between Monte Carlo parameters were higher than 0.98 for Axes 1 and 2 for
both ponds (Table 1), i.e., there is not only a single dominant variable that determines the
relationship between species and environment.
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The analysis showed the same groups for the maturation pond (Figure 4b). The variables
most correlated with Axis 1 were ammonia, temperature, euphotic zone, and HRT, while COD,
DO, CND, and euphotic zone were most correlated with Axis 2 (Table 1).

Figure 4. Ordination diagram showing the result of CCA for the relationship between species
composition and environmental variables measured in the facultative (a) and maturation (b) pond. For
legend see material and methods.
Table 1. Summary table of showing the results of CCA. Loadings, relative
eigenvalues, and p value for the model obtained with Monte Carlo randomizations in
the facultative and maturation pond.
Facultative Pond
Axis 1
Explicability
Eigenvalues
0.38
% of Variance
57
Corr. of Variables Eigenvectors
DO
0.11
Temp.
-0.63*
pH
-0.25
CND
0.11
COD
0.10
Orthophosphate
0.19
Ammonia
0.39
Flow
0.56
HRT
-0.64*
BOD
0.40
Euphotic zone
-0.29
Sp x Environa

0.995

Maturation Pond

Axis 2

Axis 1

Axis 2

0.21
31
Eigenvectors
-0.42
0.50
-0.38
-0.71*
-0.53
0.48
-0.69*
-0.02
-0.01
-0.76*
-0.57

0.42
56
Eigenvectors
-0.23
-0.80*
-0.53
0.56
0.46
-0.23
0.94*
0.50
-0.60*
0.53
0.70*

0.24
32
Eigenvectors
0.76*
-0.03
0.53
0.75*
0.80*
-0.47
-0.09
-0.33
0.31
-0.37
0.68*

0.987

0.999

0.990

*
a

correlation coefficients important for axes building.
Monte Carlos Correlation, Species x Environmental (p = 0.001).

The density of the most abundant species varied seasonally. Previous studies (Reynolds,
2006) also found a seasonal variation in species abundance of algae that track environmental
change throughout the year. In this same study, Chlorella was tolerant to stratification and
sensitive to low nutrient concentration. Species dominance patterns can change throughout the
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day according to changes in physical and chemical variables (Bernal et al., 2008). In the
facultative pond, C. vulgaris occurred in October and September when stratification was more
pronounced and the euphotic zone was greater. In both ponds, C. minutissima was better
adapted to the dry season, higher concentrations of ammonia and BOD, and smaller HRT. Thus,
this species may be promising to be used in wastewater treatment, due to its high rate of nutrient
uptake. Also, this species was less affected by euphotic zone than M. tenuissima, showing that
the latter can be heterotrophic or mixotrophic, while M. tenuissima is autotrophic.
Species of the genus Synechococcus prefer homogeneous habitats, are sensitive to low
light, dependent on the autotrophic system. High rainfalls tend to homogenize ponds. Thus, the
abundance of Synechococcus sp. was predicted by October (early rainy season) and euphotic
zone. On the other hand, Merismopedia prefer high ammonia concentration. Consequently, M.
tenuissima was more affected by ammonia in our study. Generally, cyanobacterial blooms can
be avoided by decreasing the phosphorus concentration at the site (Fastner et al., 2016). In this
study the cyanobacteria were more influenced by the euphotic zone. Thus, to avoid
cyanobacterial blooms in stabilization ponds, this variable must also be taken into account and
not only the concentration of phosphorus.
C. acicularis was more abundant in the months of high rainfall, possibly due to the increase
of temperature, HRT and dilution of toxic substances of the sewage (e.g., ammonium and
metals), which can influence phytoplankton growth (Reynolds, 2006).
Therefore, environmental variables influence phytoplankton species distribution, diversity,
abundance, and density in stabilization ponds, which can affect treatment efficiency.
Species of the genus Synechococcus prefer homogeneous habitats, are sensitive to low
light, dependent on the autotrophic system. High rainfalls tend to homogenize ponds. Thus, the
abundance of Synechococcus sp. was predicted by October (early rainy season) and the euphotic
zone. On the other hand, Merismopedia prefer high ammonia concentration. Consequently, M.
tenuissima was more affected by ammonia in our study. Generally, cyanobacterial blooms can
be avoided by decreasing the phosphorus concentration in the site (Fastner et al., 2016). In this
study, the cyanobacteria were more influenced by the euphotic zone. Thus, to avoid
cyanobacterial blooms in stabilization ponds, this variable must also be taken into account and
not only the concentration of phosphorus.

4. CONCLUSION
In conclusion, our study showed that stabilization ponds had low alpha- and beta diversity,
despite having 168 taxa. However, beta diversity was higher in the rainy season in the
maturation pond and in the dry season in the facultative pond. About 40% of the cyanobacteria
recorded are potentially toxic. Thus, not only cyanobacteria, but also cyanotoxins launched in
the ponds after treatment should be quantified. Except for C. acicularis, the most abundant
cyanobacteria and algae in the ponds were nanoplankton, with C. minutissima the most
important species for sewage treatment. This species has a high growth rate, higher contact
surface of the cell, and mixotrophy and/or heterotrophy. Thus, identifying phytoplankton
species and relating them to water quality parameters and weather can help to understand the
ecological dynamics of wastewater treatment and provide useful information for the operation
and maintenance of stabilization ponds.
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ABSTRACT
The water hyacinth (Eichhornia crassipes) is listed among the 100 worst invasive plants
and was ranked as the 11th worst invasive species in Europe, being a threat to aquatic
biodiversity and water-provision. Predicting species distribution is the first step to
understanding niche suitability, forecasting the invasion impact and building resilience against
this species. In this study, we used a potential distribution model to assess the global risk of
water hyacinth invasion by overlapping maps of highly suitable areas for water hyacinth
occurrence and areas of biological importance and water scarcity. The MaxEnt - Maximum
Entropy algorithm was used in the construction of the model and included five global
bioclimatic layers and one of urbanized areas. Among the variables used, occurrence is mainly
explained by urban areas, highlighting the importance of cities as a source or dispersion
mechanism of the water hyacinth. Global biodiversity hotspots are predominantly situated in
high suitability regions for the species. Ramsar sites and global protected areas are at a lower
risk level compared to hotspots; however, future climate change and urban growth scenarios
could put these areas at higher risk for invasion. Threats posed by the water hyacinth are
possibly more acute in regions suffering from current or chronic drought. The results suggest
that niche models that do not consider anthropic variables may be underestimating potential
distribution of invasive species. Furthermore, the ecological plasticity of the water hyacinth and
its close association with cities increase the concern about the impact of this species on the
environment and on water security.
Keywords: invasive species, species distribution modeling, water hyacinth.
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Modelagem de distribuição potencial da Eichhornia crassipes em
escala global: riscos e ameaças para os ecossistemas aquáticos
RESUMO
O aguapé é listado entre as 100 piores plantas invasoras, além de ter sido classificado como
a 11ª pior espécie invasora da Europa dado seu impacto na biodiversidade aquática e utilização
de recursos hídricos pelas populações humanas. Prever a distribuição é o primeiro passo para
entender a adequabilidade do nicho e prever o impacto da invasão pela espécie. Nesta pesquisa,
um modelo de distribuição potencial do aguapé foi elaborado para avaliar o risco global de
invasão, por meio da sobreposição deste modelo a áreas de biodiversidade e consumo de água.
O algoritmo MaxEnt - Maximum Entropy foi utilizado na construção do modelo e incluiu cinco
camadas bioclimáticas e uma de áreas urbanizadas. A camada de áreas urbanas foi a que mais
contribuiu individualmente para o modelo e destacou a importância das cidades como fonte ou
mecanismo de dispersão do aguapé. Os hotspots globais de biodiversidade estão
predominantemente situados em regiões de alta adequabilidade para a espécie. Os sítios de
Ramsar e as unidades de conservação globais estão em um nível de risco mais baixo do que os
hotspots. No entanto, cenários futuros de mudanças climáticas e o crescimento urbano podem
colocar essas áreas em maior risco de invasão. Ameaças provocadas pelo aguapé são
possivelmente mais agudas nas regiões que sofrem com a seca crônica. Os resultados sugerem
que modelos de distribuição potencial que não incluem variáveis antrópicas podem estar
significativamente subestimando a distribuição potencial de espécies invasoras. Além disso, a
plasticidade ecológica dessa espécie e sua associação com centros urbanos aumentam a
preocupação com os impactos do aguapé na biodiversidade e sobre os recursos hídricos.
Palavras-chave: aguapé, espécies invasoras, modelos de distribuição de espécies.

1. INTRODUCTION
The water hyacinth (Eichhornia crassipes) is a free-floating aquatic macrophyte in the
Pontederiaceae family and originates from the Brazilian Amazon (EPPO, 2008). It reproduces
both vegetatively, via ramets formed from axillary buds on stolons, and sexually through seed
production (EPPO, 2008). The species’ growth is related to an environment’s nutrient content,
especially when the temperature ranges between 28ºC and 30ºC; however, growth sharply
decreases below 10ºC or above 34ºC (EPPO, 2008). E. crassipes colonizes still or slow-moving
water bodies, such as estuarine habitats, lakes, urban areas, watercourses, and wetlands. It can
tolerate water level fluctuation extremes and seasonal variations in flow velocity, as well as
extremes of nutrient availability, pH, temperature and toxic substances (Gopal, 1987).
There is currently no consensus on how and when this species was introduced into
environments outside its natural habitat, but its use for ornamentation in lakes and gardens, as
well as in controlling nutrients and algal blooms in eutrophic environments certainly
contributed to its spread (Kriticos and Brunel, 2016).The water hyacinth is present on all
continents, except Antarctica, having invaded more than 50 tropical and subtropical countries
(EPPO, 2008). Due to its high dispersal and growth capacity, the species is ranked on the 100
worst invasive species list as reported by the International Union for Conservation of Nature
(IUCN) and it is in the top 20 list of the Spanish Invasive Species Specialist Group (ISSG)
(Téllez et al., 2008). According to Nentwig et al. (2018), E. crassipes was ranked as the 11th
worst invasive species in Europe.
Environments colonized by E. crassipes have undergone significant changes in their
structure and aquatic habitat diversity, including the proliferation of disease transmitters and
high fish mortality due to low concentrations of dissolved oxygen in water (Lorenzi, 2000).
Rev. Ambient. Água vol. 15 n. 2, e2421 - Taubaté 2020
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Moreover, multiple water body uses have been impacted, especially uses that affect power
generation, navigation, recreation and drinking water supply (Liu et al., 2016). This effect is
more pronounced in regions that suffer from chronic drought (e.g., the Mediterranean),
countries with tourism-based economies (e.g., Tunisia), and countries whose principal
electricity supply comes from hydroelectric generation (e.g., Brazil; Kriticos and Brunel, 2016).
In Sardinia (Italy), in 2010, the invasion of E. crassipes became evident when the
Mare'eFoghe River, in the Province of Oristano, was covered for 8 km over an area of 560,000
m². During this event, there was an interruption of the recreational activities that usually occur
in the watercourse (Brundu et al., 2012). Countries such as Portugal, India, Sri Lanka,
Bangladesh, Buma, Malaysia, Indonesia, Thailand, and the Philippines recorded negative
impacts and large economic losses in rice fields of around US$ 15 million due to E. crassipes
(Moreira et al., 1999).
In some cases, the economic impacts are so significant that they require the use of control
techniques, such as in the State of Florida, in the United States, which spent more than $43
million between 1980 and 1991 on the suppression of water hyacinths. Mullin et al. (2000)
reported annual expenditures for the management of the species in the order of US $500,000 in
California and 3 million in Florida. Spain spent more than 14 million euros between 2005 and
2008 to control the species in the Guadiana River Basin (Téllez et al., 2008). In Lusaka, Zambia,
the E. crassipes invasion on the Kafue River led to the suspension of water treatment and the
reduction of the electric power generation capacity at the Gorge Dam, for at least one week
(EPPO, 2008). Hydroelectric plants in Malawi and Jinga, Uganda, on the Nile River, are also
frequently affected by the turbine clogging caused by water hyacinths (Wise et al., 2007).
Given that invasive species commonly produce negative impacts, predicting which regions
are at risk of biological invasions is important for developing successful monitoring programs
and management strategies. In this context, Species Distribution Models (SDM) are tools used
to predict the potential distribution of a particular species through the relationship between
species occurrence and environmental condition data sets (Elith and Leathwick, 2009).
Many of the modeling studies which implement SDMs carried out and reported in the
literature have focused on conserving and representing the distribution of rare and endemic
species (Oliveira, 2011); biogeographic analyses (Whittaker et al., 2005); potential routes of
infectious diseases (Peterson et al., 2006; Levine et al., 2007); predicting the effects of climate
change on the geographical distribution of species (Peterson et al., 2002; Pearson et al., 2006;
Wiens et al., 2009; Kriticos and Brunel, 2016); identifying priority areas for conservation
(Ortega-Huerta and Peterson, 2004); and predicting the spread risks of invasive species
(Peterson, 2003; Peterson and Robins, 2003; Campos et al., 2014; Kriticos and Brunel, 2016;
Liu et al., 2016).
Maps generated from such models may be useful in predicting the invasive potential of
exotic species, and for assessing the invasion risk in uncolonized environments (Rödder et al.,
2009). We hypothesize that anthropogenic variables, such as proximity to urban areas, and
climatic variables (temperature and precipitation), are determinants of the species distribution.
To date, no global analyses of the potential impact of water hyacinth on biodiversity or
ecosystem services have been carried out. Thus, the present study aimed to build a potential
distribution model of the water hyacinth, on a global scale, in order to assess invasion risk.
Additionally, the study sought to identify areas in terms of the threat level to biodiversity, water
supply, and regions under chronic drought.

2. MATERIAL AND METHODS
2.1. Occurrence data acquisition and processing
The occurrence points of the species were obtained from the dataset available on the Global
Biodiversity Information Facility website (GBIF - gbif.org) for the period between 1960 and
Rev. Ambient. Água vol. 15 n. 2, e2421 - Taubaté 2020
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2017. This online platform was chosen due to the ease of access to the occurrence records on a
global scale, as highlighted in various recently reported studies (Syfert et al., 2013; Campos et
al., 2014; Zeng et al., 2016; Liu et al., 2016). Because inconsistencies related to the reliability
of the georeferencing and taxonomic identification of the water hyacinth have been identified,
inconsistent registers were removed.
2.2. Selection of environmental layers of interest
Nineteen bioclimatic layers were obtained digitally from the WorldClim project
(http://worldclim.org) at a spatial resolution ~ 2.5'. In addition to these variables, a binary layer
of urban areas worldwide was obtained from the Socioeconomic Data and Applications Center
– SEDAC (http://sedac.ciesin.columbia.edu/data/set/grump-v1-urban-ext-polygons-rev01).
This layer was considered because urban areas provide favorable conditions for the distribution
of E. crassipes (Dube et al., 2018). The layers were obtained in ESRI Grid format and were
converted using DIVA-GIS 7.5.0 to the ASCII format, which is compatible with the MaxEnt
data entry format. ArcGIS 10.3 was used to standardize the spatial incoming data in the
algorithm and to generate a Pearson correlation matrix in order to evaluate the relation between
the bioclimatic variables, and thus removing the highly correlated environmental layers from
the final set (r >|0.70|) (Dormann et al., 2012).
2.3. The modeling algorithm
The Maximum Entropy – MaxEnt v. 3.3.3 algorithm was selected to elaborate on the
potential distribution model (Phillips et al., 2006). This software estimates the probability of
occurrence of certain phenomena even when considering incomplete information and
demonstrates excellent performance for models that only consider presence/occurrence data
(Hernandez et al., 2006; Pearson et al., 2007; Wisz et al., 2008). The modeling parameters were
set by default (regularization multiplier: 1; max number of background points: 10,000;
replicates: 1; replicated run type: cross-validate; maximum iterations: 500; convergence
threshold: 0.00001; adjust sample radius: 0). The obtained model used the best predictor
variables, with 75% of the occurrence data for training and 25% for test. The environmental
suitability map resulting from the model was categorized into five levels defined by the naturalbreaks function in ArcGIS 10.3. The same software was also used to represent the graphical
outputs of MaxEnt.
2.4. Model Evaluation and Validation
In order to statistically evaluate the MaxEnt performance, analyses carried out by the
software were evaluated using the Jack-Knife and the Area Under the Curve (AUC) tests. The
former was carried out to evaluate the importance of the environmental layers in the explanation
of the species distribution, and the latter is a statistical measure that assesses the agreement
between the presence records and species distribution. An AUC value equal to 0.5 indicates
that the model performance is possibly by chance similar to chance, while values closer to 1.0
indicate better model performance (Phillips et al., 2006). True Skill Statistic (TSS) was another
performance measure used to evaluate the model. With values ranging from -1 to +1, positive
values closer to +1 are related to the best model performance. TSS was calculated from a
confusion matrix composed of hits and misses related to the prediction of the model (Allouche
et al. 2006; Tables 1 and 2).
Subsamples of 700 and 1000 records were used in order to verify if the n sample size used
(presence records) had a significant influence on the algorithm’s performance. Moreover, an
independent dataset of species occurrence (25% of the total records) was used for the model
validation. For this process, a threshold was adopted based on Fixed Cumulative Value 5,
aiming to binarize the environmental suitability map for invasion susceptibility in a presenceRev. Ambient. Água vol. 15 n. 2, e2421 - Taubaté 2020
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absence map of the species in order to compare the outputs of the model against actual
distribution data (Phillips and Dudik, 2008).
Table 1. Confusion Matrix elaborated from the hits and misses
of the model.
Presence

Absence

Predicted presence A (true positive) B (false positive)
Predicted Absence C (false negative) D (true negative)
A) true positive: the model predicts the species presence and
the test data confirm this statement; B) false positive: the model
predicts the species presence but the test data indicate absence;
C) false negative: the model predicts the species absence but
the test data indicate presence; and D) true negative: the model
predicts the species absence and the test data confirm this
statement
Source: (Pearson et al., 2007).

Table 2. Model performance measures resulting from
the confusion matrix.
Measure
Accuracy
Sensitivity
Specificity
True Skill Statistics (TSS)

Formula
𝐴+𝐷
𝑁
𝐴
(𝐴 + 𝐶)
𝐷
(𝐵 + 𝐷)
(sensitivity + specificity) - 1

N: number of cases.
2.5. Environmental impacts on areas of interest
Eight environmental layers in ESRI shapefile (.shp) format were considered in the potential
environmental impacts assessment on a global scale, such as countries (http://www.gadm.org/);
drainage networks (http://www.hydrosheds.org/ download); lentic environments - ponds, lakes
and
dams
(https://www.worldwildlife.org/
publications/);
protected
areas
(https://www.protectedplanet.net/c/); Ramsar Sites (https://rsis.ramsar.org/); Biodiversity
Hotspots (http://www.cepf.net/resources/hotspots/Pages/default.aspx); Freshwater Ecoregions
of the World (http://www.feow.org/) and drylands (http://www2.unccd.int/drylandchampions). These environmental layers were overlapped with the potential distribution model
and categorized according to the environmental suitability by raster zonal statistical procedure.
ArcGIS 10.3 and DIVA-GIS 7.5.0 were used in the treatment of the considered environmental
layers.

3. RESULTS
After excluding species occurrence points lacking geographic coordinates and location
description or identified as duplicates, a total of 1316 occurrence points were selected to
develop the model. From the records in this dataset, 62% of the points are located between the
tropics (23° N and 23° S), while 25% are above the Tropic of Cancer and 13% are below the
Tropic of Capricorn. Thus, occurrence points are distributed across all continents, except
Antarctica. Although E. crassipes is native to South America, only 22% of the occurrence
Rev. Ambient. Água vol. 15 n. 2, e2421 - Taubaté 2020
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records were on that continent, while North America accounted for about 48%, Oceania with
7.7% of the records, followed by Africa (6.1%), Europe (5.9%) and Asia (5.8%).
The Pearson correlation analysis indicated a high number of correlated variables from the
19 bioclimatic layers dataset used in the model development. Six variables had no significant
correlations among them (r<|0.70|) and thus they were selected for analysis (Dormann et al.,
2012), five being bioclimatic and one being the binary layer of urban areas around the world,
which was not tested with the other variables as its data has no correlation with the other layers
(Table 3).
Table 3. Selected variables and Jack-Knife test result.
Code

Variable

Percent Contribution

Permutation importance

bio4
bio9
bio13
bio14
bio15
urb_ext

Temperature Seasonality
Mean Temperature of Driest Quarter
Precipitation of Wettest Month
Precipitation of Driest Month
Precipitation Seasonality (CV*)
Urban extent

25.2
20.7
18.2
8.1
1.3
26.5

30.9
31.5
13.1
12.6
1.9
10

* Coefficient of Variation.

According to the Jack-Knife test, "urban extent" and "temperature seasonality" variables
individually contributed the most to the model. The developed model used 987 training points
and 329 test points, performing better than expected at random model (AUC = 0.917 and
TSS = 0.70). The result of the sensitivity statistical measure was higher than the specificity,
indicating that the model produced few errors of omission (Syfert et al., 2013; Table 4).
Additional tests were performed using 1000 and 700 records to evaluate the efficiency of the
model when using subsamples, which verified that the reduction of the n sample size causes
few changes in the model performance with hit rates higher than 93% in all cases.
Table 4. Model performance measures.
Number of samples

Threshold*
AUC
TSS
Overall accuracy
Sensitivity
Specificity
Hit rate (%)

1316

1000

700

0.145
0.917
0.70
0.743
0.963
0.738
96.35

0.118
0.926
0.69
0.746
0.946
0.743
95.60

0.122
0.936
0.67
0.778
0.892
0.777
93.14

*Fixed cumulative value 5.

The modeled distribution is consistent with the actual points of species occurrence used in
this study, as well as administrative regions in which the water hyacinth has established
populations, either in their native or non-native habitats (Figure 1). The model indicated a broad
spectrum of potential environments that could be invaded by the E. crassipes and then the
binarized distribution model transformed the results of the environmental suitability map into
a presence/absence map (Figure 2).
According to the results, E. crassipes could be affecting the storage and freshwater supply
in Central America, the Southeastern United States, Africa (Sub-Saharan Africa), Southern
Europe, Southern and Southeastern Asia, and Oceania (note that more field data is required for
confirmation). It should be highlighted that more than 33% of the main watercourses and 10%
Rev. Ambient. Água vol. 15 n. 2, e2421 - Taubaté 2020
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of the entire area of the world's lentic environments occur in regions that are suitable for the
species occurrence. Approximately 44% of the world's lentic environments present conditions
for colonization. For many tropical countries located in identified risk areas, almost all of their
important watercourses are located in regions of high suitability (supplementary material –
Table A: http://doi.org/10.5281/zenodo.3708474).

Figure 1. Modeled potential distribution of E. crassipes on a global scale by countries.

Figure 2. Presence/absence map of E. crassipes on a global scale.

Many global ecoregions are under threat since more than 43% of global river basins present
ideal conditions for invasion risk. There are many basins located in both North and South
America with a high degree of fish species endemism that also offers the highest suitability for
invasion
(see
http://www.feow.org)
(supplementary
material
–
Table
B:
http://doi.org/10.5281/zenodo.3708474). (Figure 3).
About 52% of the Protected Areas (PA) of the world are under potential conditions for the
establishment of E. Crassipes. Less than 1% of PAs are located in optimum conditions,
corresponding to more than 279,551 km² of areas that can be or are already invaded. On the
other hand, approximately 48% of the total land area of PAs lies outside of regions that offer
water hyacinth suitability (Table 5). These PAs are predominantly either above the Tropic of
Cancer or below the Tropic of Capricorn. Some of them are among the largest PAs on the
planet, such as the Greenland biosphere reserve and the Chinese natural reserves of
Sanjiangyuan and Qiangtang.
Rev. Ambient. Água vol. 15 n. 2, e2421 - Taubaté 2020
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Figure 3. Modeled potential distribution of E. crassipes on a global scale by world freshwater
ecoregions.

Approximately 28% of the world's biodiversity hotspot areas are located in regions of high
suitability, while 6% are in optimal conditions for the occurrence of the water hyacinth. When
considering the threshold adopted in the model, 79% of the global biodiversity hotspot areas
can be invaded. There are large areas of potentially threatened hotspots in Mexico, the
Southeastern United States, Brazil, Madagascar, and tropical Asia (Figure 4). About 50% of
Ramsar sites are in places that offer minimum conditions of suitability for the occurrence of the
water hyacinth. Approximately 3% of the area of the sites or 67.6 thousand km² occur in optimal
conditions and 18% are in places of high suitability (Table 5). The projected distribution
indicates a high likelihood of species expansion including newly established Ramsar sites.
Table 5. Quantitative results of environmental suitability in PAs, biodiversity hotspots and global
Ramsar sites.
Protected Areas

Biodiversity Hotspots

Ramsar Sites

Class

Values

Area
(Sq. Km)

Area

Area
(Sq. Km)

Area

Area
(Sq. Km)

Area

1

0 - 0.07 (Unsuitable)

9,512,898

48%

6,818,674.62

21%

1,104,518.51

50%

2

0.071 - 0.208 (Light)

3,811,932

19%

6,480,462.70

20%

315,576.72

14%

3

0.209 - 0.352 (Moderate)

3,677,078

18%

7,788,311.41

25%

338,117.91

15%

4

0.353 - 0.525 (Potential)

2,698,951

14%

8,692,197.84

28%

405,741.49

18%

5

0.526 - 0.894 (Optimal)

279,551

1%

1,984,467.17

6%

67,623.58

3%

Total

19,980,411

100%

31,764,113.75

100%

2,231,578.21

100%

Approximately 30% of the world’s drylands are under potential risk of colonization, such
as the in the Southwestern United States, Central-East and Southern Africa, Northern Asia,
Northeastern Brazil, and Australia. Almost 50% of the available water resources in dry and subhumid lands are potentially threatened (Figure 5 and Table 6).
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Figure 4. Environmental suitability of E. crassipes by (A) Biodiversity Hotspots, (B) Ramsar sites
and (C) Protected Areas.
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Figure 5. United Nations Convention to Combat Desertification (UNCC) and
Convention on Biological Diversity (CBD) drylands.
Table 6. Quantitative results of environmental suitability in drylands.
Drylands

Area (Sq. Km)

Min

Max

Range

Mean

STD

Sum

Rate

Semiarid
Dry sub humid
Additional areas included in
CBD definition
Arid / Hyperarid

22,649,806
13,060,855

0.0000
0.0000

0.8788
0.8732

0.8788
0.8732

0.1127
0.1627

0.1415
0.1802

166,897.85
138,955.59

0.0074
0.0106

10,778,305

0.0000

0.8705

0.8705

0.1982

0.1730

139,715.69

0.0130

15,669,497

0.0000

0.8514

0.8514

0.0383

0.0777

39,220.17

0.0025

Min: lower suitability value; Max: highest suitability value; Range: difference between the lowest and
the highest value; Mean: average suitability value; STD: standard deviation; Sum: sum of the values of
the pixels of suitability; Rate: sum of the pixel values divided by the area.

4. DISCUSSION
We confirmed the hypothesis that both climatic and anthropic layers are important
predictors for water hyacinth distribution. Our analyses showed that the distribution of E.
crassipes is limited by low temperatures at high altitudes and latitudes, as well as by heat and
aridity in desert regions in Africa, Australia, Chile, Argentina, and Asia. In contrast to the
Northern Hemisphere, the Southern Hemisphere has few areas that are cold enough to prevent
species establishment. There is little opportunity for E. crassipes to expand the boundaries of
its occupation beyond the habitats already colonized in the southern hemisphere, given that the
Andes Cordillera in South America and the desert lands of Australia constitute a stress gradient
due to the cold and arid conditions, respectively.
We also found significant overlap amongst highly suitable regions for species occurrence
and areas of water scarcity and biologically important regions. World Protected Areas (PAs)
are less threatened than Ramsar sites and Biodiversity Hotspots, considering water hyacinth
suitability. The results obtained for the PAs were significantly influenced by the large number
of PAs located in Asia and at high latitudes, which are not suitable for the species. The Ramsar
sites are in an intermediate invasion potential condition. Despite this, the projected distribution
indicates a high probability of expansion of the species to newly established Ramsar sites, such
as the Marais de Sacy, in France; Lake Massaciuccoli, in the region of Tuscany, Italy; and the
environmental protection area of Cananéia-Iguapé-Peruíbe, in São Paulo, Brazil. Global
biodiversity hotspots showed alarming results. Approximately 79% of their areas are within
suitable conditions for the occurrence of the water hyacinth since the most biodiverse regions
of the world are concentrated in the tropics, the portion of the planet where the water hyacinth
is predominant.
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Threats posed by this species are possibly more acute in regions suffering from chronic
drought or drought. In countries such as Greece, Albania, Macedonia, Bosnia, and Croatia,
which have an extremely dry summer period and where available water resources are essential
for human survival. Thus, in these locations, the environmental and economic impacts can be
much more serious.
Threshold selection (fixed cumulative value 5) aimed to reduce the percentage of omission
errors, because the modeled species is a generalist, being able to find adequate conditions for
its survival throughout the projected area of occupation (Norris, 2014). The tests performed
with this threshold, with subsamples of 1000 and 700 registers, showed that the reduction of
the sample size implies a small reduction in the performance of the model. In all cases, the
accuracy was higher than 93%. Despite this, there was a small reduction in accuracy from 96%
to 93%, due to the decrease in the independent set of data used in the validation (Zhang et al.,
2015). The model presented good performance, obtaining an AUC of 0.917. However, in some
cases, the use of this statistical measure is criticized (Allouche et al., 2006). In addition, the
True Skill Statistics (TSS = 0.70) was calculated, which confirmed the good AUC result.
Urban areas had a major influence on the projected distribution of the water hyacinth,
which based on our analysis was the most influential factor explaining water hyacinth
occurrence. This highlights the importance of cities serving as the source locations of hyacinth
propagules due to the high levels of water pollution that contribute to species colonization.
Moreover, cities serve as global dispersion vectors as they facilitate the spread of the water
hyacinth far beyond its original distribution range. Due to the close association between the
species and urban areas, coupled with its wide niche suitability, from the conservation and
management point of view increases concern about the current and future impacts of the water
hyacinth.
Results obtained by Gallardo et al. (2015) corroborate our findings, as their study indicates
the importance of anthropic variables in the construction of SDMs by showing that anthropic
variables explained a substantial amount (23% on average) of species distributions. Megacities,
which are developing mainly in Asia, may accentuate the potential for invasion of the water
hyacinth on that continent. In Europe, Rodríguez-Merino et al. (2017) showed that the best
predictor of potential distribution for the majority of non-native aquatic macrophytes was the
human footprint. In addition, the most vulnerable areas are located near to the sea and the high
population density cities. An important part of the areas for colonization of these species
coincide with territories with agricultural development increase.
Our projected distribution on the European continent suggests a much wider range than
that found by Kriticos and Brunel (2016), who did not include urbanized areas in their model.
Moreover, our projected distribution in South Africa also suggests a larger area at invasion risk,
under current climatic conditions, than the areas identified by Hoveka et al. (2016), who also
did not include anthropic related variables in their model.
One limitation of this study refers to the small number of occurrence records obtained from
the GBIF portal for South America. This limitation could be improved using other platforms
that provide more information on the distribution of the species. Nevertheless, automatically
reducing occurrence numbers had little effect on models’ performance, which suggests that the
number of records were sufficient to test our hypothesis and strengthen the results.
Another limitation is collector’s bias, as in general, most sampled areas are those of greater
economic interest or more easily accessible, such as protected areas or near cities, roads and
rivers (Oliveira, 2011; Norris, 2014). The use of more records would probably improve model
performance. Nevertheless, although it is possible to measure collectors’ bias, it is not possible
to get rid of it, and virtually all niche models have such bias. Finally, water specific variables,
which are extremely important for the water hyacinth occurrence, were not used in our SDM
because no reliable data is currently available on a global scale.
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5. CONCLUSIONS
The present study consisted of the elaboration of a potential distribution model of the water
hyacinth on a global scale. Risk areas were identified in terms of threats to habitat biodiversity,
water supply, and chronic drought. The results of this model are consistent with the distribution
of collected occurrence records. They can also be used to predict the distribution of the target
species at a broad geographic scale for areas where no samples were collected, which can serve
to complement and direct costly field surveys. Thus, the most vulnerable areas can be
understood, directing quick response efforts.
Global biodiversity hotspots are predominantly situated in regions of high environmental
suitability. Ramsar sites and global protected areas are in a more secure status, but climate
change scenarios and the growth of urban areas may put them at risk of invasion. A more
detailed and individual evaluation for each of these areas is suggested in order to categorize
them according to their environmental suitability for invasion susceptibility and proximity to
recorded E. crassipes locations. Furthermore, we recommend that SDMs should use
anthropogenic layers to better represent species distribution.
From the methodological point of view, this work adds to the literature as it brings evidence
that modeling invasive species niches needs to include anthropic layers as explanatory
variables, otherwise potential distribution may be underestimated. In this case, more than one
quarter of the hyacinth occurrence is explained by the presence of urban centers, greatly
expanding the range of areas identified as highly suitable when compared to previous studies
that only relied on bioclimatic conditions to model the occurrence of this species.
From the conservation and water security point of view, we demonstrate that the water
hyacinth should occur in areas around the globe where humidity and heat levels are appropriate.
Given increasing rates of urbanization, particularly in tropical and developing countries
(D’Amour et al., 2017), these and surrounding areas provide ideal environments for water
hyacinth occurrence. Such findings increase the concern of the current and future impact of this
plant on aquatic biodiversity and water resources.
Finally, understanding the full invasion potential of this species is crucial for decisions that
involve species management and to avoid negative impacts. The methodology used in this study
could be used in evaluating the dispersion potential of other invasive species.
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