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ABSTRACT

This study evaluated the effect of using hydrogel in the planting of Eucalyptus dunnii
seedlings in pots, under different water-management regimens. Seedlings of approximately 25
cm height were planted in pots filled with 4.5 L of soil. The experiment was of Completely
Randomized Design, in a 2x3 factorial, with absence and presence of hydrogel related to
different water-management regimens (irrigation only in planting, every 3 to 6 days). From
planting until the 47" day the seedlings were evaluated for the symptoms of water stress,
chlorophyll content and gas exchange. Finally, the development of the plants was evaluated
using the root dry weights and shoots, as well as by determining the water retention curve. As
a result, the use of the polymer yielded an increase in water retention and a delay in the
symptoms of drought stress, consequently increasing chlorophyll levels. One can observe the
direct effect gas exchange of this kind, where recovery of the variables analyzed 24 h after
irrigation was visible. Reviews of dry biomass demonstrated that treatment with the use of
hydrogel showed the best development. However, the use of hydro retainer polymer increased
the quality of Eucalyptus dunnii seedlings, besides being an alternative planting method in dry
periods of the year.

Keywords: hydro retainer polymer, symptoms of water stress, water management.

Hidrogel no crescimento de mudas de Eucalyptus dunnii Maiden
Submetidas a diferentes manejos de irrigacao

RESUMO

Objetivou-se avaliar o efeito do hidrogel no plantio de mudas de Eucalyptus dunnii em
vasos, relacionados com diferentes manejos hidricos. Utilizou-se mudas de aproximadamente
25 cm de altura plantadas em vasos preenchidos com 4,5 L de solo. O experimento foi realizado
em DIC, esquema fatorial 2x3, com auséncia e presenca de hidrogel relacionados aos manejos
hidricos (irrigagdo somente no plantio, a cada trés e seis dias). Do plantio até o 47° dia foram
realizadas avaliagdes da sintomatologia do estresse hidrico, teores de clorofila e trocas gasosas.
Avaliou-se o desenvolvimento das mudas através da biomassa seca radicular e da parte aérea,
além da determinacdo da curva de retencdo de 4gua. Como resultado, o uso do polimero
proporcionou um aumento na retencdo de agua, e um atraso nos sintomas de estresse hidrico,
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aumentando assim os niveis de clorofila. Houve efeito direto nas trocas gasosas, sendo visivel
a recuperacdo das variaveis analisadas, 24 h ap6s a irrigacdo. Avaliacbes da biomassa
demonstraram que o0s tratamentos com o uso do hidrogel, apresentaram melhor
desenvolvimento. O uso do polimero aumentou a qualidade das mudas, sendo uma alternativa
de plantio em épocas secas do ano.

Palavras-chave: manejo hidrico, polimero hidroretentor, sintomatologia do estresse hidrico.
1. INTRODUCTION

A combination of several factors is necessary for the plantation of productive forests, such
as site-adapted genetic materials, favorable edaphoclimatic conditions, proper use of
management techniques and high-standard seedlings (Davide and Faria, 2008). Among the
most widely cultivated forestry species in Brazil, the genus Eucalyptus stands out, currently
occupying 6.97 million hectares of planted forest area, representing 71.9% of the total (IBA,
2020).

Soil and humidity conditions are dominant factors in the forest establishment, because they
affect both planting and regeneration of plants (Sarvas et al., 2007). However, one of the main
causes of mortality rates of forestry seedlings species, just after transplant, is their inability to
stay properly hydrated (Thomas, 2008).

The use of hydro retainer polymers as soil humidity conditioners may therefore be
beneficial. According to Mendonca et al. (2013), a “hydro retainer polymers” is a polymer that
helps mainly in water retention for newly planted seedlings, increasing water availability for
crops and local productivity, and minimizing production costs, contributing to the viability of
planting throughout the year.

Based on this, the objective of this experiment was to evaluate the effects of hydrogel on
Eucalyptus dunnii seedlings with different water-management regimens.

2. MATERIALS AND METHODS

The experiment was conducted in the greenhouse of the Santa Catarina State University
Forest Nursery, located at coordinates 27°47'33.62" S e 50°18'4.60" W, with an approximate
altitude of 900 meters above sea level.

According to the Koppen classification, the climate of the municipality of Lages (Santa
Catarina) is humid mesothermal with a mild summer (Cfb-temperate). The annual average
temperature is 15°C and the annual average precipitation stands between 1300 and 1500 mm.

The Eucalyptus dunnii seedlings used were grown from seed, and after being properly
developed for planting, with a height close to 25 cm and at least 2 mm of stump diameter, were
transferred to vases containing soil classified as Aluminium Humic Cambisol. Analysis (0-40
cm) showed the soil had the following chemical assignments: pH: 4.7; SMP: 4.9; Ca: 2.2
(cmolc/dm3); Mg: 1.2 (cmolc/dm3); Al: 4.9 (cmolc/dm3); H+Al: 9.6 (cmolc/dm3); effective CEC
(Cation Exchange Capacity): 13.1 (cmolc/dm3); Aluminium saturation: 58.2%; base saturation:
26.8%; Clay: 47.6%; P (Mehlich): 3.7 (mg/dm3); K: 48.0 (mg/dm3); Cu (Mehlich): 1.8
(mg/dm?) and Zn (Mehlich): 3.4.

To simulate field conditions, we used polyethylene pots with 5-liter capacity and 4.5 liters
of previously unsealed and dry soil. After filling with soil, the pots were watered until they
reached field capacity (approximately 1.5 liters). Then a hole of approximately 300 cm? was
manually opened in the center of each pot for planting. In the treatments using hydrogel, 250
mL were added in the hydrated form before seedling planting. Hydration was performed with
running well water 30 minutes before the planting; the hydrogel dosage used was 3 g L. After
the hole opening, with or without hydrogel, began the planting of Eucalyptus dunnii seedlings.

Rev. Ambient. Agua vol. 16 n. 1, e2582 - Taubaté 2021 N
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After planting, besides the 1500 mL to moisten the soil, 250 mL of water were added to
each pot for the treatments without hydrogel, to compensate for the volume added by the
hydrogel to the other treatments. For the treatments with irrigation, 250 mL of water were added
in each pot, following the previously set frequency, according to each treatment. All irrigation
treatments received 250 mL of water during the course of the experiment. This value was
obtained by the average field capacity of the experiment by Felippe et al. (2016). The irrigation
of the pots was carried out manually, with the amount of water measured in a beaker, and after
carefully pouring over the soil (pot), an attempt was made to spread it as much as possible over
the entire surface.

The experimental design was the Completely Randomized, in bifactorial scheme, where
the “A” factor levels referred to presence or absence of hydrogel, and the “B” factor levels are
referred to water management (only at planting, intervals of three and six days between each
irrigation). Ten replicates composed of one plant from each replication were used.

2.1. Water retention curve

To determine the water retention curve, we used five soil samples with the presence of
hydrogel incorporated to the substrate and five samples with the absence of the hydrogel,
totaling ten samples, collected in cylindrical rings of approximately 50 cm3, in order to preserve
the maximum original soil structure. The available soil water content was calculated by
subtracting the soil volumetric humidity value corresponding to the field capacity (FC),
obtained at the water tension of 10 kPa, by the humidity value at the permanent withering point
(PWP), obtained at the tension of 1500 kPa, according to Moniz (1972). From these limits, it
was possible to determine the water storage capacity available in the soil (Bergamaschi et al.,
1992).

In the laboratory, the samples with preserved structure were initially saturated by
capillarity for 24 hours with a water layer of approximately 3 cm and then weighed. The samples
were subsequently submitted to a sand column to obtain the humidity at the equilibrium tensions
of 1, 6 and 10 kPa (Reinert and Reichert, 2006) and at the tensions of 33, 100, 500, 1000 and
1500 kPa in Richards pressure chambers (Klute, 1986). The volumetric humidity of the samples
was obtained by the relation between the amount of retained water at a determined tension and
the volume of the cylinder. At the end the samples were taken to the drying oven for about two
days, where the soil dry weight was obtained, also estimating the density of the soil (Blake and
Hartge, 1986). During the elaboration of the soil water retention curve with the addition of
hydrogel, the variation of the sample volume was not considered as the humidity varied
according to the expansion of the hydrogel.

With the humidity values at the tensions of 1, 6, 10, 33, 100, 500, 1000 and 1500 kPa, the
soil water retention curve was adjusted, using the Van Genuchten (1980) model through the
SWRC (Soil Water Retention Curve) software.

2.2. Physiological analysis

Until the 47™ day after planting, daily evaluations of water stress symptoms, chlorophy!l
contents and greenhouse temperature verification were performed. For visual symptomatology,
analysis criterion of Navroski et al. (2014) was adopted, noting the number of days the plant
remained in each condition: SEM- days without symptoms (turgid plant, visually vigorous, with
no evidence of water deficit); SLM- days with mild withering symptoms; SMM- days with
moderated symptoms (plant in permanent withered state, with curved and darkened apex);
SSM- days with severe wilting symptoms (dry leafs/in abscission). For survival, the code PPV
was adopted — the number of days the plant remained alive.

Chlorophyll content was obtained using the portable chlorophyll meter SPAD-502
(Minolta Camera Co. Ltd.), measured in two physiologically mature leaves on opposite sides,

in the middle portion of the plant top, the leaves were marked for further measures. From the
AR Rev. Ambient. Agua vol. 16 n. 1, €2582 - Taubaté 2021
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four readings, the average was calculated using the portable chlorophyll meter itself. The
measurements were performed in ten repetitions, in all treatments, always in the pre-irrigation
period.

Gas exchange evaluations were performed only in treatments with presence and absence
of hydrogel, with a frequency of three days of irrigation, using five repetitions, and it was not
possible to evaluate the other treatments, due to mortality that gradually occurred during the
experiment. The evaluations were performed using an Infrared Gas Analyzer portable
photosynthesis meter (Li-6400xt), determining the assimilation values of CO2 (A), stomatal
conductance (gs), transpiration (E), relation between intercellular and atmospheric
concentration CO> (Ci/Ca) and water-use efficiency (WUE). The water-use efficiency (WUE)
was obtained by dividing A by E. Inside the greenhouse, the plants received, during the
measurements, an irradiance of approximately 900 mmol of photons m? s, Gas exchange
evaluation was performed immediately before and 24 hours after irrigation, and 43 days after
planting and the start of intermittent irrigation. Assessments on both days began around 8:00
am.

2.3. Dry biomass

At the end of the experiment (48 days), by a destructive method, the aerial and root biomass
of the plants was manually collected. Collection was performed only in treatments that received
intermittent irrigation, in the frequencies of three and six days, regardless of the absence or
presence of the hydrogel. These were separated and stored in paper bags, kept in a forced air
circulation oven (65 £ 3°C) until they reached constant mass, after weighing to determine the
dry matter content by using a precision balance (0.01 g).

2.4. Statistical Analysis

After confirming the normality and homogeneity of the data of the analyzed variables, a
parametric variance analysis was performed at a 5% error probability level. When the value of
“F” was significant, the qualitative treatments had their averages compared by the Scott-Knott
test or t-test, at 5% probability of error. The SISVAR software was used to perform the data
analysis and for graphics the Origin Pro 9 and the Graphed 8 softwares were used.

3. RESULTS AND DISCUSSION

3.1. Available water retention curve

By determining the soil’s water retention curve, it was found that the use of hydrogel
incorporated in the soil caused a significant in the amount of water retention when compared to
the same soil with the absence of the polymer, although this increase was more evident at
tensions below 10 kPa (Figure 1). In any case, the addition of hydro-retaining polymers
positively influenced the soil water-storage capacity.

The field capacity (FC) was higher (0.427 mé m) in the presence of hydrogel than in the
absence (0.349 m3 m=). Regarding the permanent wilting point (PWP), hydrogel presence
promoted inferior results when soil received the polymer (0.189 m3 m=) compared to when it
did not (0.206 m® m3). As a result, the available soil water storage capacity (WSC) was higher
in the presence of the polymer (0.238 m® m3) compared to the absence (0.143 m3 m3), resulting
in a relative increase of 66%. The available water storage capacity increased due to the hydro-
retaining polymer having a greater activity in ion exchange capacity with the soil solution, as it
has a larger diffuse double layer than the sandy particles that are predominant in the soil used
in the experiment. Therefore, it is expected that this effect will be more pronounced in sandy-
textured soils, as in the present study, than in clayey-textured soils.

Rev. Ambient. Agua vol. 16 n. 1, e2582 - Taubaté 2021 AN
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Figure 1. Soil water retention curve in Aluminium Humic
Cambisol, with the absence (0 g L?) and presence of
hydrogel (3 g L), subjected to tensions of 1, 6, 10, 33 and
100, 500, 1000 and 1500 kPa.

This result can be explained by the high water absorption capacity of the hydrogel.
According to Prevedello and Loyola (2007), the hydrogel has the capacity to absorb 150 to 400
times its dry mass and can be used to increase water storage capacity, minimizing problems
associated with irregular or deficient water availability of water in the soil, when it may
negatively affect plant development.

3.2. Photosynthetic analysis

Analyzing the hydrogel efficiency before irrigation and 24 hours afterwards, with the
absence or presence of this polymer in the cultivation soil, the direct effect on gas exchange of
this species can be observed (Table 1). Overall, there was no significant difference in the results
of photosynthetic analyses collected prior to irrigation using the hydrogel. However, there was
a difference (p<0.05) when analyses occurred 24 hours after irrigation. It was observed that the
treatments without hydrogel presented the best values for all analyzed variables.

This fact can be explained by the drought-tolerance mechanism that the plant develops at
the cellular level where the production or accumulation of osmotically active solutes occurs, a
process known as “osmotic adjustment,” in order to maintain turgor and water potential balance
in the cell (Nunes, 2007). For Serraj and Sinclair (2002), this mechanism allows the survival of
the water-deficient plant, but does not maintain plant growth and productivity.

Table 1. Liquid CO; assimilation (A), stomatal conductance (gs), transpiration (E),
relation between intercellular and atmospheric CO; concentration (Ci/Ca), and water
use efficiency (WUE) in Eucalyptus dunnii before, and 24 hours after irrigation and
with or without hydrogel in the soil.

g E CilCa WUE

Period  Hydrogel
pumol m2st molm?s? mmolm?2s? molmol? pmol mmol?

Before With 2.44 Aa* 0.016 Aa 0.247 Aa 0.337 Aa 9.82 Ba
Before  Without 2.89 Aa 0.021 Aa 0.335 Aa 0.429 Aa 8.06 Aa

After With 5.38 Ab 0.043 Aa 0.949 Ab 0.422 Aa 5.79 Ab
After Without 8.18 Bb 0.092 Bb 1.563 Bb 0.557 Bb 5.59 Ab
CV (%) 215 19.2 20.4 26.1 16.8

*Averages followed by the same letter, uppercase for hydrogel and lowercase for
period do not differ between each other by t-test (0.05).
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Irrespective of the presence or not of irrigation, the plants with the absence of the hydro-
retaining polymer presented the best physiological performance, presenting the better stomatal
control and consequently higher values of A, E and Ci/Ca.

With the addition of the polymer, A, E and gs recovery was visible 24 hours after irrigation,
demonstrating that A limitation probably occurred due to stomatal limitation, given the rapid
recovery. These results show that all physiological processes of the cell are directly or indirectly
affected by water supply. However, Agaba et al. (2011), state that the hydrogel’s ability to hold
and make water available more slowly may favor the ability of seedlings to return to normal
after water stress has occurred.

As for the WUE values, they maintained their higher values in the presence of hydrogel,
both before irrigation and 24 hours after it. This fact may be justified due to the strategy that
the plant develops to tolerate the water deficit. The control of plant water loss by stomatal
closure keeps the water potential and relative leaf water content high (Souza et al., 2004). As a
consequence, there are restrictions (or reductions) in stomatal conductance and gas exchange,
which reduces the rate of transpiration and assimilation of CO> as observed.

The first and most sensitive response to water deficit is the decrease in turgidity, through
which stomata closure, photosynthesis reduction and cell elongation decrease, especially in
extension (Larcher, 2006). This stress caused by water deficiency is produced by both soil water
limitation and excessive transpiration loss in relation to root absorption, and these processes are
influenced by environmental factors and plant characteristics such as species or genotype
(Sant’Anna, 2009).

3.3. Chlorophyll

The chlorophyll level of Eucalyptus dunnii leaves in both treatments (presence and
absence) presented statistically higher averages (t-test) regarding the use of hydrogel in the
three irrigation frequencies, and the highest rates were observed in the treatments with the
presence of this polymer (Figure 2).
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Figure 2. Chlorophyll content in plants as a function of the presence or absence of hydrogel

and different irrigation frequencies. A-irrigation only at planting; B-irrigation every 3 days; C-

irrigation every 6 days.

In the analysis of chlorophyll between irrigation frequencies, it was not possible to perceive
behavior change between treatments. The chlorophyll content over time showed a quadratic
behavior, with values close to 35 at the beginning of the experiment, reaching 45-48 around 25
days and decreasing again to close to 40 at the end of evaluation (47 days). And at all periods
and over time, the values were higher for hydrogel treatment, as already discussed.

With these results, it is believed that the addition of this polymer possibly decreases
nutrient loss by leaching (Navroski et al., 2015b), providing higher photosynthetic rate due to
higher nitrogen contents, where this nutrient is directly linked to higher photosynthetic rate of
the plant. In this sense, for the soil with higher water availability the mineralization rate of
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organic matter increases in relation to the soil with lower humidity, thus making a larger amount
of nitrogen available to the plant.

Tohidi-Moghadam et al. (2009), studying the response of six canola genotypes to water
stress and hydrogel application, observed that water deficiency also reduced the chlorophyll
content and that under the field conditions the hydrogel increased the performance of
physiological characters, water deficiency and absence of hydrogel led to a decrease in all
parameters evaluated. According to these authors, these results may be related to the reduction
of photosynthesis and also chlorophyll content.

3.4. Symptomatology

Analyzing the irrigation frequencies for the classification days without symptoms (WOT),
the obtained data showed there was interaction (p<0,05) between the factors of the evaluated
variables. There was no effect of the presence or absence of hydrogel on irrigation use only at
planting. In the presence of hydrogel, the frequencies of 3 and 6 days showed a relatively high
gain without the appearance of symptoms, compared to the absence of this polymer, which
increased the time for the emergence of stress compared to irrigation only at planting,
demonstrating once again that the use of hydrogel responds positively to water scarcity in the
soil.

No interaction was observed between hydrogel use and irrigation frequency in the
evaluation of plants with mild withering symptoms (MWS), independent of irrigation
frequency. With the presence of hydrogel, Eucalyptus dunnii seedlings remained more days
without the onset of water stress, delaying the appearance of symptoms at all levels, compared
to the absence of the polymer, where symptoms appeared much earlier (Table 2).

Regarding irrigation in the presence of the polymer, the frequency of 6 days showed a gain
in days without the onset of these symptoms. Not using it, even with irrigation, there was no
accelerated occurrence of these symptoms. It is noteworthy that at this stress level the seedlings
still have a total physiological condition to recover in the occurrence of rain. The use of
irrigation had a positive effect, as expected, and at the frequency of 3 days there was the greatest
delay in the onset of symptoms.

In the appearance of the moderate withering symptoms class (MWS), where the plant was
close to the permanent wilting point, the analyzed data showed that there was interaction
between the factors of the variables. In this class, there was also a delay in stress symptoms
when hydrogel was present.

In the class of severe withering symptoms (SWS) where, according to Navroski et al.
(2014), at this level of stress a recovery of the plant with new irrigations or rainfall is already
difficult, the hydrogel still continued to be efficient, and there was a delay of more than five
days in the onset of these symptoms when using irrigation only in the planting, in relation to
not using it.

These results corroborate the findings of Navroski et al. (2014) in the study of the influence
of the hydro retainer polymer on the survival of Eucalyptus dunnii seedlings under different
water-management regimens, where its use mitigated water scarcity in the soil, allowing the
delay of water deficit symptoms, with its influence being greater when irrigation was performed
less frequently.

It’s important to highlight that, in the implantation of Eucalyptus forests, it is usually
observed that the most critical period for the loss of seedlings due to lack of water is in the first
20 days, when the plant is being established and its root system is still in formation (Fernandez
et al., 2010). In the field planting, it can be assumed that in cases where irrigation is frequent,
or where rainfall is higher, the use of the polymer could be discarded (Navroski et al., 2015a).
However, under less frequent rain or more-spaced irrigation, the use of hydrogel may be
recommended.
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Table 2. Averages results of duration of symptoms of water stress, in days,
evaluated from planting until the 47" day after planting Eucalyptus dunnii in
pots, due to the presence or absence of hydrogel and different irrigation
frequencies, where: WOT — no withering symptoms; MLS — mild withering
symptoms; MWS — moderate withering symptoms; SWS — severe withering
symptoms and PRA — plants remained alive.

Appearance of stress symptoms (days)

Variable Hydrogel Irrigation frequency Averages
Planting 6 days 3 days
Absence  23.10aB 24.80bB  31.70 bA 26.54
WOT**  Presence 24.10aC  34.12aB 44.90 aA 2437
Average 23.60 29.21 38.30 '
Absence 27.10 32.70 44.00 34.60
MLS Presence 31.00 34.33 46.00 37.20

Average 29.05B 33.478B 45.00 A

Absence  32.00bC  36.50 bB 4450 aA 37.66
MWS Presence 36.50aB  45.56 aA 46.00 aA 42.58
Average 34.25 40.78 45.25

Absence  35.40bC  40.80 bB 44,70 aA 40.30
SWS Presence 41.70aB  46.00 aA 46.00 aA 4452
Average 38.55 43.26 45.35

Absence  35.40bC  40.80 bB 44,70 aA 40.30
PRA Presence 41.70aB  45.55aA 46.00 aA 44.37
Average 38.55 43.18 45.35

* Averages followed by the same letter, uppercase letter in the line (Scott-
Knott test), and lowercase in the column (t-test) do not differ from each other
at 5% probability of error.

In the evaluation of the number of days the plants remained alive (PRA), it was noticed
that the use of hydrogel presented a difference when irrigation occurred every 6 days and only
at planting. In this case, with the presence of the hydrogel in the soil, an increase of
approximately 5 to 6 days in which they remained alive was obtained, thus justifying the
expenses with the use of the polymer.

In the use of post-planting irrigations, frequently no significant effect of hydrogel was
observed. This may indicate that the use of hydrogel is beneficial in delaying seedling mortality
when frequent or infrequent irrigation is used only at planting, allowing a gain of a few days
waiting for rain to occur.

3.5. Dry biomass

The results showed that for the root dry mass variable, the hydrogel interaction and
irrigation frequency time was not significant (p>0.05), there was only difference for the isolated
factors. In the presence of hydrogel, there was a significant difference, where the root dry mass
was higher, presenting 2.17 g and in the absence only 1.12 g. As expected, the addition of the
hydrogel contributed to the development of Eucalyptus dunnii seedlings, presenting a
significant increase in root dry mass. Eloy et al. (2013) state that this variable is of great
importance in the development of plants, since when there is a good rooting, they have a greater
potential for growth and field survival.
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In the evaluation of the presence of hydrogel, within the frequencies of 3 and 6 days, there
was no significant difference. These results indicate that regardless of irrigation time, the use
of hydrogel favored the increase of root dry mass of seedlings. In the absence of the hydrogel,
there was a significant difference between the frequencies, where the frequency of 3 days had
1.97 g of root dry mass and for the frequency of irrigation of 6 days the root dry mass was
lower, with 1.33 grams.

For the variable dry mass of the aerial parts, the hydrogel interaction and irrigation
frequency were not significant (p>0.05). In the presence of hydrogel there was significant
difference, and the highest values were found for the treatment with hydrogel, in which the dry
mass of the aerial parts was higher (4.35 g), compared to the absence (2.34 g).

For the frequency of irrigation, there was a significant difference, and in the frequency of
3 days the dry mass of the aerial parts was higher (3.99 g) compared to the frequency of 6 days
(2.7 g). The results indicate that the use of hydrogel incorporated into the soil and associated
with different irrigation frequencies positively influenced the development of aerial parts of
Eucalyptus dunnii seedlings.

4., CONCLUSION

- The use of hydrogel promotes a significant increase in water retention in the soil, allowing
the delay of water deficit symptoms, although the effect of retention was greater at lower
tensions (less than 10 kPa).

- The presence of the hydro retainer polymer in the soil presents higher averages for
morphological characteristics, and in general decreased symptoms of water deficit in plants.

- There is a direct effect on gas exchange, with recovery of the variables analyzed 24 hours
after irrigation. However, plants grown in the absence of the hydrogel exhibit the best
physiological performance, so further studies should be conducted (preferably in the field) to
understand physiological processes.

- In general, the hydrogel allows the reduction of the frequency of irrigation, showing a
better result when the plants are under water restriction.
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ABSTRACT

This paper assesses the reliability of Waste Stabilization Ponds (WSP) and proposes an
alternative approach to WSP design based on the calculation of coefficient of reliability (COR)
from an acceptable measure of violation of discharge standards. For that, data were collected
from 10 full-scale systems operating in Northeast Brazil. All systems receive predominantly
domestic effluent and are composed of one facultative pond and two serial maturation ponds.
Different levels of restriction for effluent discharge were considered regarding the parameters:
BOD, COD, total suspended solids, ammonia and thermotolerant coliforms. The Log-normal
Probability Distribution Function (PDF) was able to represent the behavior of the concentration
data in the effluent and, therefore, allowed the COR calculation. The COR was obtained from
the coefficient of variation (CV) of the concentrations and the standardized normal variable
associated with a 95% probability of non-exceedance. The observed dispersion of the results
proved to be detrimental to the adoption of a single COR value for the evaluated parameters. In
addition, the comparison between observed and design/operational concentration for optimal
performance showed that the 95% reliability scenario represents a less achievable target for
WSP systems.

Keywords: effluent quality, reliability, waste stabilization ponds.

Avaliagdo do desempenho e coeficientes de confiabilidade de lagoas
de estabilizagao no nordeste do Brasil

RESUMO

Este trabalho tem como objetivo avaliar a confiabilidade de Lagoas de Estabilizagéo e
propor uma abordagem alternativa a concepgdo destes sistemas baseada no célculo do
coeficiente de confiabilidade (CDC) com base numa medida aceitavel de viola¢do das normas
de lancamento. Para tal, foram coletados dados de 10 sistemas em escala real que operam no
Nordeste do Brasil. Todos os sistemas recebem efluentes predominantemente domésticos e séo
compostos por uma lagoa facultativa e duas lagoas de maturacdo em série. Foram considerados
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diferentes niveis de restri¢do para o lancamento de efluentes no que diz respeito aos parametros:
DBO, DQO, Solidos Suspensos Totais, Amonia total e Coliformes Termotolerantes. A Fun¢éo
de Distribuicdo de Probabilidade Log-normal (FDP) mostrou-se apta para representar o
comportamento dos dados de concentracdo no efluente e, portanto, permitiu o calculo do CDC.
O CDC foi obtido a partir do coeficiente de variagdo (CV) das concentracfes e da variavel
normal padronizada associada a uma probabilidade de 95% de ndo excedéncia. A dispersdo
observada dos resultados de CDC revelou-se prejudicial a adopgdo de um Unico valor para 0s
parametros avaliados. Além disso, a comparacdo entre a concentracdo observada e a
concentracdo de projeto/operacional para um desempenho 6timo mostrou que o cenério de 95%
de confiabilidade representa um objetivo pouco factivel para os sistemas de lagoas de
estabilizag&o.

Palavras-chave: confiabilidade, lagoas de estabilizacéo, qualidade dos efluentes.

1. INTRODUCTION

Benedetti et al. (2010) defined the reliability of a wastewater treatment plant (WWTP) as the
probability of the effluent concentrations to comply with specified discharge standards or
treatment objectives during a given period of time. Equation 1:

Reliability = 1 — p(ef fluent concentration > ef fluent requirement) Q)

The probability (p) of the standard or a target being exceeded in the effluent depends on
the distribution function describing the quality parameters concentrations. In this sense, the
right-skewed probabilistic distributions are particularly common when the analyzed mean data
are low, present large variance, and cannot be negative (Limpert et al., 2001), such as WWTP
effluents.

Thus, Niku et al. (1979) based themselves on the lognormal distribution in order to develop
the coefficient of reliability (COR), an index that relates the mean concentration of a parameter
to the quality standards to be complied with a required reliability level. The COR was
developed based on TSS and BOD data from activated sludge systems, wastewater treatment
processes with high degree of mechanization and operational flexibility. This method is
recommended for use by the USEPA (Niku and Schroeder, 1981) and recognized in the
technical literature (Tchobanoglous et al., 2003; Oliveira and Von Sperling, 2008; Owusu-
Ansah et al., 2015; Andraka, 2019).

Later, comparative reliability studies by Oliveira and Von Sperling (2008) and Alderson
et al. (2015) provided the COR of several wastewater treatment processes in Brazil. Still, few
discussions were held on the practical applicability of COR results in natural systems with
passive operation, such as Waste Stabilization Ponds (WSP), or consider different levels of
restriction for discharge standards into water bodies. According to Weirich et al. (2011), the
discharge standards are based on scientific criteria of water quality and the risk of significant
adverse effects on the receiving water bodies. However, the imposition of regulatory limits that
do not consider the regional socio-economic, institutional and climatic conditions may prevent
the adoption of certain treatment technologies.

Based on the above, this study evaluated the performance and the coefficients of reliability
(COR) for full scale WSP systems operating in Northeast Brazil. It also analyzes compliance
with different criteria for effluent discharge and proposes an alternative approach for the design
of WSPs based on the COR. We hope that the considerations of this study may contribute both
in the design of new systems and in the definition of reasonable discharge standards by
regulatory agencies.
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2. MATERIALS AND METHODS

2.1. Waste Stabilization Pond systems and data collection

Data from 10 WSP systems in the state of Rio Grande do Norte, Northeast Brazil, were
used to develop this study (Table 1). The spatial distribution of the systems integrates different
climatic conditions within the state, from tropical rainfall to semi-arid (K6ppen classification),
with average temperatures above 20°C and average annual precipitation between 400 and 1200
mm.

Table 1. Location and general characterization of the WSP systems studied.

WSP Location Designation  Start of operation Flowrate  Hydraulic retention

(m3d?) time (d)
Caicara 322 23 31471 %V Sl 2002 108 29.7
llha de Santana 32 g; (1);:: %)v s2 1096 3940 171
Passagem de Pedras 32‘; 11213 ZZ %N S3 2009 492 118.0
Cidade e s4 2002 253 13.7
Pipa 322 éj (1);’, fV S5 2003 646 18.4
Ponta Negra 32 ﬁ f)i %v S6 2001 7615 24.9
Sitio Santana 322 fé’, zg %v s7 2002 170 29.4
santo Antonio 0,000 % s8 2004 300 78.0
Coqueiros 32 ‘;; 3;3: fV s9 * 260 435
Touros s2eys iy SI0 2000 810 336

* Information not found.

The selection of the wastewater treatment plants considered the proper operation and the
existence of preliminary treatment units (bar screen, grit chambers and Parshall flume). All
receive mainly domestic effluent and are composed of a facultative pond (FP) followed by two
series maturation ponds (MP1 and MP2) (Table 2).

Table 2. Morphometric characteristics of the ponds.
Depth (m) Area (m?) Length (m) / Width (m)
FP  MP1 MP2 FP MP1  MP2 FP MP1  MP2

S1 150 140 140 1119 546 546 250 1.20 1.20
S2 200 150 150 22950 7200 7200 2.80 2.00 2.00
S3 200 150 150 17775 7505 7505 280 1.20 1.20
S4 200 150 150 1352 260 260 2.00 2.60 2.60
S5 200 150 150 4600 896 896 290 350 3.50
S6 200 150 150 52510 28028 28548 3.80 1.40 1.90
S7 130 120 120 2698 703 551 190 210 2.60
S8 200 150 150 8418 2287 2090 230 1.60 2.80
S9 200 190 190 3024 1386 1386 1.70 0.80 0.80
S10 110 1.00 100 12876 6552 6552 240 0.90 0.90
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Each system was evaluated with a minimum monthly frequency for a period of one year,
on different days of the week, totaling 157 collections. The methodology described in APHA
et al. (2012) was used for the characterization of affluents and effluents of each pond with
respect to the following parameters: Biochemical Oxygen Demand of filtered (BODf) and
unfiltered samples (BOD), Chemical Oxygen Demand of filtered (CODf) and unfiltered
samples (COD), total suspended solids (TSS), total ammonia (TAM) and thermotolerant
coliforms (TTC). The choice of these parameters is justified by their environmental relevance
and by the fact that they are usually contemplated in the legislation that deals with effluent
discharge standards.

2.2. Determination and exclusion of outliers

Knowing that extreme or unusual values can affect the analysis of the data behaviour, it
was decided to identify and exclude outliers. For this, an empirical rule based on the
interquartile range of the data set (\Von Sperling et al., 2020) was used, according to Equations
2 and 3. All values below the lower limit or above the upper limit were considered outliers and
therefore excluded from the analyzed data set.

Lyp = Q3 +1,5X(Q3 —Qy) 2
Liow = Q1 —1,5X(Q3 — Q1) 3)
Which: Qs = Third quartile; Q1 = First quartile.

2.3. Compliance with final effluent quality standards

The concentration data in the final effluent of the 10 WSP was compared with the discharge
limits of CONAMA Resolution n° 430/2011 (Conama, 2011) and the levels of restriction for
discharge standards proposed by Morais et al. (2019) based on the analysis of Brazilian state
legislation (Table 3).

Table 3. Restriction levels for effluent discharge standards
adapted from Morais et al. (2019).

Parameter Very Restrictive  Less Restrictive
COD (mg L1 <120 >200
BOD (mg L?) <60 >90
TSS (mg LY) <100 >150
TAM (mg L) <5 >20

TTC (CFU 100mL™) <10 >10°

2.4. Adherence test and coefficient of reliability (COR) calculation

The methodology developed by Niku et al. (1979) is based on the log-normality of data.
The Kolmogorov-Smirnov (K-S) test was applied to evaluate the adherence of effluent
concentrations to the log-normal probability distribution (a.= 0.05). Although several statistical
inference techniques are known to analyze data adherence (Kolmogorov-Smirnov, Chi-square,
Anderson-Darling and Lilliefors), the K-S test was selected because of its simplicity and
because it is the most recommended for small samples (n < 30).

The coefficients of reliability (COR) were calculated for the quality parameters from the
coefficients of variation (CV) of the effluent concentrations and the standardized normal
variable associated with a probability of non-exceedance of 95%, according to the sequence
presented in Figure 1.
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Pond effluent monitoring data

Cumulative probability of I

non-exceedance: S e .
X: Arithmetic mean

T
el S: Standard deviation

| ;

Zgysey, - Standa.rdlzed normal cv :S/X
variable

I I
CORsso, = VCVZ + 1 X exp{—Zsse,/IN(CV2 + 1)}

Figure 1. Calculation procedure for coefficients of reliability (COR).

Once the CDC of each parameter was obtained, the design/operational values (Mx) that
result in compliance with the discharge standards (Xs) during 95% of the time, were calculated
by Equation 4 for all ponds in the series. Thus, the closer the observed mean concentrations are
to the calculated COR concentrations, the closer the WSP systems are to the desired reliability
level.

Mx = (CDC) X Xs 4)

Which:
Mx: mean parameter concentration.
Xs: Quality target or standard set by some environmental legislation.

COR: coefficients of reliability.

3. RESULTS AND DISCUSSION

3.1. Compliance with quality standards in the final effluent

Figures 2 and 3 present the Box-plot graphs of concentrations in the final effluents and the
percentages of compliance with the different quality standards established for BOD and COD,
considering filtered and unfiltered samples.

Despite the difference between flow rates, hydraulic retention times and geometric
relations of the units, the systems showed similar behavior in terms of BOD and COD removal
efficiency. The average removal efficiency was between 79% and 89% for BOD and between
78% and 87% for COD. Therefore, all systems complied with the minimum 60% removal
established by the Brazilian federal standard (Conama, 2011) based on filtered BOD samples.

Nevertheless, low percentages of compliance with BOD and COD limits were observed
when unfiltered samples are considered (Figure 2.b and 2.a). This is due to the unfiltered
material contributing up to 56% of BOD and 67% of COD. This high content of particulate
organic matter in the effluent can be attributed to the algal biomass present in the pond effluent,
which may or may not cause an oxygen demand in receiving waters.
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Figure 2. Box-plot graph with the final concentrations and percentages of samples that
complied with the quality standards for BOD (a) and BODf (b).
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Figure 3. Box-plot graph with the final concentrations and percentages of
samples that complied with the quality standards for COD (a) and CODf (b).

Figure 4 presents the box-plot graph of concentrations in the final effluents and the
percentages of compliance with the two restriction levels for discharge standards for total
suspended solids — TSS, thermotolerant coliforms — TTC, total ammonia — TAM.
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Figure 4. Box-plot graph with the final concentrations and percentages of samples
that complied with the quality standards for TSS (a), TTC (b) and TAM (c).

For total suspended solids (4.a), the concentration in the final effluent range from 59 mg
L to 204 mg L%, with average removal efficiencies below 70%. In the final effluent of S3 and
S5 increases of 98 % and 62 % were observed in relation to the raw effluent sewage. As BOD
and suspended solids are closely related in the treatment (Weirich et al., 2011), it is possible
that these results are also associated with algae growth in the ponds. Overall, the WSP systems
proved to be unable to comply with the 100 mg L™ limit in the final effluent (Figure 4.a). Mara
(2003) argues that many rivers in developing countries have a "naturally™ high suspended solids
concentration and therefore it would not make sense to establish stricter standards than the
already existing concentration in the receiving water.

The systems presented thermotolerant coliform removal efficiencies between two (99%)
to four logarithmic units (99.99%). The geometric mean of coliforms ranged from 9.3x10% CFU
100mL™* to 8.7x10° CFU 100mL™. Figure 4.b shows low percentages of compliance with the
target of 1.0x10* CFU 100mL™. There is a semi-quantitative relationship between the density
of the indicator organism and the presence of pathogens in the effluent. Although the federal
standard (Conama, 2011) does not specify a limit for coliforms to be discharged into
watercourses, the use of untreated water by rural and peri-urban communities (Mara, 2003)
added to the low water availability in the semi-arid region of northeastern Brazil overcomes the
need to achieve low counts in the final effluent.
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For ammonia, removal efficiencies ranged from 29% to 94%. For similar systems in
operation in the Northeast, Silva et al. (2011) reported ammonia removals between 30 and 80%.
The final effluents presented average ammonia concentrations between 2.0 mg L™ and 27.2 mg
L. Only S2, S3, S8 and S10 had ammonia concentrations in the final effluent below the more
restrictive quality standard of 5 mg L (Figure 4.c). Considering a scenario of reuse of these
effluents in agriculture, the availability of nutrients can be considered as a favorable aspect for
crop growth.

The observed variations in performance and final effluent quality illustrate the need for
WSP systems to be designed to produce an average effluent concentration well below discharge
standards. Thus, the coefficient of reliability (COR) proposed by Niku et al. (1979) presents
itself as an attractive methodological alternative by relating the mean effluent concentration
values to the standard to be complied with based on an acceptable measure of risk or violation.

3.2. Coefficient of reliability (COR)
Figure 5 presents the box-plot graphs of coefficients of Variation (CV) and COR per
parameter over the pond series.
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Figure 5. Box-plot of the coefficient of variation (CV)
expressed non-dimensionally and the coefficient of reliability
(COR) per parameter in the effluent of FP (a), MP1 (b), MP2
(c), calculated for a 95% reliability level.

The K-S adherence test did not reject the hypothesis of representation of sample
concentration data by the log-normal probability distribution (p-value > 0.05), which allowed
the use of the methodology developed by Niku et al. (1979). Several studies have reported that
the log-normal probability distribution describes the behavior of BOD and TSS data in WWTP
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effluents (Dean and Forsythe, 1976; Niku et al., 1979; 1981; Oliveira and VVon Sperling, 2008;
Owusu-Ansah et al., 2015). Although Log-normal is presented as a reference for WWTP
effluent statistics, Kumar Gupta and Shrivastava (2006) and Vera et al. (2011) argue that other
distributions also provide a good description of the data. In these cases, the proposed
methodology would not be applicable and the effluent value distribution should be treated
independently.

For the 95% reliability level, the COR values decrease with the CV increase. Non
parametric tests (Kruskal-Wallis) concluded that, for the same parameter, the COR values do
not differ statistically between the ponds (p < 0.05). Contrary to what Alderson et al. (2015)
states, a low COR value does not necessarily imply the malfunctioning of the treatment plant,
but simply indicates less stable operational conditions due to the greater variability of data
expressed by the CV. For thermotolerant coliforms, the fact that the microbiological indicator
count ranges according to many orders of magnitude explains CV values above 1.0.

Figure 5 illustrates the degree of scattering (dispersion) of COR data around the measure
of centrality. It is noted that the reliability coefficient itself suffers from the fluctuation of
effluent treatment technology data. The variable or combination of variables responsible for
the fluctuation of effluent quality differs from plant to plant, and may be the result of design,
operation or both. This is detrimental to the adoption of a single representative COR of the
treatment technology because it can lead to unrealistic predictions by not considering the
coefficient range of variation.

3.3. Design concentration and coefficient of reliability application
Since WSP systems do not have adjustable controls once in operation, the potential for use
of the COR lies in the design stage:

Example 1: Consider the discharge standard of 120 mg L™ for COD to be met in the final
effluent of the secondary maturation pond. For a COR value between 0.73 and 0.55 (Figure
5.c), the pond design should consider a final average COD concentration between 88 and 66
mg L to comply with the norm limit during 95% of the time. Notice that as the parameter's
COR decreases, the average design concentration decreases accordingly.

Also, by working with the results of other similar WWTP, the use of the COR allows the
introduction of a probabilistic safety factor in deterministic models based on the assumption of
steady state:

Example 2: Suppose a parameter that can be modeled according to first order kinetics, such
as organic matter (Sun and Saeed, 2009; Silva et al., 2010), ammoniacal nitrogen (Camargo
Valero and Mara, 2010; Bastos et al., 2018) and coliforms (Macedo et al., 2011). The mass
balance in the first order models consists of an overall reaction rate equation coupled with
boundary conditions of the reactor flow patterns, resulting in a conceptually simple model (Ho
etal., 2017). These flow patterns are often considered as the idealized regimes of complete-mix
or plug-flow, the theoretical limits within which all reactors fit. Once the final concentration
(Mx) required to meet a certain quality standard (Xs) is known, the required hydraulic retention
time (HRT) can be calculated from the affluent concentration (Mo) and the model kinetic
coefficient (k) (Figure 6).

The applicability of COR depends on the capacity of the technology to achieve the desired
reliability level related to the discharge standard. The distance from the 95% reliability scenario
is shown in Figure 7 by the ratio of the observed mean concentration (X) and the mean design
concentration (Mx) for each pond in the series. For a ratio equal to 1, the observed effluent
concentration for the parameter coincides with the required design value. Except for the CODf
in the final effluent and ammonia with less restrictive standards, the observed ratios were much
higher than 1. This suggests that the 95% reliability scenario is not feasible and that less
restrictive discharge limits should be applied to the parameters considered in this study.
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Mx = COR(1—q) X Xs

Complete-mix hydraulic
model:

Mo : Affluent concentration
— k: Kinetic coefficient (d})

n : number of ponds

Plug-flow hydraulic model:

L 4

HRT = —

()

&)
Mo

k

Figure 6. A stepwise approach for the design of Waste Stabilization Ponds
from the coefficient of reliability (COR) and design concentration (MXx),
calculated for a (1-a)) % reliability level.
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4. CONCLUSIONS

The 10 Waste Stabilization Pond (WSP) systems in northeastern Brazil showed great
variability in complying with the quality standards established for the final effluent. The
particulate material attributed to algae interfered negatively in the percentages of compliance
with the stipulated limits for BOD and COD. Furthermore, the systems showed difficulty and,
in several cases, total inability to achieve restrictive discharge standards for thermotolerant
coliforms and ammonia.

The potential for using the coefficients of reliability (COR) in the design of similar WSP
systems was discussed, considering the accommodation of the expected variability in the
effluent. The K-S test, applied as an "eliminatory" criterion, showed that the lognormal
distribution function is able to describe the concentration data set. Compared to other quality
parameters, thermotolerant coliforms presented the highest coefficients of variation and,
therefore, the lowest COR values. The dispersion observed in the COR results is detrimental to
the use of a single value for a given parameter that is representative of the technology. Except
for COD of filtered samples and ammonia, the observed mean concentrations proved to be
much higher than those required to ensure a 95% reliability scenario. Therefore, when applying
the methodology discussed here, the variability of the COR and the ability of the technology to
achieve the established level of reliability must always be considered.
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ABSTRACT

Pindo Grande River water quality was analyzed during rainy seasons of 2014 and 2017
and dry seasons of 2015 and 2016. Specimens were collected using surber net, kick net and
manual stone collection, from five different sites along the river. In the laboratory, specimens
were identified to the lowest possible taxonomic level. Taxon richness, abundance, diversity,
trophic niches, and Biological Monitoring Working Party for Colombia (BMWP/Col) index
were assessed. A total of 1,695 specimens belonging to 95 taxa were collected, including 57
taxa in rainy seasons and 38 taxa in dry seasons. Class Insecta was the most abundant (98.6%).
Richness was highest (3,427) at M1000 collection sites in rainy and dry seasons and varied
from moderate to high (13-35) at other sites. All sampling sites had medium diversity, and
organisms belonged to three trophic categories: herbivores, detritivores, and predators.
Environmental water quality was medium at most sites (BMWP/Col = 102-150). All sites
exhibited good conservation status (BMWP/Col = 192-152) in the rainy season; only two sites
presented medium conservation status (BMWP/col = 93-67) in the dry season. Principal
component analysis indicated that main variables associated with sites were NO3z and COD in
upstream areas in the rainy season and O in the dry season. Downstream areas were grouped
based on depth and width of the river in the rainy season and on pH, PO, and conductivity in
the dry season. According to analysis, the Pindo Grande River has preserved epibenthic
communities; it is an oxygenated stream, but its habitats have been gradually affected by
anthropogenic activities.

Keywords: diversity, environmental conditions, macroinvertebrates.

Entomofauna aquatica e indice de qualidade biodtica do Rio Pindo
Grande, Floresta Montano Baixo Pastaza — Equador

RESUMO

A comunidade de macroinvertebrados aquéaticos do Rio Pindo Grande foi analisada, na
época chuvosa de 2014 e 2017; e época seca de 2015 e 2016, na Estacdo Bioldgica Pindo
Mirador. Os Macroinvertebrados foram coletados com rede Surber, rede de chute e coleta
manual, em cinco pontos ao longo do rio. No laboratdrio, eles foram identificados até o menor
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nivel taxondmico possivel. Calculou-se: riqueza (S), abundancia, diversidade (H"), niveis
troficos e indice BMWP/Col. Foram coletados 1695 individuos pertencentes a 95 espécies; 57
na estacdo chuvosa e 38 na estacdo seca. A classe Insecta abrangeu a maioria dos organismos
(98.6%). O ponto M1000 teve maior riqueza (34-27 espécies) nas duas épocas climaticas,
enquanto os pontos restantes apresentaram valores que flutuavam de moderado a alto (13-35
espécies). Todos os pontos obtiveram média diversidade e organismos distribuidos em trés
categorias troficas: herbivoros, detritivoros y predadores. A maioria dos locais tinha média
qualidade (BMWP/Col s 102-150). Na estacdo chuvosa, todos os sitios obtiveram um bom
estado de conservacédo (BMWP / Col 192-152), enquanto, na estacdo seca, apenas dois locais
tinham médio estado de conservacdo (BMWP/Col 93-67). A Analise de Componentes
Principais (ACP), determinou que as variaveis primarias associadas aos locais foram: a
montante em época de chuvas de NOz e DQO, na estacdo seca 0 Oz. Os locais rio abaixo na
estacdo chuvosa, foram agrupados com base na profundidade e largura do rio, em tempo seco
PH, PO4 e condutividade. Se determinou uma comunidade macro-bentbnica saudavel e
variacdo, frente as atividades antropicas.

Palavras-chave: condicdo ambiental, diversidade, macroinvertebrados.

1. INTRODUCTION

Benthic macroinvertebrates represent one of the most suitable groups for the purposes of
evaluating the quality of aquatic ecosystems, due to their ubiquity as a functional feeding group
and the ability of some groups to withstand hypoxic conditions (Lépez-L6pez and Sedefio-Diaz,
2015). They may be particularly powerful indicators of water quality, as they are not difficult
to distinguish in the laboratory, are present throughout all seasons, frequently live for more than
one year, have restricted mobility, and are integrators of ecological conditions (Plafkin et al.,
1989; Khatri and Tyagi, 2015).

Disturbance through variable flow regimes is a prime factor controlling macroinvertebrate
communities in running water (Stanford and Ward, 1983; Reice et al., 1990). Tropical streams
are generally highly influenced by regular floods (Covich, 1988). Jacobsen and Encalada (1998)
suggested that flow related instability of tropical Andes streams was the main feature
structuring the invertebrate fauna, while other site characteristics were less important. In
addition, Bojsen and Jacobsen (2003) found that the total macroinvertebrate density generally
differed between wet and dry seasons.

There are several studies that have used macroinvertebrate communities to assess the effect
of organic waste on the coastal streams of South American countries (Selvanayagam and Abril,
2015). Most of them have been carried out in Colombia, Chile, Argentina, Uruguay, Peru,
Brazil, and Bolivia but only a few in Ecuador and none in its tropical coastal streams
(Selvanayagam and Abril, 2015). Therefore, data on the current status of lotic water bodies and
discussions about their conservation are limited.

The Biological Monitoring Working Party for Colombia (BMWP/Col) index (Roldan,
2003) has shown that it is ideal for determining water quality in foothill ecosystems, as more
than 97% of the recorded macroinvertebrate families are included in this index (Arroyo and
Encalada, 2009).

The Pindo Grande River supplies drinking water to thousands of families. Water from this
river is treated and distributed to approximately 1,350 homes in Cantén Mera and 3,750 homes
in Canton Pastaza (Torres, 2006). Despite its importance to local communities, this river has
been severely affected by deforestation, cultivation of Naranjilla (Solanum quitoense) and
babaco (Carica pentagona) crops (Rios and Borgtoft, 1994; Rivas, 2015), and cattle farming in
the vicinity of the riverbed (Torres, 2006).
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To assess changes in functional structure and facilitate disentangling the effects of
disturbance on macroinvertebrate communities in the Ecuadorian Amazon Region, the quality
of the Pindo Grande River water around Pindo Mirador Biological Station was studied using
macroinvertebrate-based bioassessments (BMWP/Col) for two seasons (wet and dry). The
results are expected to serve as the basis for conservation and management strategies of these
water sources by the local authorities and residents.

2. MATERIALS AND METHODS

2.1. Study site

The Pindo Grande River is located in Pastaza Province, Canton Mera, Ecuador, in the
northwestern region of Pastaza Province, eastern Ecuador (Rageot and Albuja, 1994). This
river, situated at the eastern foothills of the Andes, in the Habitagua Protective Forest and
Vegetation sector 2,800 m above sea level, traverses Canton Mera and Pastaza and flows into
the Puyo River, in the Union Base sector, and along with the Alpayacu and Tashupi Rivers,
forms the smaller tributaries of the Pastaza River Basin, occupying an area of 160,688 km?
(Pastaza, 2015). The annual rainfall ranges from 1,500 to 4,000 mm, with the highest rainfall
recorded in July and August. The temperature varies from 20 to 25°C, with a relative humidity
of 86% (UTE, 2015). The study area along the river was located 1100-1200 m above sea level,
and sampling was conducted during the rainy (July 2014 and May 2017) and dry (February
2015 and August 2016) seasons, at five collection sites located along the ecological gradient of
the river and included crops, pastures, and a preserved forest. The selection of the sampling
points along the river was made based on changes in riparian vegetation, riverbank substrate
and composition, as well as human activities. The coordinates and altitudes were recorded using
a GPS (Garmin, Oregon 550, USA). Figure 1:
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Figure 1. Study area and sampling sites at the lower basin of the Pindo
Grande River, Ecuador.

M1000 (01°26'57.624" S/ 78°04'36.4651" W) sandy substrate with stones, gravel and little
detritus; moderately torrential, transparent waters, with 20 m tall trees, bushes and ferns.

M500 (01°27'12.8514" S / 78°04'39.8714" W) sandy substrate with stones, small rocks
and detritus; moderately torrential, clear waters. Vegetation that covers the riverbank has 30 m
high trees, shrubs, ferns and herbaceous plants. One hundred meters below there is a water
catchment infrastructure.
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Mestacion (01°2724.2418" S/ 78°04'44.317" W), sandy benthos with stones, small rocks,
gravel, fallen logs and little detritus, torrential flow with transparent waters. Shore banks have
secondary vegetation, composed of ornamental plants, small shrubs, grass, and small trees (10
m) with few epiphytes.

Mpuente (01°27'36.4187" S / 78°04'53.1894” W), sandy-clayey benthos with stones
covered with brown algae, few rocks and gravel; moderately torrential, slightly cloudy waters.
Shore banks have crops of wild cane, small palms, few trees and shrubs. People from the
surrounding communities walk across the bridge.

M750a (01°27'45.2007" S / 78°04'52.8225" W), sandy-clayey benthos with stones
covered with brown algae and gravel; torrential flow, slightly cloudy waters. Both shores have
wild cane crops, small palms, few trees and shrubs. There are houses and farms around the
river.

2.2. Field study

Ten collection points were established at random, at each sampling site, a 50 m long
transect was established parallel to the river bank. Macroinvertebrates were collected for 1 min,
simultaneously using a surber net (Garie and Mcintosh, 1986; Roldan, 1988), kick net (Roldan,
1988), and manual stone collection (Walteros-Rodriguez and Paiba-Alzate, 2010), to cover all
possible microhabitats and associated species (Abarca Morales, 2007). The collected organisms
were transferred to plastic bags with 70% ethanol (Jacobsen and Encalada, 1998), which were
then sealed (Muzaffar and Colbo, 2002) and labeled for later identification in the laboratory.

At each sampling site, the width and depth of the river were measured using a 50 m TP-
50ME fiberglass measuring tape (Truper). The pH, temperature, conductivity, and dissolved
oxygen were determined in situ during the second sampling period (August 2016 and May
2017), using a multiparameter equipment (HQ40d, HACH, USA). Chemical oxygen demand
(COD), 5-day biochemical oxygen demand (BODs), PO4, and NOs were also determined for
this sampling period, using a spectrophotometer (DR 2800, HATCH, USA), at the UTE
University Environmental Engineering Laboratory.

Table 1 shows the parameters analyzed and the methods used by the Standard Methods for
the Examination of Water and Wastewater and the Alpha American Water Works Association.

Table 1. Methods used to analyze chemicals
and nutrients, and the associated references.

Parameters Units Method
Temperature °C APHA- 5550 B
pH HACH-8156
Conductivity (uS/cm?  HACH-8160
CoD (mg/L) HACH-800
BOD:s (mg/L) APHA-5210D
PO, (mg/L) HACH-8190

Nitrates (mg/L) HACH-8507

2.3. Laboratory analyses

In the laboratory, the collected specimens were separated from the substrate, first using a
sieve and then with tweezers, and were then washed with water and 70% ethanol. Separated
specimens were then transferred to 3 mL test tubes (smaller specimens) or 100 mL plastic
bottles (larger specimens).

Macroinvertebrates were identified to the lowest possible taxonomic level, using a
binocular stereoscopic microscope (ZM-AB-ST2; 10- ocular, 1- and 4- objective), and
dichotomous keys (Merrit et al., 2008; Roldan, 1988; Ferndndez and Dominguez, 2001; Roldan,
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2003; Salles, 2006; Dominguez and Ferndndez, 2009; Hamada et al., 2014). Identified
specimens were deposited following the specimen preservation protocol of the Zoology
Museum of the Pontifical Catholic University of Ecuador Patent No. 11-2016-FAU-DPAP-MA
and Collection No. QCAZI 214 831-214886.

2.4. Data analyses

Total species richness was calculated using an abundance estimator (Jackknife 1), with 100
randomizations, in EstimateS Version 8.20. Richness (S), abundance (N), and relative
abundance (%) were also calculated (Carrera and Fierro, 2001; Moreno, 2001). The Shannon-
Wiener index was calculated using BIODAP software (Moreno, 2001). Trophic niches were
classified into three categories: herbivores, detritivores, and predators (Chara-Serna et al.,
2010). The BMWHP/Col. index (Roldan, 1988) and Sorensen’s (qualitative) similarity
coefficient (Magurran, 1988) were used to assess water quality. Principal Component Analysis
(PCA) was used as a method to cluster sites according to shared physicochemical
characteristics.

3. RESULTS

3.1. Physicochemical parameters

The physicochemical parameters analyzed at the sampling sites in August 2016 and May
2017 are shown in Table 2. Physicochemical data for the study sites were classified as either
upstream or downstream from the MEstacion site during the dry and rainy seasons, using
principal component analysis (PCA). PCA classified M1000 and M500 as upstream and
downstream, respectively, and healthy environments, whereas MEstacién, MPuente, and
ME750a were classified as downstream and disrupted environments, in both sampling seasons.
PCA explained 73% of data variance. The sampling sites were grouped into upstream or
downstream by season (Figure. 2). NOs and COD were associated with upstream areas in the
rainy season, while O in the dry season. In contrast, the downstream areas were grouped based
on the depth and width of the river in the rainy season, and on pH, PO4, and conductivity
variations in the dry season (Figure 2).

Table 2. Physicochemical characteristics of the water column at the five sampling sites along the Pindo
Grande River in the rainy and wet seasons.

) ) Rainy season (2017) Dry season (2016)
Physicochemical N v
parameter M100 M500 M M M750a  M100  M500 g M750a
estacion  puente estacion  puente
pH 6.5 6.5 6.5 57 6.5 7.0 7.0 8.0 8.0 8.0
Tem('?,eé;"t“re 197 195 196 19.8 19.8 206 206 207 207 207
Conductivity 4 7 477 427 545 545 436 436 527 521 521
(uS/cm?)
Dissolved O 7.4 7.4 7.12 7.15 7.15 8.3 8.3 7.39 7.65 7.65
(mg/L)
COD (mg/L) 47 47 11 4 4 65 65 14 2 2

BODs (mg/L) 7.16 7.16 5.57 6.47 6.47 6.16 6.16 6.88 6.37 6.37

PO4 (mg/L) 0.078 0.078 0.112 0.436 0.436 0.083  0.083 0.090 0.514 0.514

Nitrates (mg/L) 0.313 0.313 0.310 0.021 0.021 0.241 0.241 0.270 0.011 0.011

Source: Vinueza (2017). COD, chemical oxygen demand; BODs, 5-day biochemical oxygen demand.
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Figure 2. Principal Component Analysis (PCA) for the main physicochemical variables
recorded at the sampling sites in the Pindo Grande River. USR= upstream rains, DSR =
downstream rains, USD = upstream dry, DSD = downstream dry. 1 = 1st year sampling and 2
= 2nd year sampling.

3.2. Taxon richness, abundance, and diversity

A total of 1,052 individuals were collected during the rainy season, belonging to four
classes, 12 orders, 36 families, and 57 morphospecies. Class Insecta represented 98.6% of the
total sample, with order Trichoptera being the most abundant (478 individuals, and order
Lepidoptera being the least abundant (three individuals, 0.29%). Classes Arachnida, Crustacea,
and Tricladida were rare, represented by only one taxon each, with a few, 1, and 13 individuals,
respectively (Table 3).

In the dry season, 643 individuals were collected, and classified into two classes, 10 orders,
24 families, and 38 morphospecies. Class Insecta comprised 98.5% of the total sample, with
order Ephemeroptera being the most abundant, whereas class Tricladida was represented by
only one taxon (0.16%) with 10 individuals (Table 4). Genus Rhagovelia of family Veliidae
was the most abundant in the rainy season, whereas genus Thraulodes of family
Leptophlebiidae was the most abundant in the dry season.

Richness at the sampling points ranged from 21 to 35 taxa in the rainy season (Table 3),
and from 13 to 27 taxa in the dry season (Table 4). The comparison of the curve of total sampled
morphospecies (57 and 38) at the two time points with the curve estimated using Jackknife 1
(75 and 50) indicated that the sampling effort, using the three methodologies (Surber net, kick
net, and manual stone collection), resulted in 76% of the local aquatic macroinvertebrate
richness being collected.

The Shannon-Wiener index values at M1000, M500, and MEstacion were intermediate in
the rainy season, corresponding to 2.53, 2.58, and 2.38, respectively. The sampling sites with
the highest and lowest Shannon-Wiener index values were M750a (2.97) and MPuente (2.26),
respectively (Figure 3).
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Table 3. Abundance of different taxa collected during the rainy season of 2014 and 2017
at the five sampling sites along the Pindo Grande River, Pastaza Province, Ecuador.

Rainy season

Family
M1000 M500 MEstacion MPuente M750a Total %
Lymnessiidae 1 0 0 0 0 1 0.1
Palaemonidae 0 1 0 0 0 1 0.1
Blattidae 0 0 0 0 0 0 0
Elmidae 13 6 9 1 17 46 4.4
Psephenidae 9 18 14 5 11 57 5.4
Ptilodactylidae 21 13 13 7 8 62 5.9
Scirtidae 0 0 1 0.1
Chironomidae 0 0 0 46 1 47 4.5
Simuliidae 0 1 1 1 0 3 0.3
Tipulidae 0 1 1 47 1 50 4.8
Baetidae 21 16 15 101 10 163 155
Euthyplociidae 7 0 0 0 0 7 0.7
Leptohyphidae 28 17 16 148 11 220 209
Leptophlebiidae 56 33 31 249 21 390 37.1
Corixidae 0 0 0 0 1 0.1
Gerridae 0 0 0 0 5 0.5
Naucoridae 0 0 0 0 6 0.6
Veliidae 1 0 0 1 34 36 34
Pyralidae 1 2 0 0 0 3 0.3
Corydalidae 8 0 0 2 4 14 1.3
Coenagrionidae 3 2 3 1 2 11 1.0
Gomphidae 1 0 0 0 0 1 0.1
Libellulidae 4 2 3 1 2 12 1.1
Megapodagrionidae 5 2 3 1 2 13 1.2
Platystictidae 5 0 0 0 0 5 0.5
Polythoridae 6 2 1 1 0 10 1.0
Perlidae 7 1 4 0 3 15 1.4
Calamoceratidae 11 4 3 0 0 18 1.7
Helicopsychidae 1 0 23 1 2 27 2.6
Hydrobiosidae 0 1 0 0 0 1 0.1
Hydropsychidae 12 5 26 1 2 46 4.4
Hydroptilidae 12 6 26 1 2 47 4.5
Leptoceridae 25 12 75 3 6 121 115
Odontoceridae 0 0 1 0 0 1 0.1
Philopotamidae 21 0 2 1 24 2.3
Xiphocentronidae 1 1 1 0 3 0.3
Planariidae 1 2 0 7 3 13 1.2
Total abundance 340 130 258 120 204 1052 165.1
Total richness 34 26 27 21 35 57
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Table 4. Abundance of different taxa collected during the dry season of 2015 and 2016
at the five sampling sites along the Pindo Grande River, Pastaza Province, Ecuador.

Dry season
Family
M1000 M500 MEstacion MPuente M750a Total %
Blattidae 1 0 0 0 0 1 0.2
Elmidae 25 3 2 3 0 33 5.1
Psephenidae 6 2 0 6 0 14 2.2
Ptilodactylidae 4 24 2 4 10 44 6.8
Chironomidae 45 0 2 0 0 47 7.3
Simuliidae 3 0 0 0 0 3 0.5
Tipulidae 48 0 2 0 0 50 7.8
Baetidae 100 24 6 4 10 144 224
Leptohyphidae 148 24 8 4 10 194  30.2
Leptophlebiidae 248 48 14 8 20 338 52.6
Corydalidae 0 0 0 3 0 3 0.5
Coenagrionidae 0 0 0 3 0 3 0.5
Libellulidae 0 0 0 3 0 3 0.5
Megapodagrionidae 0 0 0 3 0 3 0.5
Platystictidae 1 1 0 0 0 2 0.3
Polythoridae 2 0 2 1 0 5 0.8
Perlidae 6 3 3 0 2 14 2.2
Calamoceratidae 0 2 0 0 2 4 0.6
Helicopsychidae 0 0 1 0 0 1 0.2
Hydrobiosidae 0 0 1 1 0 2 0.3
Hydropsychidae 0 2 2 1 2 7 11
Hydroptilidae 0 2 3 2 2 9 1.4
Leptoceridae 0 4 7 4 4 19 3.0
Odontoceridae 0 0 0 0 0 0 0
Philopotamidae 44 1 0 0 0 45 7.0
Planariidae 1 7 0 1 1 10 1.6
Total abundance 475 266 105 109 133 1,088 169.2
Total richness 27 19 14 17 13 38 25.0
3.257
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Figure 3. Shannon-Wiener diversity index at the five sampling sites along the
Pindo Grande River in the rainy (RS) and dry (DS) seasons of 2014 and 2017.
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The comparison of taxon richness by sampling site and season indicated that M1000 and
M500 sites had significantly higher richness in the rainy seasons, than those located
downstream of the river in the dry season (MPuente and M750a) (t = 2.9; DF = 4; p<0.05)
(Tables 3 and 4).

3.3. Trophic groups

For predator species, 145 individuals were collected in the rainy season (13.8%) and 52
(8.1%) in the dry season, 734 detritivore individuals (69.8%) were collected in the rainy season
and 527 individuals (82.0%) in the dry season. In the rainy season, 173 individuals (16.4%)
were classified as herbivores and 64 (10.0%) in the dry season.

3.4. Water quality assessment by BMWP/Col index

The macroinvertebrate community at the sampling sites included representative organisms
of three water quality classes (Table 5). Most species (15) were recorded in environments with
medium-quality water, followed by environments with high-quality (12.2) and poor-quality
water (1.2) (Table 5). All sampled sites had high BMWP/Col values, except M750a in the dry
season, which exhibited the lowest index value.

Table 5. BMWP/Col index and classification of the five sampling sites along the Pindo Grande River
in the rainy and dry seasons.

Rainy season Dry season
. . BMWP/Col . o BMWP/Col .
Sampling Points index Quality  Water condition index Quality Status
M1000 192 Good Very clean 126 Good Very clean
M500 162 Good Very clean 113 Good Very clean
MEstacion 149 Good Very clean 93 Acceptable  Slightly contaminated
MPuente 152 Good Very clean 102 Good Clean
M750a 152 Good Very clean 67 Acceptable  Slightly contaminated

3.5. Similarity index and Sorensen’s coefficient

M1000 presented the highest species similarity in aquatic macroinvertebrate communities
between the rainy and dry seasons, followed by M500 and MPuente, with values higher than
50%, whereas species similarity at MEstacién and M750a was low. M1000 exhibited the
highest species similarity in aquatic macroinvertebrate communities between sampling years,
followed by M500 and MPuente, with values higher than 50%, whereas species similarity at
MEstacion and M750a was low (<50%).

4. DISCUSSION

4.1. Physicochemical parameters

Physical-chemical data allowed us to perform and compare variations among sites and
seasons using a principal component analysis (PCA). A significant difference could be observed
between the points that have higher (MEstation, MPuent, and ME750a) and lower (M1000 and
M500) human activity; the same results were found by Rodriguez-Badillo et al. (2016); Parreira
de Castro et al. (2018); Macedo et al. (2016) and Selvanayagam and Abril (2016).

The physicochemical parameters NOs, COD, pH, PO4, 02, conductivity, depth and width
of the Pindo Grande River were associated with up and downstream fluctuations as result of
seasonality, having a significant influence on its macrobenthic community. The same results
were found by Selvanayagam and Abril (2016) and by Bojsen and Jacobsen (2003). In
freshwater ecosystems such as lakes, rivers and streams, dissolved oxygen concentrations will
vary by season, location and water depth. The high concentration of oxygen helps in
metabolizing organic matter along the river’s journey (Payne, 1986).
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4.2. Taxon richness, abundance, and diversity

A different taxon composition was found between the macroinvertebrates collected in wet
and dry seasons. These results are in accordance with those obtained by Rios-Touma et al.
(2011), who reported significant differences in the macroinvertebrate community between the
rainy and dry seasons, including changes in community composition, richness, abundance, and
diversity as result of stochastic variation in the ecosystems.

The number of sensitive morphospecies with strict ecological requirements was higher in
the rainy season than in the dry season, in contrast to the findings of Jacobsen and Encalada
(1998) and Giacometti and Bersosa (2006), who reported higher species and specimen numbers
in the dry season. This difference might be explained by the fact that these studies were
conducted in different ecological areas, and the diversity and abundance of macroinvertebrates
are known to be associated with the riverine vegetation of the sampled area (Righi-Cavallaro
Ocampo et al., 2010).

Shannon-Wiener indices tended to decrease between the sites M1000 and MPuente, which
may be due to changes in variables such as PO4 and O concentrations, conductivity, and COD,
as shown by the PCA. The sampling sites were clustered based on species distribution
(upstream and downstream) and anthropogenic activity, in which the latter may result in less
favorable environmental conditions for macroinvertebrate development (Hinojosa-Garro et al.,
2010). Changes in water quality could modify species composition, particularly those that are
sensitive to pollution (Rodriguéz-Badillo et al., 2016). In contrast, several morphospecies,
including members of Chironomidae, Hexatoma spp., and Parapoynx spp., are known to benefit
from environmental changes and/or anthropogenic disturbance (Mykra and Heino, 2017), as it
was observed in the M750a and Mpuente sites.

4.3. Trophic groups

In healthy aquatic ecosystems, detritivores predominate, followed by herbivores and
predators (Chara-Serna et al., 2010; Barrios et al., 2015). Of these trophic categories,
detritivores were the most abundant at all sampling sites in the present study. Therefore, the
study area can be considered to be in a healthy condition (Cummins et al., 2005; Jyvésjarvi et
al., 2013). This could be because there still are forested areas at the riverbank of Pindo Grande
River, and according to Bojsen and Jacobsen (2003) the vegetation cover contributes to have a
good macroinvertebrate community.

4.4. Water quality assessment by BMWP/Col index

All sampled sites had high BMWP/Col values, except M750a in the dry season, which
exhibited the lowest index value. These values, along with the analysis of sensitivity to pollution
and/or environmental disturbance, indicated that the BMWP/Col index did not reflect the real
conditions prevalent at the collection sites. This may be due to the fact that in the BMWP/Col
index, organisms are identified to the family level, and variations in the tolerance of taxa within
the same family are unknown (Bispo et al., 2002; Bonada et al., 2004; Tomanova and Tedesco,
2007; Dominguez and Fernandez, 2009; Forero et al., 2014).

The sites with the highest BMWP/Col index were M1000 and M500, which were
characterized by the presence of diverse communities consisting of sensitive organisms with
strict ecological requirements, such as Anacroneuria spp. In contrast, MEstacion had the lowest
index within the category, probably owing to the direct influence of water collection activities,
which may affect the substrate, water flow, and aquatic vegetation in the area. However, this
site was classified as healthy, based on the observations made in the two seasons, suggesting
that environmental disturbances were punctual and associated with climatic conditions, or that
this index did not reflect these disturbances.

Site MPuente presented a less diverse macrobenthic community dominated by organisms
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tolerant to habitat changes. However, these changes were not significant because the
BMWP/Col index indicated good environmental quality, despite the anthropic activities
prevalent in adjoining areas. This result is consistent with that of Carrera and Fierro (2001),
Terneus et al. (2012), and Abril et al. (2015).

Although the macroinvertebrate community was well characterized in the present study,
inter-annual samplings are necessary to determine species changes due to variations in
ecological flow, variations in environmental conditions and anthropogenic impacts prevalent in
this lotic system (Jacobsen, 2003; Encalada and Rios, 2011; Rios-Touma et al., 2012).

5. CONCLUSIONS

The study found that the water quality of the Pindo Grande River is in good condition and
exhibited ideal characteristics to develop epibenthic communities, resulting from well-
oxygenated streams with different substrates; however, these habitats seem to be gradually
affected by anthropogenic activities, according to the PCA carried out, which classified the data
into two clusters due to anthropic influence observed in the river.

The physical and chemical parameters that most influenced the macroinvertebrate
community in the Pindo Grande River were NOs, COD, pH, PO4, Oz, conductivity, depth and
width. It could also be observed as an influence of dry and rainy seasons; finding lower water
quality in the dry season at point M750a; these results are consistent with Encalada and Rios
(2011). It is necessary to carry out systematic sampling campaigns to establish a monitoring
strategy in this important biological area of Ecuador.

It is recommended that the biotic index BMWP/Col be used in the Ecuadorian Amazon
Region; however, caution needs to be taken with those cosmopolitan abundant species that
might interfere with the index values in this ecological region of Ecuador.
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ABSTRACT

The interception of rainwater in annual and perennial agriculture has been the object of
several studies in the last decades. However, scant attention has been paid to where this research
has taken place and which principal crops have been studied. The objective of this research is
to perform a bibliometric analysis of one hundred articles from the last forty years found in the
Scopus database to analyze their spatial distribution according to continent and country and
quantify the research carried out on annual and perennial crops. Also, the main methods used
to investigate the stemflow and throughfall of water in commercial crops are described. Our
analysis indicates that the northern hemisphere has the most research on the subject and 35%
of the research took place in Asia. Most of the research into annual crops (56%) was carried out
in maize (Zea mays L.). There has been a significant increase in commercial (annual)
agricultural research in the last decade. The stemflow had the most amplitude between the
values in the annual crops. This may be related to morphological and ecophysiological changes
throughout the plant cycle. For perennial crops, stemflow values were like forests. It has
become more important than ever to consider a scenario of global climate change stemflow and
throughfall research in agricultural areas, or at least the data need to be revised in the face of
new climatic conditions.

Keywords: annual crop, bibliometric analysis, interception, perennial crop.

Fluxo de tronco e atravessamento de agua em culturas agricolas: uma
sintese

RESUMO

O atravessamento da agua da chuva em agriculta (temporaria e perene), tém se tornado
objeto de diversos estudos nas ultimas décadas. Entretanto, pouca atencdo tem se dado para
identificar onde essas pesquisas tém sido desenvolvidas e quais as principais culturas tém sido
pesquisadas. O objetivo dessa pesquisa é realizar uma analise bibliométrica de 100 artigos dos
ultimos 40 anos encontrados na base de dados Scopus para analisar a distribuicdo espacial dos
estudos de acordo com continente e paises; quantificar as pesquisas realizadas em culturas
temporarias e perenes; descrever os principais metodos utilizados na investigacdo do stemflow
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e throughfall da 4gua em culturas comerciais. Ao término dessa pesquisa observamos que 0
hemisfério norte indicou 0 maior nimero de pesquisas sobre o tema e 35% das pesquisas foram
desenvolvidas na Asia. A maior parte das pesquisas em cultura temporaria (56,1%) foram
realizadas no cultivo de milho (Zea mays L.). Houve aumento significativo das pesquisas na
agricultura comercial (temporaria) na Gltima década. O stemflow indicou maior amplitude entre
os valores nas culturas temporarias. Esta condicdo pode estar relacionada a mudanca
morfologicas e ecofisioldgicas ao longo do ciclo da planta. Ja nas culturas perene os valores de
stemflow foram similares as florestas. Considerando um cenario de mudancas climaticas, 0s
resultados das pesquisas sobre atravessamento e fluxo de tronco em areas agricolas tornou-se
mais importante do que nunca, ou pelo menos os dados precisam ser revisados diante de novas
condic@es climaticas.

Palavras-chave: andlise bibliométrica, atravessamento, cultura anual, cultura perene.

1. INTRODUCTION

Vegetation plays a fundamental role in the hydrological dynamics of a given area, being
responsible for the first portioning of rainwater (Togashi et al., 2012). When water reaches the
vegetation canopy, a part is intercepted and evaporated during and after the rainfall (Fan et al.,
2014). The water that crosses the vegetation is redistributed and reaches the ground through
interception, which consists of throughfall (dripping from the canopy and free interception) and
stemflow (Germer, 2013; Van Stam and Gordon, 2018).

Rainwater interception varies greatly among climatic regions, as it depends on factors such
as vegetation characteristics (Herwitz, 1985), meteorological conditions (Andre et al., 2008),
rainfall characteristics (Yuan and Gao, 2016), and the three-dimensional geometry of the
canopy structure (Bialkowski and Buttle, 2015), among others.

There is a considerable range of research in the literature that focuses on hydrological
dynamics in forests with an emphasis on stemflow and throughfall (Germer, 2013, Liang et al.,
2011, Zhang et al., 2017). These data are required to calculate water availability in river
watersheds (Czikowsky and Fitzjarrald, 2009).

“Stemflow” means all water and solute that reaches the soil through the stem of the plant
(Zhao et al., 2020). The volume of water that reaches the soil through the stemflow varies from
5 to 10% (Levia Jr. and Frost, 2006) and affects only the soil portion located close to the trunk
(Brecciaroli et al., 2012). “Throughfall” is the fraction of rain that reaches vegetation soil
through the canopy of vegetation, which can occur through free fall (open places in the canopy
of the plant) or through the dripping of leaves (Levia Jr. and Frost, 2006; Gasparoto et al.,
2014). However, throughfall has received more attention than stemflow because of the scarce
hydrological significance of the latter (Tob6n Marin et al., 2000).

In spite of the extensive discussion about the influence of vegetation on the stemflow and
throughfall in the most diverse forest fragments, little attention has been given to research that
evaluates the stemflow and throughfall in different crops in the agricultural landscape.

Understanding the stemflow and throughfall in different crops is an essential tool for
several studies: (Frasson and Krajewski, 2011), for instance, soil moisture distribution
(Hornbuckle et al., 2008), soil erosion management (Bui and Box, 1992), and irrigation control
(Steiner et al., 1983), among others. However, some issues have been neglected, such as the
main types of crop used to analyze hydrological dynamics and how each crop responds to the
process of rainwater interception.

Therefore, this review aims to inventory the research carried out in stemflow and
throughfall of rainwater in agricultural areas. In addition, there is specific focus on: a) the spatial
distribution of the studies according to continent and country; b) quantifying the research
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carried out on perennial and annual crops; c) describing the main methods used to investigate
stemflow and throughfall in commercial crops; and d) a critical evaluation of the results
obtained over forty years of research, in the face of the current challenges of global climate
change and research needs as well.

2. MATERIALS AND METHODS

To carry out this research, the Scopus database was used to identify research related to the
themes of throughfall and stemflow in different types of annual and perennial crops. It is
important to note that annual crops are those with a short seasonal cycle, which are replanted
every year. Perennial or semi perennial, e.g., sugar cane crops do not require yearly planting
and are usually assigned a minimum duration of four years.

The database search field identified articles containing the words " throughfall and
stemflow" in the titles, keywords, and abstracts. A bibliometric analysis was carried out with
100 articles (all in English) about the stemflow and throughfall in agriculture. The goal of the
study was not to search for all available studies. Instead, research articles from the last forty
years were selected.

Only research results referring to stemflow and throughfall in annual and perennial
agriculture were included. Therefore, the measurement period (annual or seasonal values),
monitoring length and number of events measured were not considered. Moreover, articles that
did not measure stemflow and throughfall at the same time were considered. Some articles in
annual crops did not measure the stemflow; however they indicated a value below 5%. The
articles used in perennial crops were classified into monoculture and agroforestry. The method
for obtaining stemflow and throughfall data was separated. Most articles used direct
measurement to collect data in the field and other articles used modeling to obtain data. The
second case was considered in the present study.

The data were organized based on the frequency of the subjects researched and grouped
by type of crops. The articles were classified as: a) perennial crops, such as coffee (Coffea),
sugar cane (Saccharum officinarum), cocoa (Theobroma cacao), rubber tree (Hevea
brasiliensis), citrus (Citrus X sinensis), apple (Malus domestica), banana (Musa acuminate),
palm (Bactris gasipaes), olive (Olea europaea), grapes (Vitis vinifera L.), pomegranate
(Punica granatum), clove (Syzygium aromaticum), cassava (Manihot esculenta), cashew
(Anacardium occidentale) and nut tree (Bertholletia excels); and, b) annual crops: corn (Zea
mays), soybean (Glycine max), wheat (Triticum), potato (Solanum tuberosum), cotton
(Gossypium), rapeseed (Brassica napus), brussels sprouts (Brassica oleracea var. gemmifera),
millet (Pennisetum glaucum), beet (beta. L), alfalfa (Medicago sativa L.) and sorghum
(Sorghum bicolor). All the data collected were spatialized worldwide to understand where the
studies had been conducted and which are the most prominent regions.

3. RESULTS

3.1. The spatialization of research on stemflow and throughfall in different crops and its
evolution in the last decades

Studies on the stemflow and throughfall in different crops (annual and perennial) have
been frequent in recent decades. However, the vast majority are concentrated in a small number
of countries. About 70% of the surveys were conducted in temperate regions and only 30% in
tropical areas. In temperate regions, research on annual crops predominates, whereas in tropical
areas, research on perennial crops is more frequent (Figure 1).

Among the articles analyzed, 43% refer to the stemflow and throughfall in perennial crops
and 57% in annual crops. Of this total, 35% are in Asia, 22% in North America, 18% in Europe,
14% in South America, 5% in Central America, 4% in Africa and 2% in Oceania.
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Figure 1. Distribution of research on stemflow and throughfall.
Source: Based on Van Stan and Gordon (2018).

In Asia, 67% of the research was carried out in China and 17% in Indonesia. In Europe,
there is a wider distribution of studies across countries. Among the 18 papers registered on the
continent, 23% (4 surveys) were conducted in the United Kingdom. Spain, Italy, and France
account for 16% each (three surveys in each country). There were 22 surveys in North America,
of which 21 (95%) were in the United States. In South America, 14 surveys were found; 78%
of these were carried out in Brazil. Central America, Africa, and Oceania had the smallest
number of studies (five, four and two, respectively) (Figure 2).

25
20
15

10

O Il . .

Asia  South A. Europa North A. Cental A. Africa Oceania

Number of researches

M perennial crop annual crop

Figure 2. The amount of research into annual and perennial
crops in each continent.

Most of the research on stemflow and throughfall in Asia, Europe, and North America
involved annual crops (Figure 1). The biggest difference was in North America, where 77% of
the research was carried out on annual crops. In Central America, five studies were identified,
which all dealt with perennial crops. Countries such as Indonesia and Brazil had the highest
percentage of research into perennial cultivation (100% and 73%, respectively).

An analysis of the evolution of research on the subject over the last forty years (1979 to
2019) evidences some intensification in the last decade (Table 1), mainly regarding annual
crops. Among the studies completed during the analyzed period, 48% were from the decade of
2010.

Between the decades of 1980 and 2000, research into perennial crops was noteworthy;
there were 34 studies in that period. On the other hand, in the same period, only 18 studies on
annual crops were found. In the last decade, there was a 150% increase in research of annual
crops, while for perennial crops the increase was 35%.
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Table 1. Distribution of research in stemflow and throughfall in the last decades.

Perennial crop Annual crop )
Decades - - Total studies (%)
Number of studies (%) Number of studies  (%0)
1980 9 15.7 3 7.0 12 12.0
1990 8 14.0 5 11.6 13 13.0
2000 17 29.8 10 233 27 27.0
2010 23 40.3 25 58.1 48 48.0
Total 57 100.0 43 100.0 100 100.0

3.2. Types of crops studied and their stemflow and throughfall rate

Among all the research observed in annual crops, 56% was carried out on maize, followed
by soybean at 12%, and wheat and potato 7%. Of the total research done on maize, 31% was
developed in China (10 studies) and 28% (9 studies) in the United States.

When analyzing the research into perennial crops, it is evident that there is a greater
diversity of crops without one type predominating, unlike studies of annual crops. Plants such
as coffee, rubber, cacao, and citrus had the highest percentages (11% each).

The diversity of annual and perennial crops and their characteristics affect the stemflow
and throughfall rate. The data found in perennial crops are similar to those observed in forests,
due to the similarity of some species (Table 2). However, the data on annual crops show
variations due to the structure and morphology of each species, mainly concerning the
vegetative stage of the plant.

Table 2. Stemflow and throughfall rate in annual and perennial crops.

Annual crops  Number of studies  Stemflow (%) Amplitude Throughfall (%) Amplitude

Corn 32 11-49 4.5 58 - 82 1.4
Soybean 7 3-23 7.6 57-92 1.6
Wheat 4 3-20 6.6 70 -89 1.3
Potato 4 08 - 46 2.3 54 -70 1.3
Cotton 4 5-13 2.6 62 - 81 1.3
Rapeseed 2 3-19 6.3 40 - 65 1.6
Brussels Sprout 1 0.8-6 7.5 71-98 1.2
Millet 1 10-19 1.9 70-82 11
Beet 1 18- 40 2.2 56 - 70 1.2
Alfalfa sprouts 1 12-22 1.8 65 - 80 1.2
Sorghum 1 5-19 3.8 62 -75 1.2

Perennial crop:  Number of studies  Stemflow (%) Amplitude Throughfall (%) Amplitude

Coffee* 5 1-14 14 50-90 1.8
Rubber tree* 5 1.1-9.2 8.4 64 - 85 1.3
Citrus 5 05-47 9.4 82-92 1.1
Cocoa* 5 0.2-9.1 45 76 -90 1.2
Palm * 5 5-16 3.2 70 - 83 1.1
Banana 4 6-26 1.4 61-74 1.2
Apple 3 0.8-10 125 50 - 84 1.7
Olive 3 15-24 16 56 -70 1.2
Sugar cane 2 19-25 1.3 31-58 1.9
Grapes 1 2-6 3.0 65 - 85 1.1
Pomegranate 1 3-10 3.3 71-80 11
Clove 1 09-5 55 63 - 87 1.3
Cassava 1 05-4 8.0 79 -92 1.1
Cashew 1 1-3 3.0 65 - 80 1.2
Nut tree* 1 1-5 1.3 72 -89 1.2

Note!: The rates indicated refer to the means extracted from the articles analyzed.
* Some studies used in this type of crop were carried out in agroforestry (see text below).
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The highest stemflow in annual crops were observed in soybean and wheat, with an
amplitude of 6.6 and 7.6 respectively. However, potato and maize crops had the highest
stemflow rates (20 - 46% and 11 - 49%). Of the perennial crops, cocoa had the greatest
amplitude (45), while banana and sugarcane cultivation indicated the highest stemflow values.
The amplitude of the throughfall between the annual and perennial crops was similar. However,
soybean had the highest variation among the annual crops (57 - 92%). Coffee and sugar cane
had the highest amplitudes (19 and 18 respectively). However, the highest throughfall values
were observed in citrus crops (82 - 92%).

Some types of perennial crops used in this research were developed in monoculture or
agroforestry. Among the 43 studies on perennial cultivation used in this work, 10 (23.2%) were
carried out in agroforestry (2 studies on coffee crops, 2 on palms, 2 on rubber, 3 on cocoa and
1 on Nut trees).

3.3. Stemflow and throughfall methods and models for data collection.

Different approaches have been used to collect stemflow and throughfall data in
agriculture, including modeling (Levia Jr. and Frost, 2003), and using simple or even automated
equipment (Dunkerley, 2014). The characteristics of each crop, both annual and perennial,
allowed these methods to be adapted in various ways. We emphasize that the measurement of
throughfall and stemflow in different crops is a critical phase in understanding water availability
in the soil, since an error in data collection may over- or sub-estimate the results.

A predominance of the spiral collector method (65%) for measuring stemflow data from
perennial and annual crops was noticed. The funnel method involving the non-spiral stem was
used in 10% of the studies (Figure 3). It should be taken into consideration that this method was
used in stems with a diameter < 15 cm, like sugarcane and coffee. Although modeling is not a
primary method of data collection, 25% of selected articles used equations and models to
estimate hydrological processes. It is important to note that some perennial crops species
resemble native forests. In this case, some studies estimate stemflow to be less than 5% of the
precipitation (Levia Jr. and Frost, 2003).

Figure 3. Different methods of stemflow and throughfall
collection in perennial and annual crops.

Note: A and B) stemflow collector in perennial crops; C)
stemflow collector in annual crops; D) throughfall collector in
perennial crop; E and F) throughfall collector in annual crops (E
= 10x100 cm collectors; F) 100 x 100 cm collectors).
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To measure throughfall, 70% of the research used funnel-type collectors, 20% used
collecting gutters of different shapes and sizes, and 10% used equations and models, including
the Rutter model (Rutter et al., 1971) and the Gash model (Gash, 1979). It is noteworthy that
86% of the surveys of perennial crops used natural rainfall, and only 14% used simulated rain.
The simulation allows greater control of variables such as the intensity and duration of rainfall
(Sousa Jr. et al., 2017), according to the objective of the study.

In annual crops, 53% of the studies were carried out with simulated rainfall, both in the
field and in the laboratory, and 47% with natural rainfall. To measure the stemflow, 84% of the
research used the funnel method on the plant stem, and 16% used modeling.

4. DISCUSSION

The results of this inventory show that research on the stemflow and throughfall in
agricultural areas is concentrated in the Northern Hemisphere. This trend may be due to
commercial agriculture in this region having a longer history than other continents. Moreover,
the tradition of scientific research and the production of physical-mathematical models for soil
and water management in agricultural systems requires primary data. Despite the Brazilian
agricultural expansion into different ecosystems, research on stemflow and throughfall is still
incipient, especially in commercial crops. We believe that the reasons for this are varied: a focus
on soil management to increase productivity; the belief that the no-tillage system serves a
conservationist agriculture; the physical-mathematical models imported from other regions of
the world are calibrated / applied without the need to produce primary data. Finally, agricultural
research thinking on soil conservation is grounded in the Universal Soil Loss Equation, where
the factor of vegetation cover is widespread and can, therefore, influence research on this
subject (Barreto et al., 2009), among other possibilities. Therefore, there is an enormous deficit
of studies in hydrological processes, particularly stemflow and throughfall, in the Brazilian
territory.

Annual crops were the most researched in the last decade, as the extension of annual crops
such as soybean, corn, and wheat, among others, is higher compared to perennial crops. This
increase in research can be attributed to the growth in global demand for food in recent decades
(FAO, 2019). Besides, its short cycle and the morphological and ecophysiological changes
throughout its development implies variations in stemflow and throughfall according to the
phases (Levia and Germer, 2015). Consequently, studies are intensified to represent stemflow
and throughfall appropriately at each stage. Furthermore, for example, to monitor and model
contaminant transfer processes in agricultural areas, the development phase of the crop is
critical. On the other hand, in many cases, perennial crops have less morphological and
ecophysiological changes when they reach maturity (e.g. coffee, rubber trees, olive trees, citrus
trees, others). Perennial crops were the most studied in the past, and this should have been
enough to provide reliable information for soil and water management, especially the
throughfall. However, it is possible to verify the absence of studies in some agroforestry
systems, e.g., yerba mate (lllex paraguariensis).

Despite the reasonable number of studies of both types of cultivation carried out
worldwide, the variability in the hydrological processes measured is enormous (see Table 2).
This variation is more considerable for stemflow than throughfall. Indeed, stemflow is
significant in both annual and perennial crops. The hydrological processes in agricultural areas
by this process should not be neglected. Therefore, soil and water conservation modeling, as
well as studies of the transfer of contaminants in agricultural watersheds, may face difficulties
because the data in the literature on this process is variable. Therefore, stemflow studies in
different ecosystems, climates and agricultural crops are necessary.

Conversely, data on throughfall is more stable; that is, it shows less variability. It is
interesting to note that the average minimum throughfall, 60% and 63%, and the maximum,
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80% and 82%, are equivalent for annual and perennial crops, respectively. So, in hydrological
terms, it is a mistake to think that a cotton or soybean plant, for example, intercepts less rain
than orange or rubber trees.

Methods to measure stemflow and throughfall are not particularly varied or sophisticated,
facilitating the standardization of measurement methods. In annual crops, it is more difficult to
measure the stemflow, especially in species where the stem is not ligneous, such as: alfalfa
sprouts, wheat, sorghum, beet, among others. However, there is extensive variation in this
process. Annual crops are flexible in the use of rainfall simulators to measure stemflow and
throughfall. The use of simulators means annual crops can be measured throughout their cycle,
and it is possible to evaluate the effects of morphological and ecophysiological changes on
hydrological processes. Meanwhile, perennial crops, especially the larger ones (i.e., height and
canopy projection), are more dependent on natural rainfall measurements. Therefore, the
methods are adjusted to the morphological and ecophysiological characteristics of the crops
being evaluated.

Over the course of forty years of stemflow and throughfall studies, we observed several
objectives, including understanding the hydrological process (Levia Jr. and Frost, 2003; Dugas,
1990); soil erosion (Zheng et al., 2019; Antoneli et al., 2018), soil water balance (Canone et
al., 2017), the transfer of contaminants (Ranalli and Macalady, 2010), and others. However, in
a scenario of global climate change (Pachauri et al., 2014), stemflow and throughfall research
in agricultural areas has become more important than ever, or at least the data needs to be
revised in the face of new climatic conditions. It is necessary to understand how crops, pastures,
and agroforestry will respond hydrologically to climate change and how that will affect the
water, nutrient and contaminant circulation in soils, hillslopes and watersheds.

Over the Brazilian territory, climate change may be different. For example, in southern
Brazil, rainfall is expected to increase (PBMC, 2013), while in the Amazon region droughts
may be prevalent (Marengo and Espinoza, 2016; Malhi et al., 2008). The Brazilian Panel on
Climate Change (PBMC, 2013), estimates that the Brazilian territory may have: a) altered
temperature and rain patterns; b) changes in annual rainfall patterns; c) increased plant growth
and evapotranspiration; and d) increases in water deficit (droughts). Consequently, the
migration of crops between edaphoclimatic zones may occur. Changes in climate allied to
changes in land use, especially agricultural intensification, can affect hydrological processes,
water quality and quantity, and ecosystem services in watersheds (Foley et al., 2005).
Therefore, given these scenarios, studies on stemflow and throughfall in Brazilian agricultural
landscape are needed, above all, with a perspective that goes beyond the simple vision of soil
and water management.

5. CONCLUSION

Temperate regions indicated a higher number of studies (70%), with a predominance of
studies on annual crops. Only 30% of the studies were carried out in tropical regions, with a
predominance on perennial crops. The USA and China carried out the largest number of studies
on annual crops. This trend may be due to commercial agriculture and a greater incentive in
researching primary data to develop equations and models.

The stemflow shows the greatest variation compared to throughfall. This hydrological
process in agricultural areas cannot be neglected, especially when using modeling to quantify
the variables that interfere with hydrological processes in watersheds.

Most of the research on throughfall and stemflow in annual crops were carried out through
rain simulation. In perennial crops, data were collected with natural rain.

In annual crops, it is necessary to make several measurements along the cultivation cycle,
as each plant phase can respond differently to hydrological processes.
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ABSTRACT

Several factors can lead to alterations of water quality in aquatic environments, leading to
numerous consequences for the organisms that inhabit it. The water bodies located in the
northwest region of Rio Grande do Sul periodically receive pollutants that may have genotoxic,
cytotoxic and mutagenic properties, which affect the genetic integrity of organisms living there.
This research analyzed the cytological responses of Danio rerio exposed to anthropized fresh
water from the ljui River by the micronucleus method as well as by observing nuclear
abnormalities in their erythrocytes. The data collected demonstrated higher values of
erythrocytes with NA than with MN, suggesting that the cells are efficient in the repair
mechanisms required when facing genotoxic substances.

Keywords: cytological responses, micronuclei, nuclear abnormalities.

Danos celulares em eritrocitos Danio rerio submetidos a agua
antropizada

RESUMO

Vérios fatores podem levar a alteracdes da qualidade da 4gua em ambientes aquéticos,
levando a inUmeras consequéncias para 0s organismos que os habitam. Os corpos d'agua
localizados na regido noroeste do Rio Grande do Sul recebem periodicamente poluentes que
podem conter propriedades genotoxicas, citotoxicas e mutagénicas, que afetam a integridade
genética dos organismos que ali vivem. Esta pesquisa teve como objetivo analisar as respostas
citologicas de Danio rerio exposto a agua doce antropizada do rio ljui pelo método do
micronucleo, bem como pela observacdo de anormalidades nucleares em seus eritrocitos. Os
dados coletados demonstraram valores maiores de eritrocitos com NA do que com MN,
sugerindo que as células sdo eficientes nos mecanismos de reparo necessarios ao enfrentamento
de substancias genotdxicas.

Palavras-chave: anormalidades nucleares, micronucleos, respostas citoldgicas.
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1. INTRODUCTION

The demographic census performed by the Brazilian Institute of Geography and Statistics
(IBGE) indicates that the Brazilian population increased by approximately 20 times more in
2011 than in the year 1872. In the face of uncontrolled population growth, higher harvest rates
are essential for meeting food demand.

Higher harvest rates are obtained through various methods, with the abusive use of
pesticides being one of the most debated in the current decade. Use of pesticides in agriculture
results in increased pesticide residues in food for human and animal consumption. These
pesticides are a mixture of several compounds that consist of active substances which undergo
biodegradation in soil and water (Czaja et al., 2020). Together with rain, the resulting
substances can return to the soil, groundwater and surface water, where they undergo more
transformations. These transformations continue in farm animals that are processed into food
for human consumption.

Due to leaching, creeks and rivers located near large crop areas are one of the main
destinations for pesticides, especially during rainy periods. According to Spadotto et al. (2004),
leaching of pesticides tends to contaminate surface water and, in some cases, also groundwater.
Therefore, these water resources are characterized as the final destination for some pesticides,
which leads to contamination of springs (Kasper et al., 2018; Ramos et al., 2020).

Fish are commonly used organisms for biosensors in aquatic ecosystems, through the use
of micronucleus (MN) analysis and nuclear abnormalities (NA) in their peripheral erythrocytes.
The MN test is recognized as one of the preferred methods for assessing genetic damage in
organisms, as it allows the detection of alterations caused by both clastogenic agents,
responsible for chromosomal breakage, and aneugenic agents, which induce aneuploidy or
chromosomal segregation abnormalities (Dalzochio et al., 2016; 2019; Ansari et al., 2011;
Dearfield et al., 2002).

Danio rerio is a test organism popularly known as the zebrafish; it is a freshwater teleost,
from the Cyprinidae Family, which reaches about three to four centimeters long as an adult.
Danio rerio has attracted the attention of the scientific community as its management, breeding,
reproduction, resistance and genetics are good parameters for use as a model organism
(Barbazuk et al., 2000).

Danio rerio has been used as a model to test the action of pesticides in terms of
genotoxicity, and these results have been extrapolated to the human genome (Hawkey et al.,
2020). Thus, this study analyzed genotoxic data from Danio rerio placed in water samples from
the referred anthropized points on the ljui River (RS).

2. MATERIAL AND METHODS

2.1. Period and sampling points

Initially, four points on the ljui River were chosen for the collection of water to be used in
the tests with Danio rerio.

The ljui River is located in the northwest region of Rio Grande do Sul State, between the
coordinates 28°00" S to 29°05' S and 53°11' W to 55°21' W (Rio Grande do Sul, 2020), and
begins with the confluence of the rivers Palmeira, Caxambu and Filza, near the municipality
of Panambi (RS). It is the main river of the ljui Basin, which has an area of 10,703.78 km?2 and
is composed of 36 municipalities with various economic activities, including the presence of
industries as well as extensive agricultural areas with high grain productivity. The basin consists
of 12 more rivers that cut through cities and agricultural areas until they flow directly into the
ljui River (Figure 1 and Table 1).
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Figure 1. Location of the sampling points.
Source: Own construction, 2019.

Table 1. Coordinates of the water collection points on the ljui River with characteristics of their
surrounding environments.

Point (P) Coordinates Location Characteristics

p1 28°18°50.74” S Absence of riparian forest and the reception of industrial and urban
54°18°38.39” W effluents.

P2 28°11°53.20” S Absence of riparian forest, close to swine and livestock areas in addition to
54°41°25.47” W extensive agricultural areas upstream.

o1 15 . Absence of riparian forest, with swine, livestock and agriculture areas. This

28°11°19.26” S . ~ . . g . .

P3 oA » point is located at the Sdo José Hydroelectric Dam - ljui Energia S.A,and is
54°43°58.56” W . .

therefore characterized as a lentic ecosystem.
P4 27°58'0.62" S Absence of riparian forest and with great livestock activity. This point is

55°19'57.82" W

located at the mouth of the ljui River, which flows into the Uruguay River.

Sampling was carried out in a dry period. Danio rerio used in this research were obtained
from a local aquarium at Cerro Largo, ten fish were used per test totaling 40 individuals. The
fish were acclimatized for one week in aquariums with a capacity of 20 liters, 10 specimens per
aquarium, in the Laboratory of Genetics and Molecular Biology of UFFS - Cerro Largo - RS.
Following the acclimatization period, the D. rerio specimens were placed in the water collected
from the four different points on the ljui River for 96 hrs. The fish were fed ad libitum under
controlled temperature and Biochemical Oxygen Demand (BOD) conditions, as recommended
by CONCEA Normative Resolution 34.

2.2. Preparation of the blood films
Following the 96 hr period, the fish were sedated and euthanized according to the method
approved by CEUA / n® 589216051 through Eugenol. Blood was collected by puncture in the
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caudal artery using glass capillaries with EDTA (Ethylene Diaminetetraacetic Acid) for the
preparation of blood smears. One slide was made per individual totaling ten slides per
collection. The blood smear slides were dried at room temperature, fixed in methanol (100%)
for 20 minutes and stored for later staining.

2.3. Staining of the blood films

The methodology of MN slide confection followed Feulgen’s protocol with Schiff staining
and Fast-Green counterstaining.

The procedure comprised the following steps: (i) hydrolysis in HCI (5N) for five minutes;
(if) wash with distilled water; (iii) staining with Schiff reactive for two hours in the absence of
light; (iv) wash with distilled water; (v) counterstaining with Fast-Green; (vi) wash with
distilled water and (vii) drying.

2.4. Erythrocyte count and observational analysis

The observation and analysis of the slides were performed using an Olympus Optical
Microscope with oil immersion lens (1000x maximum magnification). Three thousand cells per
fish were counted and the presence of MN and NA were verified (Figure 1). The NA was
classified into five groups according to the method of Carrasco et al. (1990) and Bebbled,
Lobed, Notched, Vacuolated and Karyorrhexis by Ramirez (2000).

2.5. Statistical Analysis
The Kruskal-Wallis test for nonparametric data was chosen for analysis of the results, with
a significance level of 5% (p < 0.05).

3. RESULTS AND DISCUSSION

No deaths or abnormal behaviors of the fish were observed during the testing period.
The results were obtained through exposure of the zebrafish specimens to water collected at the
sampling point in the ljui River and to clean control water.

The physicochemical parameters analysis of the collected water, as well as of the control
water, is shown in Table 2. As can be verified in Table 2, the collected samples were not
significantly different from the control according to the CONAMA Resolution 357/2005. The
value for dissolved O in point 3 is well below that of the other collection points; however, this
value was still within the parameters established by CONAMA. This low value for dissolved
O is believed to be related to the fact that it is an area of lentic ecosystem, as shown in Table
1.

Table 2. Physicochemical parameters of the aquarium water at the time of
zebrafish euthanasia.

Parameter Control Point1l Point2 Point3 Point4
PH 8.42 8.2 7.74 79 7.3
Conductivity (US) 282 230 167.2 284 140.2

Dissolved O2 (mg/L) 9.9 9.7 5.1 11.3 12.8
H,O Temperature (°C) 225 225 27.4 24.1 22
Ambient 24 24 28 20 24
Temperature (°C)

Source: Own construction, 2019.
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The data for MN and NA, verified in 3,000 erythrocytes per fish kept in control and
anthropized water, are presented in Figure 2.

As can be seen in Figure 2, the fish exposed to water from the four points on the ljui River
demonstrated increased numbers of NA when compared to the fish subjected to control water.
A slight increase in the development of NA was noticeable in the fish exposed to water from
Point 2 that was statistically significant in relation to both the control group and Points 3 and 4.
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Figure 2. Absolute frequencies of micronuclei observed in 3,000 zebrafish
erythrocytes (per aguarium), kept in control and anthropized fresh water.
Values of MN and NA analyzed in 10 individuals of each test.
Source: Own construction, 2019.

Another important observation is that water from Point 3 had different characteristics from
the other points as it was from a lentic ecosystem. However, this factor did not affect the final
result of the NA number when compared to the other points with similar characteristics (Points
1 and 4).

The NA found in the analyzed erythrocytes are presented in Figure 3.

Industrial and agricultural effluents usually have clastogenic substances in their
composition that can cause chromosomal breakage and dysfunctions of the mitotic spindles,
resulting in the emergence of MN (Thomé et al., 2016). However, when applied to the Kruskal-

Wallis test, the MN values of the four test points were not statistically different from the control

R Rev. Ambient. Agua vol. 16 n. 1, e2577 - Taubaté 2021
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group, indicating that the water pollution of the ljui River does not cause genetic alterations at
the level of MN, which is characterized as damage that is no longer repairable.

The average emergence of MN in the tests was approximately one per 2,500 - 2,800 cells.
According to Thomé et al. (2016), values less than or equal to 1 MN per 1,000 cells are reported
as an occurrence of endogenous origin in the organisms. The MN data were not statistically
significant, however, the occurrence of this type of alteration is an event that cannot be repaired,
thus the events that precede the establishment of MN are evidenced in the NA values, as shown
in Table 2.

The MN test is simple to apply and enables the detection of genotoxic effects caused by
several factors that organisms may be exposed to in their habitats (Alsabti and Mercalfe, 1995).
However, MN can only be detected in extreme cases in which the repair system is unable to
function. Additionally, this test detects damage from both clastogenic agents, responsible for
chromosomal breaks, and aneugenic agents, which induce aneuploidy or abnormal
chromosomal segregation (Ansari et al., 2011).

Figure 3. Images of the abnormalities found in blood erythrocytes of Danio rerio subjected to
water collected from the four points on the ljui River.

Caption: (A) Normal erythrocyte; (B) 1- Notched; 2 - Karyorrhexis; (C) 1 - Chromosome
detachment - Micronuclei; (D) 1 - Vacuolated; 2 - Karyorrhexis; (E) 1 - Lobbed; (F) 1 - Lobbed;
2 - Blebbed; (G) 1 - Notched; 2 - Blebbed; (H) 1 - Chromosomal detachment - Micronuclei; 2 -

Blebbed.
Source: Own construction, 2019.

Thus, this protocol has the potential to analyze events that precede the emergence of MN.
However, it should be noted that compounds capable of interacting with DNA are not restricted
exclusively to the effects of mutagenic substances, as there are genotoxic substances that, in
addition to interacting with genetic material, also have the ability to interact with other cellular
components, such as spindle fibers during cell division as well as cell enzymes, such as
topoisomerase, causing nuclear changes.

It is worth noting the difference in the number of abnormalities seen between Points 2 and
3, since these points are located in the same municipality and have the shortest distance between
them. According to Thomé et al. (2016), rivers have a self-purification capacity, meaning that,
when anthropic effluents are discharged, rivers and other watercourses have the ability to
restore their natural characteristics in an attempt to promote self-purification.

Several characteristics may interfere in the self-purification of a river, including the
average depth, watercourse speed, width and dissolved oxygen concentration. Furthermore,

Rev. Ambient. Agua vol. 16 n. 1, 2577 - Taubaté 2021 N8
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within a watercourse, it is possible to have segmentation in the self-purification zones; that is
to say that, in the course there are variations between clean waters, which precede the effluent
discharge zone, and a new stretch of water recovery after this point, where dissolved oxygen is
introduced into the aquatic ecosystem and, soon after, the clean water zone arises again (\Von
Sperling and Chernicharo, 2005). Thus, it can be suggested that clastogenic substances present
in Point 2 may not be carried to Point 3.

Considering that several species of fish have fundamental importance for both human
ingestion and food chains, they are widely used as bioindicators. Moreover, the fact that fish
respond very quickly to contamination exposure, even in small concentrations (similar to
mammals), makes D. rerio an excellent laboratory model for studying the clastogenic potential
of effluents resulting from anthropic activities (Thomé et al., 2016).

4. CONCLUSIONS

The anthropized water from the ljui River collected from all four of the analyzed points
demonstrated the potential to induce clastogenic events in a zebrafish model. The data collected
demonstrated higher values of erythrocytes with NA than with MN, suggesting that the cells
are efficient in the repair mechanisms required when facing genotoxic substances.
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ABSTRACT

Soil physical and hydraulic properties are interdependent, and soil-use planning and
management are complicated by the high variability of these attributes. The current study
assessed the variability of physical and hydraulic properties of soils along a toposequence
located in a forest fragment under spontaneous regeneration in the coastal lowlands of Rio de
Janeiro. Four soil profiles were selected, and samples were collected from surface and
subsurface horizons for determination of moisture content, bulk density, macroporosity,
microporosity, hydraulic conductivity, texture, and soil resistance to penetration (measured
using benchtop and field penetrometers). Exploratory and principal component analyses were
performed, and descriptive parameters and Pearson’s correlation coefficients were calculated.
In A horizons of profiles 3 (Planossolo) and 4 (Gleissolo), clay contents ranged from 59.0 to
577.0 g kgt, moisture contents from 1.5 to 16.4%, and microporosity from 10.4 to 46.2%,
respectively. Field- and laboratory-measured penetration resistances showed a stronger
association with profile 1 (Argissolo); however, values were not sufficiently high to limit root
development. The variability in soil physical and hydraulic properties in short slopes is high,
mainly in terms of hydraulic conductivity, moisture, microporosity, and clay content. The
greater variability of soil physical and hydraulic properties in lowland is attributed to clay and
silt fractions, microporosity, and moisture content. The increment in clay content with depth
increases bulk density and resistance to root penetration.

Keywords: edaphic attributes, soil-landscape relationship, soil quality indicators.

Variabilidade de atributos fisico-hidricos em uma topossequéncia na
Baixada Litoranea Fluminense

RESUMO

Os atributos fisico-hidricos do solo séo interdependentes e o planejamento e 0 manejo do
solo sdo dificultados devido a alta variabilidade desses atributos. O presente estudo objetivou
avaliar a variabilidade dos atributos fisico-hidricos em uma topossequéncia inserida em area de
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regeneragao espontanea na Baixada Litoranea Fluminense. Foram selecionados quatro perfis, e
nestas coletadas amostras nos horizontes superficiais e subsuperficiais para quantificacdo dos
valores da umidade, densidade do solo, macroporosidade, microporosidade, condutividade
hidraulica, granulometria e resisténcia do solo a penetracdo (com penetrémetro de bancada e
em campo). Foi realizada a analise exploratoria e calculados os pardmetros descritivos, o teste
de correlacéo de Pearson e a analise dos componentes principais. Nos horizontes A, o teor de
argila variou de 59,0 a 577,0 g kg*, a umidade de 1,5 a 16,4 % e a microporosidade 10,4 a
46,2%, entre os perfis P3 (Planossolo) e P4 (Gleissolo). A resisténcia a penetracdo nos dois
métodos esteve mais relacionada com o perfil 1 (Argissolo), entretanto, os valores maximos
ndo restringem o desenvolvimento das raizes. A variabilidade dos atributos fisico-hidricos em
vertentes de pequeno comprimento é alta, principalmente para os atributos condutividade
hidraulica, umidade, microporosidade, e argila do solo. Na baixada a maior variabilidade dos
atributos fisico-hidricos é explicada pelos atributos argila, microporosidade, silte e umidade. O
incremento de argila em profundidade aumenta a densidade e a resisténcia do solo a penetracéao
das raizes.

Palavras-chave: atributos edaficos, indicadores de qualidade do solo, relagdo solo-paisagem.

1. INTRODUCTION

Our understanding of water flows in natural and anthropized ecosystems depends on the
precise characterization of soil hydrological processes (Alagna et al., 2016; Pavéo et al., 2019).
Because this type of characterization requires a thorough knowledge of soil physical and
hydraulic properties, it is essential to determine the variability of these attributes in the
environment. As discussed by several authors (Cambardella et al., 1994; Santos et al., 2016;
Pavdo et al., 2019; Ferreira et al., 2020), soil formation processes and anthropogenic actions
enhance the variability in soil attributes.

It is of fundamental importance that studies involving the characterization of soils and their
potential, as well as the environmental weaknesses in view of the different types of use that can
occur in the different segments of landscapes that are special to a particular region. Studies of
this nature contribute both to the understanding of fragile ecosystems, constantly occurring to
environmental degradation, and to future work to characterize coastal plains (Coelho et al.,
2010).

When assessing the environmental vulnerability of the coastal plain of Caravelas (BA) as
a subsidy to environmental planning, the authors Souza and Vale (2016) concluded that studies
like these can be used to guide management policies for coastal areas and contribute to the new
occupations and economic and social development are compatible with environmental
preservation.

There are several challenges in assessing the variability in soil porosity, particle size,
particle size distribution, bulk density, resistance to penetration, least-limiting water range,
compression index, aggregate stability, and hydraulic conductivity. According to Oliveira et al.
(2015), most limitations arise from the large extension of study sites and the large number of
samples and high costs consequently associated with these investigations.

Considering the above-mentioned soil physical attributes, Stefanoski et al. (2013) argued
that soil hydraulic conductivity is one of the best indicators of soil quality because it can reveal
structural differences between soil profile layers. In a study investigating the physical and
hydraulic properties and organic carbon content of an Argissolo under different management
systems for 23 years, Hickmann et al. (2012) found that management effects were more
pronounced in the surface layer. Ferreira et al. (2020), in investigating the effects of 23 years
of direct planting on aggregate formation and soil organic matter in rainy and dry seasons,
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concluded that soil aggregation is a simple, low-cost, repeatable, and easy-to-understand
indicator of changes in soil physical conditions.

Despite the importance of soil physical and hydraulic properties to the understanding of
major ecosystem processes (Pavao et al., 2019), the variability of these attributes along slopes
still requires further investigation. Therefore, this study aimed to assess the variability of soil
physical and hydraulic properties along a toposequence in the coastal lowlands of Rio de
Janeiro.

2. MATERIAL AND METHODS

The study area is located on the campus of the Federal Rural University of Rio de Janeiro,
Seropédica, Rio de Janeiro Metropolitan Region, Brazil. The climate is tropical wet and dry
(Aw in the Koppen climate classification system), with rainfall events concentrated during
November to March. The mean annual precipitation is 1213 mm, and the mean annual
temperature is 24.5°C (Alvares et al., 2013). The geology of the area is dominated by acidic
rocks from the Southern Paraiba Complex, such as gneisses and granites. The region belongs
to the coastal plains of Sepetiba Bay, characterized by a slightly undulating relief with small
variations in elevation (Muehe et al., 2006).

A toposequence of soils under regenerating Atlantic forest was selected for the study. Four
trenches were opened at different locations of the landscape, each spaced about 40 m apart
(Figure 1).

~122°0'0.000°S

> soc> i =
ﬁ\] v 0 40 80 120 160 200 km
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L !
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Figure 1. Location map of the study area showing the evaluated soil profiles in
the upper (A), middle (B), and lower thirds (C) of the slope and lowland (D).

Morphological characteristics of soil profiles were described according to criteria proposed
by Santos et al. (2015), and soil types were classified in accordance with the Brazilian Soil
Classification System (Santos et al., 2018) and the general information about sampling sites
and soil morphological and textural properties are presented in Table 1.

Disturbed samples were collected from surface and subsurface diagnostic horizons for
color, structural, and textural analyses. Four undisturbed samples were collected using an
Uhland soil sampler. Sampling depth was defined on the basis of horizon thickness; collections
were performed from the central part of the horizon for increased representativeness of soil
attributes.

Gravimetric moisture content, bulk density, macroporosity, microporosity, and saturated
hydraulic conductivity were determined according to Teixeira et al. (2017). Analysis of soil
penetration resistance was performed by two methods using four replications. Laboratory-
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measured penetration resistance was determined using a Tecnal Te-096 benchtop penetrometer,
and field-measured penetration resistance was assessed using an impact penetrometer,
according to Stolf (1991). Particle size analysis was performed by the pipette method (Teixeira
et al., 2017) to determine sand, silt, and clay contents.

Table 1. Morphological and textural properties of soil profiles evaluated in the study.

Horizon

Depth (cm)

Moist color

Soil structure

Profile 1 (Argissolo Vermelho-Amarelo, upper third of slope, elevation 42 m, slightly undulating 8% and well drained)

A
AB

BA
Btl
Bt2
Bt3
Bt4

0-9
9-18
18-30
30-52
52-75
75-102
102-116*

5YR 3/2
5YR 3/3

5YR 4/3
5YR 4/6
5YR 4/6
5YR 5/4
5YR 5/6

Strong, fine and medium, granular

Strong, fine and medium, granular

Strong, fine, subangular blocky
Strong, fine, subangular blocky
Strong, fine, subangular blocky
Strong, fine, subangular blocky

Strong, fine, subangular blocky

Profile 2 (Argissolo Amarelo, middle third of slope, elevation 41 m, slightly undulating 12% and moderately drained)

A
AE

El
E2
Btl
Bt2

0-7
7-17
17-44
44-80
80-102
102-134*

10YR 4/2
10YR 5/2

10YR 5/4
10YR 5/4
10YR 5/5
10YR 4/6

Weak to moderate, fine, granular

Weak to moderate, fine, granular

Weak, fine, granular

Weak, fine, granular

Moderate, fine, subangular blocky

Moderate, fine, subangular blocky

Profile 3 (Planossolo Héplico, lower third of slope, elevation 39 m, slightly undulating 4% and imperfectly drained)

Al 0-14 10YR 4/2 Weak, fine, granular

A2 14-31 10YR 4/2 Weak, fine, granular

AE 31-54 10YR 5/4 Weak, fine, granular

El 54-71 10YR 5/4 Single grain

E2 71-96 10YR 5/4 Single grain

Bt 96—-128 10YR 6/4 Moderate, fine, subangular blocky

BC 128-164* 10 YR 6/2 Weak to moderate, fine, subangular blocky

Profile 4 (Gleissolo Haplico, lowland, elevation 38 m, slightly undulating 1% and poorly drained)

A 0-7 10YR 3/1 Strong, very fine, angular blocky
AB 7-16 10YR 4/1 Strong, very fine, angular blocky
2Bgl 16—41 N5 Strong, fine, angular blocky
2Bg2 41-55 N5 Strong, fine, angular blocky
2Bg3 55-66 N5 Strong, fine, angular blocky
3Bg4 66—88 N4 Strong, fine, angular blocky
4BC 88-105* 10YR 5/1 Strong, fine, angular blocky
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All statistical analyses were conducted using the R statistical software (R Core Team,
2020). Data were analyzed for normality of distribution and homogeneity of variance by the
Shapiro—Wilk test (Shapiro and Wilk, 1965) and Bartlett’s test (Bartlett, 1937), respectively, at
p < 0.05. The following parameters were calculated: minimum, maximum, mean, median,
skewness, kurtosis, and coefficient of variation (CV). CV values were categorized according to
criteria proposed by Pimentel-Gomes and Garcia (2002): CV < 10%, low; 10 < CV < 20%,
average; 20 < CV < 30%, high; and CV > 30%, very high.

Correlations between physical and hydraulic attributes of A and B horizons were
determined by Pearson’s correlation test at p < 0.05. Hierarchical cluster analysis was
performed using a hierarchical method, using Euclidean distance (%) as a measure of similarity
between records and Ward's method, as clustering strategy. The grouping analysis was
complemented with that of principal component analysis (PCA), that was used to reduce the
dimensionality of the dataset without losing information and facilitate interpretation of data
independence. According to Hongyu et al. (2015), PCA linearly combines variables of the
original dataset into principal components (PCs). The first PC explains the greatest amount of
variance in the dataset, and each successive PC explains less.

3. RESULTS AND DISCUSSION

Descriptive statistics of physical and hydraulic properties of A and B horizons along a
toposequence in Rio de Janeiro, are presented in Table 2.

Table 2. Descriptive statistics of physical and hydraulic properties of surface and subsurface
horizons along a toposequence in the coastal lowlands of Rio de Janeiro.

PRe PRL K Macro Micro Bd GM Sand Clay Silt

Variable
MPa cmh? % Mgm3 % gkg?

A horizons
Minimum 0.60 0.70 0.86 085 9.10 0.70 140 181.00 58.00 72.00
Mean 1.08 143 3500 2318 2052 115 9.80 631.30 234.81 133.88
Median 120 130 2415 2828 1200 125 10.25 74250 151.50 109.50
Maximum 150 240 99.20 31.08 47.70 140 18.30 861.00 578.00 242.00
CV (%) 3447 4342 100 4197 7520 2141 63.09 4479 9148 50.93
Skewness -0.33 044 0.62 -127 122 -062 -021 -092 094 0.84

Kurtosis -1.33 -163 -1.10 028 -048 -107 -161 -087 -084 -097
W 0.82™ 0.88™ 0.86™ 068 064 086™ 087" 0.72 0.73 0.76

B horizons
Minimum 1.00 170  0.00 6.20 6.40 0.90 1.10 73.00 151.00 60.00
Mean 263 418 933 1845 2214 127 17.29 456.00 430.40 113.62
Median 245 290 330 1855 1877 130 13.90 532.00 37350 11550
Maximum 5.00 880 3050 2850 46.09 160 39.90 687.00 824.00 163.00
CV (%) 61.07 5861 5860 46.10 6020 19.73 8290 5337 58.89 33.18
Skewness 0.097 0.79  1.27 084 057 -027 070 -0.84 0.70 0.70

Kurtosis -2.08 -0.96 -047 -069 -128 -069 -082 -090 -084 -1.19
W 0.87™ 0.84™ 0.65 0.90™ 0.80™ 0.89™ 0.82"™ 0.78 0.81 0.78

PR, field-measured penetration resistance; PRy, laboratory-measured penetration resistance; K,
hydraulic conductivity; Macro, macroporosity; Micro, microporosity; Bd, bulk density; GM,
gravimetric moisture content; CV, coefficient of variation; W, Shapiro-Wilk test; ns, not
significant (p > 0.05).
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Soil physical and hydraulic properties showed an asymmetric distribution (Table 3). Field-
measured penetration resistance, macroporosity, and gravimetric moisture content in A
horizons had negative skewness values, as bulk density and sand content in both horizons. This
indicates a greater proportion of values above the mean. Other parameters had positive
skewness, indicating that most values were below the mean. Symmetric distributions are those
in which mean and median values are close to each other.

Table 3. Mean physical and hydraulic properties of surface and subsurface horizons
along a toposequence in the coastal lowlands of Rio de Janeiro.
PRr PRL K Macro Micro Bd GM Sand Clay Silt
MPa cmh? % Mgm=2 % g kgt

Profile

A horizons

P1 1.3 23 863 27.9 14.2 11 143 2265 636.5 137.0
P2 15 09 432 30.1 11.2 1.4 70 76.8 848.0 753
P3 06 09 105 29.5 10.4 1.4 15 59.0 8583 8238
P4 09 16 0.0 10.3 46.2 0.8 16.4 577.0 1825 2405

B horizons

P1 39 44 299 22.9 194 1.2 16.1 416.3 4555 128.3
P2 44 79 3.2 14.2 17.2 1.6 12.1 3305 608.3 61.3
P3 12 21 3.9 28.0 7.1 1.4 15 1525 686.3 161.3
P4 10 23 0.3 8.7 44.8 0.9 395 8223 740 103.8

PRe, field-measured penetration resistance; PR, laboratory-measured penetration
resistance; K, hydraulic conductivity; Macro, macroporosity; Micro, microporosity;
Bd, bulk density; GM, gravimetric moisture content.

The Shapiro—Wilk test showed that most parameters were not normally distributed, with
the exception of sand, clay, and silt contents in both horizons; macroporosity and microporosity
in A horizons; and hydraulic conductivity in B horizons. However, according to Carvalho et al.
(2002), theoretical skewness and kurtosis values close to 0 and 3, respectively, indicate a normal
distribution. Therefore, variables showed a tendency to normality.

Bulk density in both horizons and silt content in B horizons had high CV values (20 < CV
< 30%) (Pimentel-Gomes and Garcia, 2002). All other parameters had very high CV values
(>30%). In A horizons, the highest CV values (>60%) were observed for moisture content,
microporosity, clay content, and hydraulic conductivity, indicating heterogeneity along the
toposequence. Such results are likely associated with the pedogenesis of the environments
(Oliveira et al., 2015).

The sand content of A horizons ranged from 59.0 g kg~* in P3 (Planossolo) to 577.0 g kg
in P4 (Gleissolo); moisture content, from 1.5% in P3 to 16.4% in P4; and microporosity, from
10.4% in P3 to 46.2% in P4 (Table 3). These high variations were observed despite the short
distance between profiles (about 40 m).

The PCA biplot presented in Figure 2A shows the distribution of physical and hydraulic
attributes along axes 1 and 2. The two PCs explained together 92.20% of the variance in soil
properties. PC1 explained 68.50% of the variance, and PC2 explained 23.70%. The percentages
of variance explained were higher than the minimum recommended for soil studies (Campos et
al., 2013). This means that the variability expressed within the sample perimeter has been
sufficiently answered and expressed.
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Figure 2. Principal component analysis biplot (A), Pearson correlation matrix (B), and
Hierarchical cluster analysis for physical and hydraulic attributes of A horizons along a
toposequence. P1-P4, soil profiles; Bd, bulk density; Macro, macroporosity; Micro, microporosity
GM, gravimetric moisture content; K, hydraulic conductivity; PRg, field-measured penetration
resistance; PR, laboratory-measured penetration resistance. Correlations marked with an X are
not significant (p < 0.05).

Silt and clay content, and microporosity of A horizons were strongly associated with PC 1
with scores of high correlations of 0.99; 0.99; 0.96, respectively (Figure 2A), and P4, probably
because fine particle deposition is generally higher in lowlands than in slopes (Miotti et al.,
2013; Santos et al., 2016). This phenomenon favors the formation of small pores (Miotti et al.,
2013), which explains the high correlation (r = 0.97) between clay content and microporosity
(Figure 2B). Although P4 was located near the water table, which would favor high moisture
contents, and was associated with microporosity, gravimetric moisture content was not only
associated with P4 but also with P1. The mean gravimetric moisture contents of P1 and P4 were
similar (Table 3); however, GM showed a high positive correlation with PC1. The dark color
of the A horizon of P1 can be attributed to its high organic carbon content (Table 1), as organic
carbon favors the formation of a strongly developed granular structure, contributing to water
retention (Loss et al., 2014; Rabot et al., 2018).

The profiles P2 and P3 were plotted on the negative side of PC1. These profiles,
particularly P2, were related to sand content, bulk density, and macroporosity, with high
negative scores correlations with PC1, -0.99, -0.96, -0.95, respectively (Figure 2A). Although
P2 and P3 were positively associated with bulk density, the highest value was 1.4 Mg m (Table
3), lower than that considered critical for crop root development (Reichert et al., 2009; Collares
et al., 2011). Macroporosity and sand content were strongly correlated (r = 0.96) (Figure 2B),
whereas macroporosity and hydraulic conductivity were moderately correlated (r = 0.54)
(Figure 2B). Even though macropores facilitate the flow of water in soil, hydraulic conductivity
was more associated with P1, with high positive correlation, 0.93 with PC2 (Figure 2A). This
result is probably due to the strongly developed granular structure of P1, contributing to the
regulation of water infiltration and retention in the soil (Rabot et al., 2018). These findings

AR Rev. Ambient. Agua vol. 16 n. 1, €2579 - Taubaté 2021
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reinforce the importance of determining the morphological characteristics of soil horizons in
physical-hydraulic studies. Field- and laboratory-measured penetration resistances were
associated with P1, but values were not high enough to affect root development (Costa et al.,
2012; Drescher et al., 2012). Both parameters contributed little to the variance in soil properties
of A horizons.

For the cluster analysis for A horizon along the toposequence (Figure 2C), the formation
of three large groups with a connection distance of around 1000% was observed. In this horizon,
P4 distanced itself (~ 1000%) from the other profiles forming an isolated group, while the
profile P1 with dissimilarity of approximately 400%, formed a second group; profiles P2 and
P3 joined in a third group with a maximum distance between them of approximately 100%.

PCA of physical and hydraulic properties of B horizons revealed two PCs, which together
explained 85.80% of the variance in the dataset. PC1 explained 57.10% of the variance; and
PC2, 28.70% (Figure 3A). P4 was plotted far from other profiles, on the negative side of PC1,
and was associated with clay content, microporosity, and gravimetric moisture content, with
high score correlations, -0.98, -0.99 and -0.99, respectively. These parameters were almost 2-
fold higher than those of the other profiles (Table 3). Such results are attributed to the high
deposition of silt in lowlands and the proximity to the water table.
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Figure 3. Principal component analysis biplot (A), Pearson correlation matrix (B), and Hierarchical
cluster analysis for physical and hydraulic attributes of B horizons along a toposequence. P1-P4,
soil profiles; Bd, bulk density; Macro, macroporosity; Micro, microporosity GM, gravimetric
moisture content; K, hydraulic conductivity; PR, field-measured penetration resistance; PRy,
laboratory-measured penetration resistance. Correlations marked with an X are not significant (p <
0.05).

Correlations between microporosity, moisture content, and clay content were very strong,
ranging from 0.99 to 1 (Figure 3B). Hydraulic conductivity was negatively associated with P4,
in agreement with the low value observed in the profile (0.3 cm h™). The parameter was more
associated with P1 because of the profile’s well-developed structure. Nevertheless, hydraulic
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conductivity contributed little to the PCs, with the highest correlation value associated with the
PC1 (0.25).

Sand content was related to P2 and P3, as both profiles had similar sand contents, with
high positive scores correlation with PC1 (0.98). However, macroporosity was more strongly
associated with P3 and PC1, with positive score correlation of 0.79. Silt content was also
associated with P3; silt and sand contents in P3 added to 850 g kg%, whereas, in P2, the sum of
silt and sand fractions was 670 g kg*. Furthermore, silt and macroporosity were strongly
correlated (r = 0.75), explaining the high association between macroporosity and P3.

Laboratory-measured penetration resistance was higher than field-measured resistance in
all B horizons, but parameters were strongly correlated (r = 0.87). Penetration resistance was
associated with P2, in which resistance values were considered critical to root development
(Costa et al., 2012; Drescher et al., 2012). Although bulk density was moderately correlated
with laboratory-measured (r = 0.64) and field-measured (r = 0.55) penetration resistance, the
parameter was also associated with P2. These parameters were correlated positively with the
PC2, 0.92 and 0.77, respectively. The mean bulk density in P2 was 1.6 Mg m?3. The
high bulk density and penetration resistance observed in P2 is likely associated with
translocation and deposition of clay in the pores of subsurface layers, as evidenced by the
difference in clay contents between A and B horizons (76.8 and 330.5 g kg2, respectively). The
densification process is responsible for increasing root penetration resistance (Cortez et al.,
2011), which explains the association of penetration resistances with P2. The Bd showed a
positive correlation with PC1 (0.85).

For the cluster analysis for A horizon along the toposequence (Figure 3C), the formation
of three large groups with a connection distance of around 1000% was observed. In this horizon,
P4 distanced itself (~ 1000%) from the other profiles forming an isolated group, while the
profile P3 with dissimilarity of approximately 400%, formed a second group; profiles P1 and
P2 joined in a third group with a maximum distance between them of approximately 100%.

4. CONCLUSIONS

1. Soil physical and hydraulic properties vary greatly along short slopes, particularly
hydraulic conductivity, moisture content, microporosity, and clay content.

2. The high variability in soil physical and hydraulic attributes can be explained by
differences in clay content, microporosity, and silt content in A horizons and clay content,
microporosity, and moisture content in B horizons.

3. An increase in clay content with depth leads to an increase in density and penetration
resistance.

4. Among the profiles analyzed, P4 showed greater dissimilarity from the others, for both
depths studied.
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ABSTRACT

Urban expansion is widely acknowledged to have a substantial impact on water bodies.
The objective of this work is to propose and apply a composite index to evaluate the quality of
Permanent Preservation Areas (PPAs), which protect urban rivers. The PPAWater index
aggregates information from six indicators, namely, sanitary sewage, precarious settlement,
urban drainage, level of occupation, conservation units, and preservation area, established by
the municipal master plan. When applied to sub-basins in the city of Fortaleza, Ceara, the fifth
most-populated city in Brazil, the index shows that the localities lacking sufficient sanitation
infrastructure and with fewer hectares of protected areas register as the most vulnerable PPAs.
The PPAWater index is an important tool to guide urban environmental planning, formulation,
and management of public policies for the protection of urban water resources. It can be used
by municipal managers to evaluate environmentally sensitive areas.

Keywords: urban development, urban environmental indicators, urban water.

Indice de qualidade das Areas de Preservacio Permanente dos
recursos hidricos urbanos: APPHidro

RESUMO

Os impactos da expansdo urbana nos recursos hidricos é uma relacdo amplamente aceita.
Propor e aplicar um indice composto para avaliar a qualidade das Areas de Preservacio
Permanente (APP), que protegem 0s rios urbanos, é o objetivo deste trabalho. O APPHidro
agrega informagdes de seis indicadores: esgotamento sanitario, assentamento precario,
drenagem urbana, nivel de ocupagdo, Unidades de Conservacdo e Zona de Preservacdo
instituidas pelo plano diretor municipal. Aplicado nas sub-bacias inseridas na cidade de
Fortaleza-Ceara, a quinta mais populosa do Brasil. O indice mostra que as localidades menos
assistidas por infraestrutura de saneamento, e com menos hectares de areas protegidas,
registram APP mais vulneraveis. O indice APPHidro apresenta-se como uma ferramenta
importante na orientagdo do planejamento urbano ambiental, formulacdo e gestdo de politicas
publicas no &mbito da protecdo dos mananciais urbanos. Além de subsidiar gestores municipais
sobre as zonas ambientalmente sensiveis que necessitam de recuperacao.
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Palavras-chave: dguas urbanas, desenvolvimento urbano, indicadores urbanos ambientais.

1. INTRODUCTION

Studies in several countries have confirmed that increased urbanization affects water
quality in cities. Tu (2011) highlighted urban expansion as the main cause of water-resource
pollution. Huang et al. (2015) stated that urban sprawl more severely impacts water quality in
urbanized hydrographic basins. The definition of water resources in the present work refers to
the natural urban rivers, channeled rivers, lagoons, lakes and streams of the city. The primary
function of permanent preservation areas (PPAs) of urban water resources is the preservation
of water resources and the quality of water available to the urban population. In Brazil, the
Forest Code (Federal Law n. 12,651/12) delimits and regulates such areas. Some municipalities
delimit their water source areas through municipal zoning established in the Municipal Master
Plan (MMP).

In other countries, federal or local legislation delimit and regulate these areas. Some laws
adopt delimitation criteria such as a guarantee of environmental services (Switzerland), degree
of occupation (Canada), rigorous environmental licensing process (United Kingdom), and a
guarantee of space for free flowing water and quality of water ecosystems (France) (Pedroso
Jr. et al., 2015; Gass et al., 2016). This delimitation of PPAs, both by the federal and local
government, leads to fragmented competencies and legal inconsistencies, hindering the
protection of water resources and their area of influence and increasing the vulnerability of
these areas to urban expansion. Thus, PPAs of urban water resources frequently present
conflicts in regard to their delimitations.

Therefore, it is necessary to study, monitor, and evaluate the quality of PPAs behaving as
important soil-water transition zones, which exhibit significant complexities within the urban
context. These transition zones are important for the prevention of disasters, help preserve water
resources, and guarantee the local hydrological regime. Environmental indexes and indicators
are important tools for understanding the level of environmental degradation in urban water
body PPAs (Klopp and Petretta, 2017). These tools help in the evaluation of spatiotemporal
conditions and trends, allow for the analysis of progress toward established goals of
conservation and environmental preservation, support decision making, raise awareness, and
encourage political and behavioral changes (Moreno Pires et al., 2014).

In Brazil, the main sets of indicators and indexes relate to geomorphological parameters,
urban infrastructure, and demographic data (Freitas et al., 2013; Barros et al., 2015; Ribeiro
and Mendes, 2015; Dellamora et al., 2013). Indexes found in international literature pertain to
water quality and land use parameters to assess the degradation of water sources owing to urban
expansion (Zhao et al., 2015; Uriarte et al., 2011; Singh et al., 2016; Carstens and Amer, 2019),
with no emphasis on PPAs.

This work proposes and applies a new index, the PPAWater index, to assess the level of
degradation of urban water resources. The unique feature of this index is that it does not employ
water quality monitoring data, which are usually unavailable in developing countries.
Furthermore, it employs an innovative territorial limit (sub-basins at the territorial limit of the
municipality) and is easy to apply as it is based on information available in existing databases.
The main objective of this work is to provide a composite index to evaluate the quality of urban
water resources PPAs. Evaluation results using this index can help decision makers in the
adequate management of PPAs such that environmental services in these areas, essential in the
urban context, may be improved. The article includes three further sections: methodological
construction of the index; application of the index through a case study of the city of Fortaleza,
and final considerations on the index proposal and application experience.
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2. MATERIALS AND METHODS

The methodological steps for the construction of the composite index are based on the
Handbook on Constructing Composite Indicators by the OECD (Organization for Economic
Co-operation and Development) published in 2008 (OECD, 2008).

2.1. Bibliographic review as support for the selection of indicators

In order to analyze the existing indicators and determine ones that could compose the
PPAWater composite index, the Scielo and Science Direct databases were searched with the
following keywords and combinations in Portuguese and English: "areas of preservation of
urban watercourses™; “environmental indicators”; “"indexes and indicators of urban water
bodies"; "environmental management indicators™; "urban indicators™; and "indicators of urban
sustainability™.

Nine articles were selected that presented indicators more related to the subject under study
(Table 1). The selection criteria for the other articles were: 1) models developed for urbanized
watersheds; 2) models focused on the relationship of water resources and their protection areas;
and 3) models applied to urban centers that underwent an intense urbanization process in a short
period of time.

The international models (Table 1) can be applied in Brazil, considering in situ water
quality analyses. However, most Brazilian urban centers do not provide data on river water
quality, which makes the application of these models difficult. Thus, two scenarios for the
construction of indicators for urban water resources PPAs were observed, one for developed
countries and another for developing countries. In developed countries and localities such as
China (Zhao et al., 2015; Huang et al., 2015; Xie et al., 2018), United States (Cartens and Amer,
2019), and Puerto Rico (Uriarte et al., 2011), water quality, land use, and occupation parameters
are used to assess the impact of urban expansion on water resources.

These countries usually display fully functioning urban and sanitation infrastructure,
especially in environmentally relevant areas. In these countries, the availability of official
information on the monitoring of water quality and land use enables the establishment of a
direct relationship between water quality and the state of conservation of water resources PPAS.

On the other hand, developing countries use proxy indicators, mainly due to the absence
of water quality data. Some countries like India (Sing et al., 2016) and Argentina (Calderon et
al., 2014) have even studied the direct relationship between water quality and urbanization, but
these parameters were obtained on the field, and were not a part of a systematic monitoring
work. However, it is not of interest to use water quality indicators for the proposed index,
because periodic collection and analysis of all parameters would be quite expensive. Thus, the
index avoids the in situ collection of data and promotes the use of available official secondary
data.

The models currently available for analysis of the situation of urban water resource PPAS
do not use management and environmental legislation indicators, which are essential for urban
environmental areas (usually managed by local management). Moreover, some often-used
indicators, such as proximity to native vegetation, proximity to urban areas, proximity to the
road network, risk of erosion (Freitas et al., 2013), slope, and soil type (Barros et al., 2015) are
not applicable in urban environments that undergo drastic transformations, with little or no
original vegetation fragments. With this context, the PPAWater composite index will be
composed of six proxy indicators; these are detailed in subsection 3.1.
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Table 1. Indicators identified from the bibliographic survey for structuring the PPAWater model in 2020.

Indexes/ Indicators

Locality/Author/Year

Measurement parameters

Contribution

Land use indicators and
Water quality parameters

China.
Zhao et al. (2015).

Peru.
Carpio and Fath (2011).

Puerto Rico.
Uriarte et al. (2011).

India.
Singh et al. (2016).

United States.
Carstens and Amer (2019).

LUP: level of urbanization, environmental management, expansion
of the industrial zone, land-use composition.

WQP: Biochemical oxygen demand, nitrate, and phosphorus.

LUP: pasture, agriculture, volcanic material, water, empty land.
WQP: fecal coliforms. Absolute numbers of cases of
gastrointestinal diseases.

LUP: agriculture, forest, pasture, water, urban area, swamp.

WQP: turbidity, dissolved oxygen, total phosphorus, nitrogen, fecal
coliforms, and streptococci.

LUP: agriculture, built area, and vegetation.
Applying the Water Quality Index (WQI).

LUP: agriculture, forest, pasture, water, urban area.

WQP: dissolved oxygen, total phosphorus, nitrogen, and fecal
coliform.

Correlates urban expansion to water quality.

Studies the direct relationship of urban
expansion with changes in river flow, water
quality, and waterborne diseases.

Links urban expansion and pasture to water
quality.

States that urbanization is the cause of water
pollution.

The results state that urbanization has a
negative impact on water quality.

Environmental indicators
of PPA

Brazil.
Freitas et al. (2013).

Parameters: land use, proximity to vegetation and urban areas,
proximity to the road network, risk of erosion, capacity to sustain
the native forest, order of drainage channels, and PPA category.

The study found that 44% of local PPAs were
in compliance.

Urban Environmental
Quality Index

Brazil.
Ribeiro and Mendes (2015).

LUP: vegetation coverage, basic infrastructure, and demographic
data.

Methodological contributions applying remote
sensing and multivariate analysis.

Sustainability Indicators

Brazil.
Dellamora et al. (2013).

LUP: land use, green areas, water resources, and PPA land.

Methodological contributions applying remote
sensing and Geographic Information System.

Environmental
Vulnerability Index

Brazil.
Barros et al. (2015).

LUP: declivity, land and area of riparian forest PPA, i.e., the 30 m
required by law.

Relates PPA with social vulnerability,
infrastructure, and urban flood risk.

Legend: Index of qualities of Urban Water Resource Preservation Areas; LUP - Land Use Parameters; WQP - Water Quality Parameters.

Rev. Ambient. Agua vol. 16 n. 1, €2589 - Taubaté 2021

IPABH:



Quality index of permanent preservation areas of ... 3

2.2. Hierarchization of indicators: Delphi method

The objective of hierarchization of the indicators, which are part of the composite index,
Is to assess which indicators are most influential and relevant in the process, as well as those
that are the least relevant. The results of this ranking will support the weighting of the indicators
to be carried out in the normalization stage. The hierarchization of indicators that comprise the
PPAWater index was carried out using the Delphi method, which has been used and improved
by over 2,600 academic articles. This method allows for the collection of insights from a group
of experts, whose anonymity is maintained to exclude biases that could arise from the group’s
interactions (Flostrand et al., 2020). The process followed the steps proposed by Marques and
Freitas (2018): 1) Stating the problem and structuring the research; 2) Preparation of the
questionnaire; 3) Selection of the expert group; 4) Surveying using questionnaires; 5)
Reflection and response of experts; 6) Analysis of the answers by the researcher; 7) Compilation
of responses and elaboration of the final report.

According to Godet and Durance (2011), the number of experts in the interviewed group
should not be less than 25. Thus, 25 professionals from agencies and institutions that directly
influence the urban environmental planning process of the city of Fortaleza were interviewed.
These 25 professionals carried out a peer review through the direct influence matrix. Then, a
median of the weights assigned by the experts was extracted. This median was used in the
MICMAC® software (Matrix of Cross Impacts and Multiplications Applicable to a
Classification) to construct the influence matrix in order to obtain a ranking of
importance/influence of indicators.

2.3. Weight assignment, standardization, and aggregation of indicators

The Analytic Hierarchy Process (AHP) was applied using the obtained ranking of the six
indicators. A decomposition and synthesis of the relationships between the criteria were
performed until a prioritization of their indicators was determined (Saaty, 1991). Once the
weights of the indicators were assigned, the standardization stage was carried out. According
to Reisi et al. (2014), when data present different units of measurement, they become
immeasurable. Hence, it is necessary to apply the same unit of measurement to make them
compatible; this method is called normalization. The unit adopted for normalization was the
percentage of PPA area in hectares, since the analysis of the indicators was carried out via map
algebra, using spatial information of the studied territory. In each indicator equation, the sum
of the areas in hectares was used, which was later multiplied by 100 to obtain the percentage of
each component in the total PPA of the municipality under study. The adopted method for
indicator aggregation was the comparable interval scale, where aggregation was carried out
based on the arithmetic mean, generating an index with strong data representativity (Feil and
Schreiber, 2017).

2.4. Map algebra in delimiting areas and applying the index

Once the study area was selected, map algebra was applied to: 1) define the area of water
resource and their PPAs; 2) calculate the areas of each indicator comprising the PPAWater
index; and, 3) prepare the map with the index scale by sub-river basins. The first step in applying
the index was the delimitation of the PPAs of urban water bodies based on existing watercourses
and regulations specified by the Brazilian Forestry Code. The cartographic database of the city
was used to support the delimitation of PPAs and aid in the preparation of maps. The contour
lines were consulted to verify the limits of the water courses for design refinement of the
cartographic maps. Satellite images obtained by Bing Maps and Google Earth were also used,
with updated images from 20109.

Based on the shape of the water resources, the buffer tool of the QGIS software, Version
7.6.1 (Grass), was used to delimit the PPAs, following the limits specified in the Brazilian
Forest Code. The delimitation presented different profiles of protection areas, generating the
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following PPA typologies of the watercourses identified in the river basins: PPA-1: Lakes and
ponds with a 30 m minimum width protection strip; PPA-2: Minimum 30 m protection strip for
watercourses less than 10 m wide; PPA-3: Minimum 50 m protection strip for watercourses 10
to 50 m wide; PPA-4: Minimum 100 m protection strip for watercourses 50 to 200 m wide;
PPA-5: Minimum 200 m protection strip for watercourses 200 to 600 m wide; PPA-6: Minimum
500 m protection strip for watercourses over 600 m wide; and PPA-7: Channeled stretches with
a 30 m minimum protection strip.

Maps and area calculations were also obtained using the QGIS software. Remote sensing,
geographic information systems, and map algebra are widely used in urban environmental
planning (Hegazy and Kaloop, 2015; Coultts et al., 2016; Liu et al., 2017; Tu et al., 2018; Gao
et al., 2019; Frick and Tervoonren, 2019). The archives used for the elaboration of the maps
and calculation of the areas can be found on the “Fortaleza em mapas”™ platform (Fortaleza,
2020) of the city of Fortaleza, from 2018 to 2020.

2.5. Strategy for defining the scale and territorial limit and characterization of the area of
study

Two types of spatial delimitation were integrated in order to delimit the study area, that is,
the river basin and the municipal boundaries. The division of the river basin is recommended
for the study of water resource management (Aquino and Mota, 2019). However, urban
managers and planners, who work with municipal boundaries and are responsible for the
elaboration of laws and guidelines for land planning and use, do not usually adopt this division,
especially for urban water resources PPAs. The joint application of spatial delimitations
(watershed and municipal boundaries) facilitates the needs of urban planners and environmental
managers who work with urban water resource management in municipalities. This innovative
approach is used here for the first time in the study of PPAs of rivers in urban areas.

This work applies the PPAWater index to the river sub-basins of the municipal territory of
the city of Fortaleza (Ceara-Brazil), which was selected owing to its intense urban growth,
decrease in environmental areas, and visible socioeconomic inequality of the population In
2018, the population of Fortaleza was estimated to be 2.643 million, with a forecasted
population of 2.669 million by 2019 (IBGE, 2019). The municipality has four hydrographic
basins in its territory, namely, Cocé River, Maranguapinho River, Pacoti River, and Vertente
Maritima; the first two correspond to 82% of the municipal area (Ceara, 2018). According to
Koppen's classification, the climate is rainy tropical, with a strong rainfall irregularity
throughout the year, and a rainy season from May to April (Marino et al., 2012). Public water
resource policies are relevant to the region, considering the context of water scarcity.

The water supply of a city is sourced from hydrographic basins outside the city
(approximately 300 km away). This integrated hydrographic basin system guarantees water
supply for the city, compensating for the water scarcity in the hydrographic basins of the city.
The treatment of water distributed to the city is carried out through a concession by a
concessionaire, which is also responsible for the sewage system. The urban drainage system is
managed by the city government through the Municipal Secretariat of Urban Infrastructure.

3. RESULTS AND DISCUSSION

3.1. Justification of indicators selected to compose the PPAWater index
The literature review contributed to the selection of six proxy indicators that are
categorized in two dimensions as follows:

e Urban indicators (Ul): UI-1: sanitary sewage system, Ul-2: urban drainage system, and
UI-3: precarious settlements.
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e Environmental and management indicators (El): EI-1: vegetation coverage, EIl-2:
conservation units (CUs), and EI-3: municipal environmental macro-zoning.

The selection of indicators for the urban dimension accounts for the infrastructure that
allows for better functioning of the ecosystem services developed by water resources PPAsS.
This urban infrastructure (sewage services, drainage system, supply, and collection of solid
waste) facilitates more efficient urban water dynamics, avoiding the release of sewage into
water bodies and improper disposal of solid waste in water bodies. The indicator “PPA with
vegetation cover” behaves as a proxy indicator for permeable areas. This indicator also helps
in the identification of occupied PPA fractions, i.e., impermeable areas occupied by buildings.
According to Leite et al. (2019), the native vegetation in the vicinity of watercourses plays an
important role in maintaining the quantity and quality of water by acting as a sediment filter.
Riparian forests with poplar trees reduce the nitrogen and phosphorus content in soil and act as
a form of green infrastructure to eliminate nonpoint source pollution for improved ecological
watershed management (Bahn and Na, 2020). According to Zhao et al. (2015), the
environmental management system is the most important contributor to the reduction of
pollution in urban districts. They stated that efficient management of water resources improves
water quality, even in areas with intense urban expansion.

The main differences between the PPAWater index and existing ones are: its applicability
in densely urbanized areas including severely transformed rivers (channeled stretches, which
alter the hydraulic regime of the river, silted and eutrophic lagoons, among other changes) by
urbanization; the insertion of a territorial limit for sub-basins in the municipality under study;
the accessibility of secondary data, without the need for in situ collection; ease of understanding
of the colorimetric scale, which can be disseminated to the general public; and the integration
of both management and infrastructure indicators in the same index.

Certain aspects of correlation and compensation between indicators are listed, reiterating
their importance in the composition of the index. The UI-3 indicator, which pertains to illegal
settlements of a location, is different from conventional occupation, which are subject to tribute
and generally connected to sanitary sewage systems, water supply, domestic waste collection,
and other urban services. For management indicators, the CUs follow the guidelines set by the
International Union for the Conservation of Nature (IUCN), which aims to safeguard important
natural habitats that are under threat. As for municipal macro-zoning defined by the MMP, the
delimitation of the water source preservation areas is the responsibility of the local
governments.

3.2. Weighting and hierarchization of indicators by experts

The profiles of the specialists revealed that 64% of them have a master’s or doctorate
degree, 44% are working in the area of environmental urban planning, water resources,
protected areas and related topics, and 32% are research professors developing projects and
research on the subject. At least 44% of respondents have been developing work (have been
involved in urbanization work), research, or projects within the environment field (urban
environmental planning, water resources, environmental protection areas, with an emphasis on
urban centers) for over 6 years. In addition, some respondents had a basic education in the areas
of exact sciences, for example environmental engineering (40%), engineering (20%), and
applied social sciences (28%), among others. This survey reflects the satisfactory academic and
professional level of the experts, confirming the reliability and relevance of the responses. The
specialists evaluated the indicators using the influence matrix (Table 2), wherein it is possible
to observe the relationship, dependence, and influence of the indicators in the studied system.

Using MICMAC, the indicators were evaluated in pairs. The sum of total rows and
columns for each indicator provides the following importance/influence ranking: 1% EI-3 (sum
21) 2" El-1 (sum 20); 3" UI-2 (sum 19); 4" UI-1 (sum 15); 5 UI-3 (sum 14); and 6™ EI-2
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(sum 13). The result selects the indicator “PPA within the municipality's environmental macro-
zone” as the most relevant in the system, followed by the indicator “PPA with vegetation
coverage’.

Table 2. Matrix of influence/importance of indicators in the studied system, according to the experts,
for the water resources PPAs in Fortaleza, 2020.

Indicators L 2 & 45 6 Sum of lines
ul-1  Ul-2 UI-3 EI-1 EI-2 EI-3

1: UI-1: sewerage coverage around PPA 0 2 3 1 1 1 8

2: UI-2: incidence of precarious settlement in PPA 2 0 1 2 1 3 9

3: UI-3: drainage system around the PPA 3 2 0 1 1 1 8

4: El-1: PPA with vegetation coverage 1 3 1 0 3 3 11

5: El-2: CU in PPA 0 0 0 2 0 2 4

6: EI-3: municipal macro-zoning in PPA 1 3 1 3 3 0 11
Sum of columns 7 10 6 9 9 10

Legend: PPA - Permanent preservation areas; Ul - Urban indicators; El - Environmental and
management indicators; 0 - Not important (no influence on the system); 1 - Low importance (little
influence on the system); 2 - Medium importance (medium influence on the system); 3 - Very
important (strong influence on the system).

The MMP of each municipality determines the municipal environmental macro-zone,
which delimits the relevant environmental fractions, indicating the use and occupation of land
in these areas. The laws that institute MMPs generally consider environmental areas protected
by state and federal legislation. Additionally, the municipal environmental licensing process
includes the monitoring and control of these environmental macro-zones to avoid occupation
and misuse of land in these areas.

3.3. Model building: equations, standardization, and aggregates of the composite index

Table 3 presents the results on the weighting for each indicator, obtained by multi-criteria
analysis based on the Delphi method. The weights were used to compose Equations 1 through
6 for each indicator.

The urban indicator Ul-1 estimates the percentage area of influence of PPAs having
sewage systems (Equation 1). In theory, a sanitary sewage system reduces the possibility of
undue discharge of effluents into urban water rivers, because residences connected to the sewage
system do not directly dump sewage on the ground or into the river. A buffer zone (imaginary
margin from the riverbed, similar to a protection zone) delimits the surrounding area based on
the linear layout of the existing sewage networks, with a radius of 1 m on each side.

The UI-1 indicator could be improved by providing the exact number of households that
are effectively connected to the sewerage system. However, in addition to the instability and
continuous change in interconnected residences, information on the number of households not

interconnected to the network is difficult to access. The urban indicator UlI-2 partially resolves
this problem by identifying the number of precarious settlements—houses with low or no access
to infrastructure—Ilocated in the preservation area of urban water resources, discharging
effluent into rivers, streams, lakes, and ponds.

The UI-3 indicator considers the importance of urban rivers for the drainage of large
cities. It is essential that the urban drainage systems in the areas of influence of water resources
be completely operational. The coverage of the urban drainage service in the areas of influence
of PPAs is an indication of lower incidence of inundations and flooding in wetland areas. A
buffer zone delimits this area of influence based on the linear layout of the respective drainage
networks, with an adopted radius of 2 m for each side.
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Table 3. Code, description, weighting (AHP), and equation of each indicator according to the expert assessment for water resources PPAs in Fortaleza, 2020.

Dimension Code Description of the Indicators Weighting (AHP) Equations
. . i > APPse
Ul-1  Percentage of PPA area with sewage system. 0.26050 Equation 1: Ullx,y = (PPAwtal) 100
Percentage of PPA area with no incidence of precarious . _ _(__zPs
Urban U2 ement 0.63335 Equation 2: UI2x,y = 100 (EPPAMM) 100
UI-3  Percentage of PPA area served by urban drainage system. 0.10616 Equation 3: UI3x,y = (%) 100
. . i > PPAvc
El-1  Percentage of PPA area with plant coverage. 0.64339 Equation 4: Ellx,y = (PPAwtal) 0
Environmental and . . . . _ (_XCUppa
managerial El-2  Percentage of PPA area included in CUs. 0.07377 Equation 5: Elx,y = (zppAtotaz) 100
EI-3  Percentage of PPA area considered in municipal macro-zoning. 0.28284 Equation 6: Elx,y = (Eﬁ:ﬁﬁi)

Legend: AHP = Analytic Hierarchy Process; PPA = Permanent Preservation Area; Code = indicator code; x = municipality; y = year; > PPA total = sum of total
PPA area of water resources; Y PPAse = sum of PPA area that has sewage system; > PS = sum of PPA areas without incidence of precarious settlements; > DS
= sum of PPA area with urban drainage system; > PPAvc = sum of PPA area with vegetation coverage; > CUppa = sum of conservation units inserted in PPA;

>'PPAmz = sum of PPA areas inserted in municipal macro-zoning.

The environmental indicator EI-1 estimates the percentage area of the PPA with native or non-native plant coverage. The management
indicator EI-2 evaluates the percentage of CUs inserted in the territory of the municipality that coincide with the area of the water resources PPAs.
The management indicator EI-3 estimates the percentage of PPAs protected by municipal macro-zones. In general, the municipal macro-zoning is

provided for in the MMP.
After normalization, integration is carried out by applying the results of the equations (Table 3) in Equation 7, wherein the result of each

indicator is multiplied by its weight and divided by the number of indicators, to obtain the arithmetic mean.

(0.26 1U1)+(0.63 1U2)+(0.10 1U3)+(0.64 EI1)+(0.07 EI2)+ (0.28 EI3) (7)
6

PPAW ater =
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Table 4 shows the interval scale of the PPAWater index with color distinction according
to the intervals. On a scale from zero to 100, the closer to 100, the better the quality of the water
resources PPAs. The higher the values of the indicators, according to the weights, the higher
the quality of the PPAs. Next, possible scenarios are described for each level of the interval
scale.

Table 4. Interval scale of the PPAWater* index.

Description of the levels Interval
Unconcerned management of PPAS 0-20

Inefficient PPA management 21 -40
Regular management of PPAs 41 -60
Concerned management of PPAs 61 - 80
Efficient management of PPAS 81-100

*Index of qualities of Urban Water Resource
Preservation Areas.

Unconcerned management of PPAs: Partial or total absence of sanitation infrastructure
(sewage services, drainage system, water supply, and collection of solid waste) in the studied
sub-basins or urban territory. Lack of an urban environmental management structure in the
territory. Intense illegal occupation in the PPA areas.

Inefficient management of PPAs: Partial lack of sanitation infrastructure and inefficient
sanitation services in the PPA areas. Existence of an agency to address the implementation of
the environmental management policy in the studied territory. However, this agency does not
operate satisfactorily and efficiently.

Regular management of PPAs: Existence of sanitation infrastructure with opportunities for
improvement and greater coverage in the territory. Existence of an agency that deals with
environmental management, with opportunities to improve its structure, governance, and
implementation.

Concerned management of PPAs: Existence of sanitation infrastructure in most of the PPA
areas that contribute to the dynamics of ecosystem services. Agencies responsible for
environmental management policies are structured and in operation, but lack a long-term plan.

Efficient management of PPAs: Existence of sanitation infrastructure in the PPA areas.
Presence of structured and planned environmental management agencies with an updated
environmental information system that undertake environmental monitoring.

3.4. Pilot study to apply the proposed PPAWater index

The composite PPAWater index was applied to the seven typologies of the urban water
resource PPAs of Fortaleza, Ceara, Brazil using 2018-2020 data. A priori, the PPAWater index
was applied to the entire municipal territory of Fortaleza, presenting an overall result equal to
22.32 for PPA quality, on a scale from zero to 100 (the closer to 100, the better the quality of
the water resources PPAs); the result classified the city under “inefficient management of
PPAs”. However, the overall result of PPA quality for the entire territory does not reveal the
extremely uneven environmental quality of the city. Thus, the PPAWater index was applied to
sub-river basins of the city of Fortaleza, which provided more accurate environmental quality
results.

As shown in Figure 1, the sub-basins are classified by letters: “A” Vertente Maritima River
Basin, “B” Coc6 River Basin, “C” Maranguapinho River Basin, and “D” Pacoti River Basin.
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Figure 1. Application of PPAWater index to sub-river basins in Fortaleza, 2020.

Lower scores on the PPAWater scale were obtained for sub-basins with the most populated
regions and poorest neighborhoods, revealing the low environmental quality of preservation
areas. The sub-basins of Cocé River (B1 to B6), and other sub-basins of Vertente Maritima
Basin (A2, A3, and Ab), located in the upscale neighborhoods in the city, received a higher
score, which can be attributed to urban infrastructure and a greater number of preservation
areas. The sub-basins of the southern region of the city (B2, B4, B5, and B6) received the
highest score. This region underwent urbanization more recently and the population density is
lower compared to the sub-basins of the Maranguapinho River (C1, C2, C3, C4, C5, C6, C7,
and C8). The areas with the highest incidence of CUs showed the highest PPA quality. These
are areas of moderate urban occupation.

The results obtained for each dimension consider both the research data and field
observations. In the urban dimension, according to the history of water quality monitoring in
the urban lagoons and main rivers of Fortaleza, a large part of these water bodies are unsuitable
for bathing because of a high level of silting. In some parts of the city, some sections of
channelized rivers receive contributions from effluents of numerous residences along the banks
of the canals. Sewage is released via urban drainage systems, with clandestine installations that
drain effluents into rivers and lagoons; this also occurs at various points in the city.

The incidence of precarious settlements in the areas of influence of PPAs increases the
vulnerability of urban water resources. The index reflects the inequality of the city, as
precarious settlements occupy a total built area of 39,941,014 m2, which accounts for 32%
(246,231) of the residences in the city, of an estimated population of 1,077,059 (Fortaleza,
2015). In practice, the incidence of precarious settlements accompanies the design of urban

0 Rev. Ambient. Agua vol. 16 n. 1, e2589 - Taubaté 2021
IPABHt



12 Francisca Dalila Menezes Vasconcelos et al.

rivers. This fact provides a strong tendency to exclude these areas in the urban context, as they
are illegally occupied by individuals living on the margins of society. This situation has
continued for several years, and can be interpreted as a local custom. This is a worrying finding
in terms of several aspects, not only in relation to environmental issues, but also social,
economic, and political concerns. The primary concerns are: people living in high-risk areas
are susceptible to extreme events and the possible disposal of waste or untreated sewage in
watercourses, as their houses have no sewage systems; proliferation of waterborne diseases
from the consumption of polluted water; and consumption of fish from polluted waters, which
can cause health problems, in addition to existing health problems.

Considering almost 40% drainage system coverage in PPAs, it is clear that the problem
lies in the insufficient functioning of the systems as a result of the following factors: obstruction
of drainage system by solid waste; illegal connections to the sewage system; and modifications
that interfere with the flow of water. Additional problems include the fragmentation of the
drainage system and its integration with intensely silted urban rivers that do not allow for
satisfactory flow of water.

Regarding the environmental and management dimension, in 2019, the total area of the
water resources PPAs in the municipality of Fortaleza was 3,530.28 ha. This area was estimated
using geoprocessing tools (for example, software QGis), following that established in the New
Brazilian Forest Code and its amendments. It was estimated that 596.47 ha (16.9%) of the water
resource PPAs in the city of Fortaleza were occupied. Within these occupied areas, 52% were
for residential use, 26% for mixed use, and 14% for commercial use.

The sum total area of the CUs in Fortaleza is 3,951 ha, with 1,920.68 ha for integral
protection and 2,030.32 ha for sustainable use. Some CU areas overlap, leading to double
protection. When the coincident areas are subtracted, the total area decreases to 3,693.58 ha.
Most CUs in Fortaleza are near water resources, coinciding with the PPAs, that is, 42.02%
(1,483.66 ha) of the CU areas are also water resources PPAs. The CUs, namely, Relevant
Ecological Interest Area (REIA), Matinha do Pici, Cocé State Park, and Maraponga Lagoon,
comprise approximately 50% of the areas included in PPAs. This coincidence can be considered
as positive with regard to the protection of the water resources; however, it leads to legislative
and management conflicts, as the Brazilian Forest Code offers more protective measures than
certain categories of CUs. The EI-3 indicator estimates the percentage of PPA areas, established
via the New Brazilian Forest Code, which are protected by municipality environmental macro-
zoning (established by the 2009 Master Plan and its amendments).

The calculation of the areas of Environmental Protection Zone-1 (EPZ-1; an environmental
macro-zoning zone that functions to protect the water resources in the city of Fortaleza, similar
to the environmental functions of the water resource PPAs), was based on the latest update of
the Master Plan (Complementary Law No. 250/2018), with an estimated total of 3,530.28 ha of
PPAs in the city of Fortaleza. Thus, it is estimated that 78.85% (2,783.89 ha) of the PPAs are
protected by the municipality as EPZ-1. However, all areas considered in this percentage are
not preserved, as some areas are occupied by pre-existing urban areas. The selected specialists
evaluated this indicator as the most important, conveying the relevance of the Brazilian Forest
Code in the considerations of municipal legislation. The data for occupied PPAs indicate that
occupations are recurrent, particularly in areas not protected by municipal legislation. These
results further confirm the importance of alignment of the MMP and the Brazilian Forest Code.

4. CONCLUSIONS

The following final considerations are made based on the development of this work:
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e The results offer an important scientific reference for land planning, use, and
occupation, especially in the areas of water resources preservation.

e The PPAWater index is presented as an important tool in guiding urban environmental
planning, public policy formulation, and management for protection of urban water resources.

e The accessibility of official data facilitates the application of the index and allows for
annual monitoring. This contributes to the reliability of the data, which is essential to maintain
the quality of the indicators.

e The application of the index to sub-basins leads to a better understanding of the
dynamics of the built environment in relation to water resource preservation areas.

e The assessment of sub-basins in a municipal territory leads to a dialogue with municipal
managers and urban planners. The results support and direct possible reformulations of urban
legislation regarding the use and planning of environmentally relevant areas.

e The utilized environmental management indicators highlight the overlapping of
environmental areas protected by law. This analysis directly supports the unification of
environmental areas, especially the conservation units and preservation areas determined by the
MMP.

e The index can help identify the areas that require prioritized attention for recovery and
revitalization.

e The index colorimetric scale provides a more effective dissemination of the results and
one may use it as a reference indicator in the monitoring of urban water resources PPAs.

e The index can be effectively applied on a local scale for urban agglomerations that
present water resources in their territory in order to identify possible risk zones. Strategic
planning is required for such zones to revitalize the preservation areas, with the participation of
society and local researchers.
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ABSTRACT

Due to randomness in the occurrence of hydrological phenomena, the estimation of
probable rain precipitation in a given region is important in assisting decision-making. This
work aimed to adjust the probabilistic model of the Gamma distribution to the monthly and
annual rainfall totals recorded in the city of Cruzeiro do Sul, Acre, for the period between 1970
and 2019, in addition to estimating the expected values at different probability levels. Using the
maximum likelihood method, the distribution parameters were estimated, with adherence
ratified by the Kolmogorov-Smirnov test. The results showed that the Gamma distribution was
adequate to adjust the data; the region has two well-defined periods in its rainfall pattern; the
mean precipitation values recorded in the locality are between 25% and 40% of probability.
Finally, probable rainfall values were presented at different probability levels for the city of
Cruzeiro do Sul.

Keywords: agricultural planning, expected rain precipitation, probability distribution.

Probabilidade de precipitacdo para a cidade de Cruzeiro do Sul, Acre,
Brasil

RESUMO

Devido a aleatoriedade na ocorréncia dos fendmenos hidroldgicos, a estimacdo das
precipitaces provaveis em determinada regido é importante para auxiliar na tomada de deciséao.
O presente trabalho objetivou ajustar o modelo probabilistico da distribuicdo Gama aos totais
mensais e anuais de precipitacdo pluviométrica registrados na cidade de Cruzeiro do Sul, Acre,
para o periodo compreendido entre 1970 e 2019, alem de estimar os valores esperados em
diferentes niveis de probabilidade. Valendo-se do método da maxima verossimilhancga foram
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estimados os parametros da distribuicdo, com aderéncia ratificada pelo teste de Kolmogorov-
Smirnov. Os resultados apontaram que: a distribuicdo Gama mostrou-se adequada ao ajuste dos
dados; a regido possui dois periodos bem definidos em seu padrdo pluviométrico; os valores
médios de precipitacdo registrados na localidade estdo entre 25% e 40% de probabilidade.
Finalmente, foram apresentados valores provaveis de precipitacdo pluviométrica em diferentes
niveis de probabilidade para a cidade de Cruzeiro do Sul.

Palavras-chave: distribuicdo de probabilidades, planejamento agricola, precipitagdo esperada.
1. INTRODUCTION

Rainfall is a meteorological event with great influence on environmental conditions, as
well as on various human activities. In fact, rain is a hydrological element that triggers many
other processes, as it is the entry component into the water balance of a region, and the results
of such interactions have influenced human activities for milenia (Moreira et al., 2016; Passos
etal., 2017; Miguez et al., 2018; Santos et al., 2019).

Rain is the beginning of a process that results in providing basic human needs and boosting
important activities, such as industry, agriculture, energy transformation, etc. In modern
society, the hydrological elements related to rainfall strongly influence the social and economic
development of nations (Baptista and Coelho, 2010; Moreira et al., 2016).

According to Martins et al. (2010), of all segments of the economy, agriculture represents
the sector presenting the greatest dependence on climatic variables, especially concerning
rainfall, whose impact is responsible for significant fluctuations over the years.

The region under study, for example, has cassava cultivation as the main agricultural
product, which is important even in the national market. This crop culture, in turn, depends
heavily on the spatial and temporal distribution of rainfall (Brito et al., 2019). Therefore, the
results verified in the present study suggest favorable conditions for cassava cultivation, since
they point to good rainfall distribution in the region, which presented a monthly average of
more than 70 mm, even in the less rainy months.

In this sense, the study conducted by Flores (2015) points out that, in the state of Acre, the
cultivation of cassava crops is concentrated in the months at the start of the rainy season
(October to December), ensuring the supply of water, indispensable for the initial growth of
plants. The adequate rainfall amount is between 1,000 and 1,500 mm/year, well
distributed;however, the crop produces reasonably well in localities with rainfall indexes of up
to 4,000 mm/year, when this occurs on well drained soils (Souza et al., 2006).

Therefore, previous knowledge about the behavior of the rainfall regime in a particular
region is of fundamental importance for agricultural planning, because the success of activities
involving the sector is directly linked to the occurrence and magnitude of rainfall (Arai et al.,
2009; Souza et al., 2018). Cassava crop, for example, of which Brazil is the fourth largest
producer in the world, demands climatic conditions as a regulatory factor of its production,
especially concerning the precipitation regime, which requires effective management of soil
and drainage conditions (Martins et al., 2010; Soman et al., 2016; Moreto et al., 2018).

Given the importance of rainfall, especially in a regional context, the need to quantify
and/or predict its occurrences has become an essential condition for the development of
agricultural activities, besides many other productive segments. Thus, scientific and
technological advances allowed the creation of efficient instruments aiming at this purpose,
especially those proposed taking into consideration the basic characteristic of randomness
present in the occurrence of these phenomena (Moreto et al., 2018; Bortoluzzi et al., 2019).

Because rainfall is a phenomenon dependent on several stochastic factors, the use of
models inserted in the scope of probability distributions becomes coherent, which allows,
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among other things, the estimation of probable amounts of monthly or annual rain precipitation
for a given locality. These instruments are important tools to assist decision-making in the
planning of various activities related to agriculture, livestock, civil construction, transportation,
etc. (Pizzato et al., 2012; Passos et al., 2017).

Indeed, the statistical modeling in hydrological studies is extremely important regarding
the prediction of events associated with the probability of their occurrences, as elucidated by
the study conducted by Abreu et al. (2018). In the work, the authors inserted the probability
models in the relationship of practices allied to the rational planning of the various activities
that depend on the dynamics involved in the occurrence of rainfall. In turn, Costa and Fernandes
(2015) considered it as one of the basic stages sustaining decision-making, especially in the
present context, whose theme is recurrent in the literature of the specialty.

In this sense, there are several distributions to be adjusted to the temporal record of
hydrological variables. In the present context, in which it is proposed to estimate the total
amounts of probable rainfall in the city of Cruzeiro do Sul, State of Acre, Brazil, contextualized
in monthly and annual intervals, the Gamma distribution presents assumptions that give it
prominence among the others (Teixeira et al., 2013; Bermudez et al., 2017; Abreu et al., 2018).

In the light of these considerations, the aim of the present work was to estimate the
probable values of rainfall amount, at different probability levels, for the city of Cruzeiro do
Sul, Acre, Brazil, based on the recorded events occurred in the period between 1970 and 2019,
records of which are made available by the National Institute of Meteorology — INMET.

Among many factors to support the research, the productive potential of the region stands
out, especially for the cassava cultivation, influenced by its pluviometric regime, which can
impact both agricultural activity and other segments.

In addition, the realization of this work is justified, since the estimated values of rainfall
precipitation can be influenced over time, due to several factors, among them, the climatic
changes credited to anthropic actions, as well as those related to the natural climate variability
that, collectively or in isolation, have an effect on the hydrological processes operating in the
region (Moreira et al., 2019; Marengo and Souza Janior, 2018).

2. MATERIALS AND METHODS

The city of Cruzeiro do Sul is located in the Vale do Jurué region, in the state of Acre. The
predominant climate in the region, according to the Képpen classification, is the humid tropical
(Af), with an average annual temperature of approximately 24.5°C (Moreira et al., 2016; 2019).
However, given the nature of the work, Nimer's model was adopted as a reference, which seeks
to integrate traditional and dynamic methods to better understand the complex ecological
relationships of Brazilian biodiversity (Nimer, 1979). The climatic classification of Nimer
(1979), prioritizes the influence of temperature and humidity on climatic diversity, and in turn,
it is based on dynamic climatology and the rhythm of air masses. Thus, for the studied region,
the Equatorial hot climate type is observed, with a daily average temperature above 18°C in all
months, and with the distribution of humidity of the super-humid type to the sub-dry type
(Figure 1).

The region has a drier period (May to September) and a notably rainy period (October to
April), with annual rainfall averages of approximately 2,000 mm (Moreira et al. 2016; 2019).
Therefore, it is observed that among the three zones of humidity variation identified in the
classification of Nimer (1979), the Cruzeiro do Sul region is highlighted for having the highest
moisture distribution.

In this work, the total monthly and annual rainfall data was used, computed for the city of
Cruzeiro do Sul, during the period from 1970 to 2019, recorded at the meteorological station
82704 (7°38'S; 72°40"' W, in datum WGS84), operated by the National Institute of Meteorology
(INMET) (Souza et al., 2011; Moreira et al., 2019) (Figure 1). There are occasional failures in
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the records in the years 1991 and 1992, corresponding to 4% of the records, whose monthly
values were filled out using the regional weighting method (Oliveira et al., 2010).

72°00°W 69°0'0"W
1 L

rxw Cruzeiro do Sul/AC Ny B~ ,NX

9°00"S
U
9°00°S

Climatic variation

Equatorial, warm — mean daily >18 oC in all months, super-humid to sub-dry

Equatorial, warm — mean daily >18 oC in all months, humid with 1 to 2 dry months 0 3 70 140 km
Equatorial, warm — mean daily >18 oC in all months, humid with 3 dry months
72‘0!0‘W 69’0!0'W
Figure 1. Location of the city of Cruzeiro do Sul and climatic variation throughout the State of Acre

(Brazil).
Source: IBGE, 2018.

The data were adjusted to the Gamma distribution, which according to Araujo et al. (2001)
and Bazame et al. (2018) is the most-used formulation to adjust total rainfall records. According
to Passos et al. (2017), the Gamma distribution has been positively reported in several studies
as a reliable probability distribution for the analysis of total rainfall. The authors used it to
estimate the probable rainfall at different levels of probability for the Municipality of
Chapadinha-MA. Dallacort et al. (2011) used the Gamma distribution in a study of total rainfall
distribution in the city of Tangara da Serra, Mato Grosso, and reported satisfactory results.

The distribution parameters were estimated using the maximum likelihood method (Aradjo
et al., 2001; Barbieri et al., 2019). From there, the probable rainfall for the city of Cruzeiro do
Sul was determined at different probability levels. As described by Araujo et al. (2001) and
Martins et al. (2010), the cumulative function of probabilities of the distribution (CFP) of
Gamma is given by Equation 1:

X

1 _ —_—
F(x) = ~TTE f(;(xa Le pdx (1)

In Equation 1, a is the shape parameter and f is the scale parameter; e is the basis of the
Napierian logarithm; x represents the total rainfall (mm); and I'(a) is the symbol of the Gamma
function, defined according to the function (Equation 2):

F(a)=v2naa“e“(1+L+ - 139) (2)

12a 288 a?2 51840 a3
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As described by Aradjo et al. (2001) and Teixeira et al. (2013), the parameters that allow
the cumulative Gamma distribution, estimated by the maximum likelihood method, are
determined by the following Equations (3 and 4):

In which:
B=§ e a=ﬁ(1+ f1+%) (3)
A=In(X) - X, 4)

In Equation 4, X represents the arithmetic mean of the observation series, X, the geometric
mean, and N represents the number of elements in the historical series under test.

The adherence of data adjustment to the Gamma distribution was verified using the
Kolmogorov-Smirnov test (KS test), at the significance level of 5% (Marsaglia et al., 2003;
Silva, 2015; Moreira et al., 2016).

Finally, the probable rainfall quantiles associated with probability levels of 5, 10, 25, 40,
50, 60, 75, 90, and 95% were determined. It should be noted that, because the calculations
would require too much effort and complex routine, they were carried out using statistical
software specially designed for this purpose, such as the packages base and fitdistrplus R
packages (Delignette-Muller and Dutang, 2015; R Core Team, 2019) in addition to the ALEA
(Local Frequency Analysis of Annual Events) (Lima et al., 2015).

3. RESULTS AND DISCUSSION

Table 1 presents a descriptive summary related to total, monthly, and annual rainfall
recorded for the city of Cruzeiro do Sul, Acre, for the period from 1970 to 2019.

Table 1. Descriptive summary of total, monthly, and annual rainfall observations recorded
in Cruzeiro do Sul, Acre, from 1970 to 2019. Estimated parameters o (form) and B (scale)
of the Gamma distribution and test and p-value statistics referring to the Kolmogorov-
Smirnov adherence test for the data under analysis.

Mean  Minimal Maximal CV o B TestKS

Month (mm) (mm) (mm) (%) (form) (scale) oo T oo

January 246.20 75.50 484.00 35.87 7.12 34.57 0.10 0.69Ns
February  246.20 61.80 454.80 35.71 6.78 36.31 0.09 0.85Ns
March 273.90 40.80 448.50 35.94 6.41 42.71 011 0.62Ns

April 216.40 59.80 448.70  38.48 6.37 33.95 0.11 055N
May 148.40 42.20 308.00  43.24 5.16 28.72 011 061N
June 88.33 1.20 219.20  54.68 2.68 33.01 0.09 0.82Ns
July 70.26 4.20 230.90 71.65 1.87 37.63 0.08 0.83Ns

August 77.28 10.50 19470  46.62 4.24 18.21 0.11 056N
September  122.90 30.20 340.30 54.79 3.31 37.05 0.10 0.69Ns
October 196.70 62.60 508.70  47.49 5.26 37.39 0.15 0.20Ms
November  210.20 54.80 480.20  44.38 5.09 41.24 0.06 0.99N
December  240.30 99.00 438.10  32.38 9.49 25.31 0.09 0.81Ns

Annual  2,137.00 1,100.50 2,848.10 18.03  27.60 77.42 0.13 0.39MNs

CV = Coefficient of Variation; NS = Not significant, at significance level 5%.

From the descriptive summary presented in Table 1, it was observed that the month of
March presented the highest average value of total monthly precipitation for the period under
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analysis, while the lowest value was observed for the month of July, which is typical for a sub-
arid month, with precipitations greater than 60 mm, constructed based in the climate
classification of Nimer (1979).

It was also verified that the total monthly precipitation recorded in Cruzeiro do Sul
presented great variability, with a coefficient of variation between 32.38% and 71.65%, being
the highest value observed during the dry period (low average value of total monthly
precipitation), whereas the lowest variation is associated with the rainy season. Many causes
can be related to the variability observed, including the atmospheric circulation patterns
prevalent in the Amazon region, influenced by disturbances both on a regional and global scale.
Such disturbances affect the hydrological regime of the region in its temporal scale (Nobre et
al., 2007; Nobrega, 2014). In addition, other processes such as ENSO (El Nifio - Southern
Oscillation), SACZ (Southern Atlantic Convergence Zone), among others, may be related to
this variability, since the study proposed by Santos et al. (2013) presented as part of its
conclusions that such singularities influence the rainfall regime of the Amazon, which
encompasses the region under study. In addition, it was found that the city of Cruzeiro do Sul
presented an average annual rainfall value of 2,137 mm for the period under study.

The descriptive values also show that the locality under study has a rainfall pattern
characterized by two well-defined periods: a sub-arid period, according to the climatic
classification of Nimer (1979), between the months of May to September, with emphasis on the
months of July and August, which presented the lowest mean values of rainfall (Table 1); and
a remarkably rainy period, specially from October to April. This verification confirms the
characteristics reported by Moreira et al. (2016), whose study also analyzed the rainfall regime
in the city of Cruzeiro Sul, but with a different objective than that of this work.

Regarding the period of higher and lower rainfall concentration, the conclusions presented
in the study conducted by Silva et al. (2019) indicate that the rainfall regime of the region that
covers the municipality of Goiana, in the state of Pernambuco, Brazil, is different than the
results found in the present study. In their work, the authors conclude that the month of June is
the rainiest, while the month of November has the lowest volume of rainfall. The study
conducted by Bezerra et al. (2010), obtained results similar to the present study on the rainfall
regime, registered in Porto Velho. The comparisons reveal the importance of studies on a
regional scale in relation to the planning of activities that are impacted by the rainfall regime,
especially in projects focused on the agricultural sector, because of the particularities of each kind
of crop culture and region.

Table 1 also presents the estimated parameters of the Gamma distribution (o and ), in
addition to the results related to the Kolmogorov-Smirnov adherence test (KS test). The results from
the KS test were sufficient to conclude that the Gamma distribution was adequately adjusted to
the observed rainfall records, both monthly and annual, because the p-value associated with
each statistic calculated value of the test was higher than the level of significance adopted (5%).
This conclusion is in accordance with that presented in the study proposed by Silva et al. (2019),
where the authors attest that this distribution can thus be used to estimate amounts of probable
rainfall.

In relation to the parameters of form and scale (o and ), estimated by the maximum
likelihood method, they were adequate to the rainfall data analyzed, both in monthly and annual
interstices, since none of the estimated values for the scale parameter was higher than 100,
which condition recommends the use of the Gamma distribution for the determination of
probable precipitation values, as reported in several studies (Aradjo et al., 2001; Martins et al.,
2010; Silva et al., 2019). In relation to the form parameter, Silva et al. (2019) point out that it
should not exceed the value of 10. Thus, the values estimated from the rainfall observations
analyzed were below the limiting value and, therefore, the distribution, as it is proposed, is
adequate to the estimate of probable rainfall values in the city of Cruzeiro do Sul, and thus it is
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maintained.

It was verified, in the present study, that the interannual variation of the values of total
monthly precipitation recorded in Cruzeiro do Sul, represented in Table 1 by the coefficient of
variation (CV), is higher for the months in which the form parameter () presents its lowest
values. The interval is coincident with the dry period, in which the lowest average values of the
monthly rainfall records are concentrated.

The study conducted by Martins et al. (2010) presented an inverse conclusion to that of
the present study, regarding the relationship between the interannual variation and the form
parameter. However, the conclusions of both converge to the indication that this parameter can
be used in the determination of regular periods of precipitation.

Table 2 lists the values of probable monthly and annual rainfall at different probability
levels estimated for the city of Cruzeiro do Sul according to the Gamma distribution. The results
presented show that, in general, the average values of total rainfall, both monthly and annual,
recorded for the city of Cruzeiro do Sul during the period in study, are equivalent to estimated
values included in the range between the levels of 25% and 40% of probability (Table 1). This
characteristic is observed in many studies related to probable rainfall for different regions
and/or hydrological contexts (Martins et al., 2010; Passos et al., 2017). On the other hand, there
are reports in which the average records, although close to values verified in this study, are in
a different range of probability levels, as was verified by Silva et al. (2013), who studied
distribution of rainfall in the city of Sapezal, State of Mato Grosso, Brazil.

The probable rainfall values, shown in Table 2, are important elements to support the
rational planning of activities that depend on this hydrological variable, such as agricultural
activity. Since the region under study has potential for cassava cultivation (Brito et al., 2019),
the probable rainfall values with a certain margin of confidence promote more consistent
decision-making in agricultural planning and for the most diverse areas of knowledge.

It is noteworthy, nevertheless, that both the scientific community and other organizations
are already reaching the consensus that the impacts of climate change (on a global and/or
regional scale) are already influential on the Amazon. As a result, the rainfall regime in the
region under study may change its patterns and, consequently, the estimated values, since
hydrological processes, especially rainfall regime, are quite sensitive to climate change
(Moreira et al., 2019; Marengo and Souza Junior, 2018).

4. CONCLUSIONS

The study produced satisfactory results that may serve as a catalyst for further discussion
and development, and reached the following conclusions: 1) The Gamma probability model
was adequately adjusted to the total monthly and annual rainfall data computed for the city of
Cruzeiro do Sul, Acre; 2) The region under study presents a rainfall pattern defined in two well-
defined periods: a sub-dry period, between the months of May and September, in special the
months of July and August, in addition to a remarkably rainy period, more evident in the period
from October to April; and, 3) The average values of total precipitation, both monthly and
annually, recorded in the city of Cruzeiro do Sul during the period from 1970 to 2019, are
equivalent to estimated values included in the range between the levels of 25 % and 40 % of
probability.

The conclusions are in accordance with the study’s objectives, and will serve as a basis for
further studies in the region. It will also provide support and decision-making tools, especially
with regard to agricultural activity, which depends on estimated rainfall values.

It is important to emphasize that, even with favorable results, it is not intended that the
discussion end here; rather, hypotheses regarding the behavior of phenomena that operate in
the region must be evaluated, and future studies with suitable methodology must be conducted
in similar and dissimilar regions as appropriate.
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Table 2. Probable monthly and annual rainfall for the city of Cruzeiro do Sul, Acre, at different probability levels, estimated
according to the Gamma probability distribution.

Probable pluviometric precipitation (mm)
Month

5% 10% 25% 40% 50% 60% 75% 90% 95%

January 414.86  369.28 300.57 258.20 234.73 21274 179.33 137.79  116.43
February = 419.47 37245 301.73 25824 23420 211.70 177.63 13543 113.85

March 47253 41834 337.06 287.23 259.76 23410 19534 14759 123.30
April 37390 330.92 266.46 22696 205.18 18485 15415 116.35 97.14
May 269.50 23579 185.75 15547 138.94 123.64  100.79 73.26 59.59
June 191.62 160.67  116.43 90.96 77.58 65.61 48.62 29.94 21.65
July 170.35  138.89 95.02 70.63 58.19 47.33 32.53 17.47 11.42
August 147.48  127.54 98.24 80.74 71.29 62.61 49.82 34.75 27.47
September  250.67  213.37  159.33 127.65 110.78 95.48 73.35 48.14 36.46
October ~ 335.73 31155 24592 206.17 18444 16431 134.23 97.9 79.84

November 383.01 33485 263.39 22020 196.64 17482 14230 103.15 83.76
December 381.27  344.07 28731 251.79 23190 213.08 184.13 14731 12791

Annual  2,847.02 2,671.97 2,395.46 2,215.18 2,111.20 2,010.53 1,850.39 1,635.06 1,514.73
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ABSTRACT

The main process that opposes the Greenhouse Effect is called “carbon sequestration”, a
phenomenon that essentially seeks to establish a dynamic balance between greenhouse gas
(GHG) emissions from the immobilization of its elements, especially C and N. This work
evaluated the stocks of carbon and nitrogen in soils of the Brazilian semi-arid submitted to
irrigation with treated wastewater from domestic sewage. For this purpose, the carbon and
nitrogen stocks in the soil of the semi-arid region of Brazil were compared for four different
uses: Open Native Caatinga (ONC); Treated Wastewater Effluent Irrigation (TSEI); Surface
Water Irrigation (SW1); and Traditional Rainfed Agriculture (TRA). The hypothesis considered
in this research was that the application of treated effluents in agriculture, besides being an
alternative that can mitigate the problem of water scarcity of the semiarid region, is also capable
of influencing the storage capacity of C and N in the soil, due to its organic load. The results
indicate that among the different land uses evaluated, soil C and N stocks were highest in ONC,
and decreased with the agricultural land use. The greatest accumulation of C and N in Caatinga
is due to the presence of forest litter, and the influence of irrigation with treated sewage effluent
was not detected in the present study. It can be concluded that the contribution of vegetation
residues to the soil surface is the main factor contributing to C and N storage.

Keywords: carbon and nitrogen sequestration, greenhouse effects, land use change, soils.

@ @ This is an Open Access article distributed under the terms of the Creative Commons
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Reuso de agua residual na irrigacéo: efeito de curto-prazo sobre os
estoques de carbono e nitrogénio do solo no semiarido brasileiro

RESUMO

O principal processo natural que se contrapde ao Efeito Estufa é chamado de sequestro de
carbono, um fendmeno que essencialmente busca estabelecer um equilibrio dindmico entre a
emissdo dos gases do efeito estufa (GEE) a partir da imobilizacdo de seus elementos,
especialmente do C e N. O presente trabalho teve como objetivo principal avaliar os estoques
de C e N em solo da regido semiarida do Brasil submetido a irrigacdo com agua residual tratada
de esgoto doméstico. Para isso, o estoque de carbono e nitrogénio do solo soram comparados
para quatro diferentes usos: caatinga nativa aberta (ONC); irrigagdo com agua residual tratada
(TSEI); irrigacdo com agua superficial (SWI); e agricultura de sequeiro (TRA). A hipotese
levantada na pesquisa foi de que o reuso de efluentes tratados na agricultura, além de ser uma
alternativa que pode mitigar a problemaética de escassez hidrica da regido semiarida, também é
capaz de influenciar a capacidade de estocar C e N no solo devido a sua carga organica. Os
resultados indicaram que entre os diferentes usos de solos avaliados, os estoques de C e N no
solo foi maior na ONC diminuindo com o uso do solo para a agricultura. O maior acimulo de
C e N na caatinga deve-se a presenca de serrapilheira, ndo sendo detectado, no presente estudo,
influéncia da irrigacdo com efluente de esgoto tratado. Conclui-se que o aporte de residuos de
vegetacdo na superficie do solo vem a ser o fator de maior contribuigdo para a estocagem de
carbono e nitrogénio nos solos estudados.

Palavras-chave: efeito estufa, sequestro de carbono e nitrogénio, solos, variagdo do uso da terra.

1. INTRODUCTION

Although climate variation is part of the evolution of the planet, human activities
significantly potentiate greenhouse gas (GHG) emissions and hence global warming (Zhou et
al., 2019). Among the factors that contribute most to CO emissions are the combustion of fossil
fuels (IPCC, 2013) and the conversion of native vegetation areas to areas for human use
(Kopittke et al., 2017). The current challenge is to seek to restore GHG concentrations in the
atmosphere, and researchers around the world are turning their attention to two main questions:
how to reduce GHG emissions and how to immobilize them.

In recent decades, terrestrial ecosystems have been considered as important as oceans in
absorbing and storing C and N from the atmosphere, thereby minimizing the problem of the
greenhouse effect. The largest C compartment of terrestrial ecosystems is the soil, where it is
estimated that up to 30 cm deep it is about twice the amount of C present in the atmosphere as
CO2 and up to four times that present in plant biomass (Powlson et al., 2011). Therefore, it is
clear that any increase or decrease in soil carbon stock has a significant impact on the
atmospheric concentration of CO, affecting the global climate (Gao et al., 2017). Land use
changes can also alter the stock of nitrogen (N) in the soil that is closely linked to the Soil
Organic Carbon (SOC) stock (Heyn et al., 2019).

Conversely, good management practices can increase soil organic matter content and
contribute positively to soil C and N stocks (Wells et al., 2019), in addition to reducing CO>
concentration in the atmosphere and potentially mitigating global climate change (Gao et al.,
2017). In Brazil, 77% of CO emissions are due to land-use change and the areas most affected
are the Cerrado and Amazon biomes (Lapola et al., 2013). There is some research on the
influence of land use changes on soil C and N stocks in the semi-arid region of Brazil
(Sacramento et al., 2013; Santana et al., 2019; Santos et al., 2019), but there are information
gaps that have yet to be filled, particular if the reuse of treated effluents in agriculture is
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considered as a sustainable management practice in agriculture. The National Semi-Arid
Institute (INSA) has been recommending irrigation of forage palm (Opuntia stricta) with
wastewater to provide food security in the livestock activity in the region (Araujo et al., 2019).
The reuse of domestic effluents as an alternative source of water in agriculture has been
recommended in many studies as a means of increasing water availability in arid and semi-arid
regions and addressing water scarcity (Hamilton et al., 2007; Feinerman and Tsur, 2014;
Bedbabis et al., 2015; Martinez et al., 2017) and to lessen the use of mineral fertilizers due to
the presence of organic material (Marinho et al., 2013).

Therefore, the use of effluents in agriculture can be not only a solution for water, but also
an important ally for the mitigation of CO2 concentration in the atmosphere due to the organic
material load present. With proper management, some of the carbon can be retained in the soil
profile or used for biomass formation, which characterizes the mechanism of carbon
sequestration from the atmosphere to the Earth's crust. However, it is known that in order to
develop more systematically sustainable management practices and proposals, it is essential to
have information on the impacts (positive or negative) on soils and their stocks of C, N and
other nutrients, caused by the incorporation of new resources and technologies in anthropogenic
activities, such as the treatment and reuse of domestic effluent in agriculture.

Given this scenario, this research is based on the assumption that the adoption of new
techniques in agricultural systems, such as the agricultural reuse of wastewater, can influence
the capacity of soils to accumulate C, N and other nutrients. The objective of this work was to
assess the stocks of C and N in a Planosol soil, located in the municipality of Santana do Seridd,
state of Rio Grande do Norte, semi-arid region of Brazil, under four different uses: Open Native
Caatinga (ONC); Treated Sewage Effluent Irrigation (TSEI); Surface Water Irrigation (SW1);
and Traditional Rainfed Agriculture (TRA).

2. MATERIALS AND METHODS

2.1. Field Site

The research was conducted in the municipality of Santana do Seridd, located in the south-
central zone of the state of Rio Grande do Norte (6°45'58" S; 36°44'0" W). The municipality
covers approximately 188.4 kmz2 and has a population of 2,680 habitants in 2019 (Figure 1). It
is characterized by the Caatinga biome, with a semi-arid climate, classified as Bsh according to
Koppen and Geiger, with prolonged droughts, low rainfall, annual average of 559 mm, and low
hydric potential.

2.2. Land Use

In the experimental area, the soil was classified as Planosol, morphologically described
and classified according to WRB (FAO, 2014), and four different land use types were identified:
1) Open Native Caatinga vegetation - ONC (6°45'56.2" S; 36°43'49.9" W), identified according
to the criteria established by the Brazilian Vegetation Technician's Guide (IBGE, 2012); 2)
Treated-Sewage Effluent Irrigation —TSEI (6°45'56.9" S; 36°43'55.7" W), agriculture with
forage palm (Opuntia stricta) irrigated with treated domestic sewage effluent for animal feed,;
3) Surface Water Irrigation — SWI (6°46'01.4" S; 36°44'00.7™ W), agriculture with conventional
sprinkler irrigation of tomatoes (Solanum lycopersicum L.), irrigated with surface water; and 4)
Traditional Rainfed Agriculture —TRA (6°45'56.1" S; 36°43'54.7" W), traditional rainfed
agriculture, subsistence crops, mainly maize (Zea mays L.) and beans (Phaseolus vulgaris L.),
planted during the rainy season with minimum inputs, as shown in Figure 2.

A survey conducted at the site revealed that soil management in the study areas had been
in place for at least four years prior to the date of collection of samples.
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Figure 1. Study area and its location in the state of Rio Grande do Norte, Brazil.
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Flgure 2. Land uses studled A) Open Native Caatinga (ONC); B) Treated Sewage
Effluent Irrigation (TSEI); C) Surface Water Irrigation (SWI) and D) Traditional
Rainfed Agriculture (TRA).

2.3. Sampling and estimation of soil carbon, nitrogen, calcium, magnesium, potassium and
sodium contents

A total of 32 soil samples were collected for studies on the four land uses, resulting in eight
samples per zone. All soil samples collected were packaged in plastic bags, properly labeled
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and sent to the laboratory for processing and analysis. At each site, six soil samples with
volumetric rings (core method) were taken to determine soil bulk density, following the
methodology of Blake and Hartge (2006).

At the laboratory, the soil samples were air-dried and sieved in 2 mm mesh size. An aliquot
was kept for soil texture characterization, following the methodology presented by Embrapa
(2009), and another aliquot was grinded in a ball mill until it passed through a 100 mesh (0.150
mm). For the quantification of Total Organic Carbon (TOC) levels in the soil, the wet oxidation
methodology of Yeomans and Bremner (1988) was used. For the Total Nitrogen (TN)
concentration of the soil, the Kjeldahl (Embrapa, 1999) method was used. Stocks were
calculated on the basis of C and N concentrations and soil volume and density (Veldkamp,
1994) Equation 1:

(T)(Ds)(e)(1-Rv)
10 @

Stock =

Where Stock represents the mass of C or N per unit area equivalent layer (Mg hal); T is
the total C or N content in the sampled layer (g kg); Ds is the bulk density (kg dm®); e = the
thickness of the considered layer (cm) and Ryv is the fraction of rock fragments (> 2mm).

The contents of Na and K were extracted with a solution of Mehlich-1 and determined by
flame spectrophotometry (Embrapa, 2009) and for Ca and Mg, the sample extracts obtained
with 1 mol L™ KCI were subjected to atomic absorption (Embrapa, 2009). Phosphorus was
determined by colorimetry by reading the intensity of the color of the phosphomolybdic
complex produced by the reduction of molybdate with ascorbic acid. The pH of the samples of
soil was determined by direct electrochemical measurement of the effective concentration of
H™* ions in the soil solution using a combined electrode immersed in a soil/water suspension in
aratio of 1:2.5. To calculate the Sodium Adsorption Ratio (SAR), the concentrations of Na, Ca
and Mg determined were used and the following equation was applied Equation 2:

Na

Carig @
T2

Where all concentrations were expressed as mmol Kg™.

SAR =

2.4. Statistical analysis

The results of the TOC and TN contents and stock variables for all soils were subjected to
an analysis of variance (ANOVA) followed by a test of comparison of means (Tukey, 5%). The
statistical program used for the analyzes was Assistant 7.7 pt.

3. RESULTS AND DISCUSSION

The particle-size distribution of the soil samples collected under the different land uses did
not show any significant difference, indicating that they were of the same soil class (Table 1),
I.e., sand, thus verifying the predominance of a sand fraction. Sandy soils have a porosity that
ensures an important infiltration rate. In addition, soil texture influences its chemical
characteristics, such as lower organic matter content and decomposition rate, and low nutrient
storage capacity. Sugihara et al. (2012) assessed carbon dynamics in two tropical growing areas
in Tanzania with soils of contrasting textures and found that clay soils stored much more carbon
than sandy soils. The authors attributed this to the possibility of carbon loss through leaching
and macrofauna activity, but this is due to the fact that clays are capable of forming clay-organic
complexes, which are less likely to decompose, providing greater physical protection for
carbon. Bulk density is considered an attribute that can vary with different management

practices. However, as with grain size and despite different land uses, no significant differences

AR Rev. Ambient. Agua vol. 16 n. 1, e2623 - Taubaté 2021
IPABHt



6 Marcus Metri Corréa et al.

were identified between bulk density data for the studied areas, including the open native
Caatinga area - ONC.

Table 1. Sand, silt and clay contents and density values at two depths in
the four studied sites.

Particle Size Distribution (%6) i
Land Use/Depth BUIL( De'f‘ss'ty
Sand Silt Clay (kg m™)
TSEI

0-10 cm 84.06+1.14 9.82+0.77 6.12+0.83  1.59 +0.03

10-20 cm 82.85+1.75 9.60+1.63 7.56+1.00 1.69+0.04
SWI

0-10 cm 86.18 +0.83 7.69+1.06 6.13+0.45 1.630.04

10-20 cm 84.85+1.37 8.10+1.11 7.05+2.39 1.67 £0.05
TRA

0-10 cm 83.52+2.63 10.52+155 596+1.18 1.55+0.04

10-20 cm 80.17+1.85 11.60+150 8.24+1.42  1.62+0.05
ONC

0-10 cm 81.83+0.44 12.47+099 5.70+0.61 1.63+0.06

10-20 cm 81.05+0.74 13.63+1.22 5.32+0.80 1.65+0.03

Mean values obtained from four replicates for Particle-Size Distribution
(granulometry) and three replicates for Bulk Density + one standard
deviation.

Source: Author.

Table 2 shows the total organic carbon (TOC) and total nitrogen (TN) contents for the
different land uses. In the 0-10 cm layer, the native Caatinga vegetation (ONC) had a higher
TOC content than the other areas used for agriculture, without significant differences for TN.
Similar results were found in the Planosols of the municipality of Jatalba-PE, where
concentrations were 8.7 and 8.9 g kg™ C in conserved areas at depths of 0-14 and 0-17 cm,
while in the degraded environment they were 5.6 and 3.6 g kg™ C at depths of 0-9 and 0-20 cm,
respectively (Galindo et al., 2008). The presence of higher C concentrations in open native
Caatinga vegetation compared to agriculture areas, confirms the overall behavior that the
replacement of forested areas by agriculture areas tends to decrease soil C and N concentrations
(Wei et al., 2014; Kunlanit et al., 2019). Non-significant differences in N content were also
observed by Santana et al. (2019) who attributed this behavior to higher losses of C than N
when land use changes occur. The results obtained here corroborate those of Santana et al.
(2019), which resulted in a lower C/N ratio of agricultural areas compared to native open
Caatinga.

In the Caatinga, TOC levels decrease considerably with increasing depth. This behavior is
typical of the situation under native vegetation, because the high input of plant residues on the
soil surface favours slow and progressive decomposition, which guarantees the constant
incorporation of organic matter into the soil. However, the opposite situation was verified for
TN levels, which is probably due to the type of plant residues incorporated (Table 2). Asitis a
Caatinga-type vegetation, the input of organic waste is poor in N, since, in the semiarid
conditions, low soil moisture leads to lower microbial activity near the soil surface, which
corroborates the considerations of Lopez-Merino et al. (2015) and Merino et al. (2019).
Similarly, the higher C content in the topsoil may be related to the virtual absence of microbial
activity, with the incorporation of the most recalcitrant C compounds through physical and
chemical degradation of the deposited plant residues (Franzluebbers et al., 1996).

Rev. Ambient. Agua vol. 16 n. 1, e2623 - Taubaté 2021 AR
IPABH?



Wastewater reuse in irrigation: short-term ... 7

Table 2. Soil C and N contents, Ratio C/N, O.M. content, Soil TOC and TN stocks at two depths in the four studied sites.

_ _ C:N O.M. (Organic Matter) TOC Stock TN Stock
Land Use TOC (g.kg? TN (g.kg*
GleD 049D (k™) (ke?) (Mg ha) (Mg ha)
0-10 cm
TSEI 3.71+111b 1.08 £0.26 a 3.52+0.83a 6.38 £1.90 7.87+2.34b 2.29+055a
SWI 5.38 £0.69 ab 1.00 £0.21 a 5.52 £0.80 a 9.25+1.20 11.73 #1.51 ab 2.18+0.46 a
TRA 5.45 £1.37 ab 0.85+0.11a 6.55+1.91a 9.37 £2.35 11.28 +2.83 b 1.76 £0.23 a
ONC 9.70 £3.07 a 0.98 £0.63 a 13.28+7.95a 16.69 +5.29 21.1546.70 a 2.14+1.38a
10-20 cm
TSEI 2.54+0.90 a 0.98+0.22 a 2.60 +0.76 a 4.36 +1.54 5.74 +4.06 a 2.21+0.98 a
SWI 3.67+0.25a 1.03+0.23 a 3.76 +0.84 a 6.30 +0.42 8.18+1.09 a 2.30+1.02 a
TRA 4.41 +0.64 a 1.05+0.18 a 4.29 +0.77 a 7.58 £1.10 9.57 +2.78 a 2.28+0.78 a
ONC 331+105a 1.58 +0.65 a 259+1.36a 5.70 +1.81 7.28+4.63 a 3.48+2.86a

Mean values obtained from four replicates + one standard deviation. Means followed by the same letter do not differ statistically from each other for the same
soil depth.
Source: Author.

Although high, the soil TOC content in Caatinga may correspond to OM that is not incorporated in the mineral fractions of the soil, thus
becoming constantly dependent on the input of residues for its maintenance. During the drought period there would be indeed an increase in the
content of soil elements, while during the rainy season, with the activity of the soil microbiota, there would be decomposition of these residues
and mineralization of C. In this context, low levels of TOC and TN would be justifiable in the agricultural soils studied (Table 2), since in these
cultivated areas, especially palm groves, there is little or no replacement of crop residues.

In relation to the additional contributions of organic compounds, caused by the application of irrigation with treated effluents, contrary to
what was expected, the total carbon concentrations in the TSE-irrigated soil were significantly lower than those in other areas studied at a depth
of 0-10 cm, although this tends to be in balance with the areas of increasing depth (Table 2). A similar result was described by Leuther et al.
(2019) in a study conducted in Israel under similar conditions. They found total C and N concentrations in samples from a soil without irrigation
to be significantly higher than in a soil irrigated with treated effluent at a depth of 0-20cm, with carbon values of 1.74 and 0.83 g 100 g and
nitrogen values of 0.17 and 0.10 g 100 g, respectively. These authors attributed these results to the contribution of organic residue from trees
present in the non-irrigated area, without identifying any influence of irrigation water quality on soil carbon (C) and nitrogen (N) concentrations.
In the present research, the low quantities of irrigation water applied, due to the fact that the forage palm is a xerophilous plant, combined with
the implementation period (4 years) of the reuse project, which can be considered low to promote changes in the organic fraction of the soil, may
justify the insignificance of the effect of TSE on soil carbon (C) and nitrogen (N) concentrations. Haynes (2005) suggests that short- to medium-
term crop management is not conducive to significant changes in TOC content. Therefore, in the experimental conditions of the present work, it
can be deduced that the contents found would be more reacted to the organomineral complexes of the clay fraction, without irrigation or soil cover
interfering with the C and N contents.
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The results found for the presence of C in soils reinforce what Oliveira et al. (2008) verified
in their research, showing that the soil surface layers are more sensitive to carbon variations
due to the action of microorganisms linked to soil organic matter. Kopittke et al. (2017) argue
that C content tends to decrease in agricultural areas compared to native vegetation, since the
conversion of native vegetation to crops reduces the input of plant debris and increases soil
temperature, accelerating the decomposition of soil organic matter by microorganisms.
Machado (2005) points out that surface C levels tend to decrease, but show little change at
greater depths.

The highest C/N ratio was observed in Caatinga soils, certainly due to the higher input of
plant residues into the soil, while the lowest C/N ratio was found in the TSE irrigated soil (Table
2). The lower the C/N ratio, the greater the decomposition process of organic material. An
increase in enzymatic activity has been reported in soils irrigated with treated wastewater
(Adrover et al, 2012), suggesting that irrigation with wastewater can stimulate the activity of
microorganisms in the biochemical cycle of elements such as C, N and P, thus accelerating the
mineralization of soil organic matter. This could explain the fact that, in this study, the area
irrigated with TSE had the lowest values of C/N (more available nitrogen) compared to the
other experimental sites. However, in the TSE irrigation site, lower organic matter contents can
be found than in the surface water irrigation site. As mentioned above, it is likely that the lower
C/N ratio favoured rapid mineralization, leading to a decrease in the organic matter content of the
soil.

Table 2, which represents TOC and TN stocks in the soils of the different sites studied,
indicates that TOC stock in Caatinga exceeds those of the other sites. It was noted that the
average TOC and TN stocks for the surface layer of soils are much lower than those verified
by Rossato et al. (2007). They found 86 Mg ha* and 54 Mg ha of TOC stocks, respectively,
in an area of native vegetation and in a corn culture area, sown manually without the use of
agricultural input. These authors found also N stocks of 9 Mg ha* and 6 Mg ha't, respectively,
in the same sites. A comparative analysis of the carbon stocks of different Brazilian biomes was
carried out by Fidalgo et al. (2007), verifying that the average TOC accumulation for the soils
of the Caatinga Biome is 23.7 Mg ha™. Tiessen et al. (1998) estimated the carbon stock for the
soils of this region at 20 Mg ha* for the 0-20 cm deep layer, and Fraga and Salcedo (2004)
found, in a hyperxerophilic Caatinga, values of 17.9 Mg ha* and 28.6 Mg ha* for the 0-7.5 cm
and 7.5-15 cm layers, respectively. These values corroborate the data found in this study for the
Caatinga area.

For the other zones studied, the changes resulting from the anthropization process are
certainly at the origin of the variation of the soil carbon stock compared to the local native
vegetation (Caatinga), with a decrease varying between 44 and 62%. The effect of different
cropping systems is highlighted in the study by Giongo et al. (2011), which assessed the carbon
stock in preserved Caatinga, altered Caatinga, pastures with Buffel grass and irrigated cropping
ina Yellow Argisol, obtaining decreasing values for the TOC stock in the respective order cited,
with reductions in the range of 23 to 56%. Giongo et al. (2011) explained these reductions by
the assumption that the high temperatures and intensity of sunshine, characteristic of the semi-
arid climate, associated with high water availability (by irrigation), increase the entropy of the
system, resulting in a reduction of the soil carbon stock. In other words, because the rate of
mineralization is highly dependent on the soil’s water potential, the constant moisture level
associated with high temperatures promotes rapid mineralization of organic material added to
the soil, a fact also stated by Artiola and Pepper (1992). Thus, effluent irrigation has the
potential to modify the recycling processes of C and N by increasing soil moisture to levels that
stimulate the O.M. decomposition activity of soil microorganisms. These claims may explain
the lower values of content and stocks of these nutrients in irrigated areas, especially those
irrigated with TSE. It can also be deduced that the deforestation of the native vegetation and of
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soil in rotation for cultivation in the areas studied has led to alteration of the soil structure and
intense loss of C from soil to the atmosphere, considerably reducing the capacity of retention
of this element in the soil. Coupled with this, it is likely that little or no input of plant residues
in cropping situations will not allow for nutrient recovery and accumulation in the soils studied
here.

In Table 3, different from what was observed in the levels of C and N, it can be seen that
the soil irrigated with TSE had higher levels of Na, reaching, at a depth of 10-20 cm, an average
value about 10 times higher than that observed in the Caatinga soil, also differing from the
treatment with surface water irrigation. Similar results were observed by Barreto et al. (2013)
in their study on wastewater irrigation, which increased Na® concentration over the whole
profile of soil. Indeed, unlike other cations, Na* has a low affinity for the soil exchange complex
found mainly in the soil solution thus facilitating its leachability. Consequently, the Na™ added
from wastewater moves easily, justifying its higher concentrations with increasing depth
(Tarchouna et al., 2010). Barreto et al. (2013) reinforce the above by stating that the rate of
water application, the sodium content of the effluent, the absorption capacity of the crop and
the soil texture can have a direct influence on the accumulation of this cation along the soil
profile.

The high concentration of salts in soil, which may be due to the natural characteristics of
the environment itself or to human activities, is capable of affecting the physical and chemical
properties of the soil, making it difficult for plants to absorb water. It is noteworthy that high
salt concentration in irrigated areas is common, since soluble salts present in irrigation water
are added to the soil solution. This is not otherwise the case in the situations studied here, where
irrigation water comes from treated sewage and also from a local surface reservoir potentially
rich in salts due to the edaphoclimatic characteristics of the semi-arid region.

Salinization probably has the greatest negative impact on irrigated soils in arid and semi-
arid regions (Diaw et al., 2015), and this risk can be assessed by the soil Sodium Adsorption
Ratio (SAR). For the soils in question, analyses indicate a SAR of irrigated soil higher with
TSE than with the other waters (Table 3). Medeiros et al. (2005) also found in their studies that
a soil that was irrigated had an increased SAR, both when using clean water or wastewater. A
similar result was observed by Leuther et al. (2019), who reported that soil sodicity was the
most affected factor when comparing non irrigated and irrigated areas with freshwater and
treated effluent, with the highest SAR value for plots irrigated with TSE. Although sodicity
increased in the soil irrigated with TSE, soils from all treatments can be classified as not affected
by salt, with a SAR <6 (Rengasamy, 2010). This is due to the fact that the generally very poor
sandy clay soils, as in this study, tend to be non-saline and will not have structural problems
related to SAR due to their natural high permeability, which facilitates salt leaching during the
rainy season. Clay soils, on the other hand, tend to accumulate salts and are rich in sodium, with
structural problems that can occur if SAR increases.

For P, K, Ca and Mg analyses of the soils, in general, the highest results were found in the
area irrigated with surface water, followed by the area irrigated with TSE. The excess of soluble
salts in soil solution resulting from the accumulation of Na*, Ca?*, Mg?* and K* in the irrigated
soil horizons can be due to a combination of several factors, the main ones being soil
management (mineral fertilization) and the presence of these elements in wastewater effluents
or irrigation water (Qadir and Oster, 2004; Ribeiro, 2010). The average soil phosphorus content
differs between treatments, particularly in the area irrigated with water, which presented the
highest P content. Kouraa et al. (2002) evaluated the irrigation of potatoes and lettuce with raw
sewage, treated wastewater and drinking water, noting that in one cropping year there was no
change in the phosphorus content of the cultivated soils. The authors also state that for changes
in soil chemical characteristics to take place, several years of irrigation are necessary, since the
dynamics of this element are very slow.
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Table 3. Chemical characterization of soil at two soil depths under different uses in Santana do Seridé / RN.

Elements
Land Use/Depths p K Na Ca Mg
(mg kg) (mg kg) (mg kg) (mg kg) (mg kg) PH SAR
0-10cm
TSEI 18.06 £9.55b  75.00 £+20.27 ¢ 141.00 +47.88a 276.00+64.30b 114.00+20.98b 7.2+0.65a 2.6+0.94a
SWI 3474 £13.13a 160.50+51.68a 57.00%£33.80b 524.00+53.73a 158.00+9.10a 7.3+0.34a 0.8+0.48Db
TRA 9.68 £7.46 ¢ 112.00£7.35b 20.00+4.56 ¢ 410.00 +88.59a 101.00+13.88b 7.0+0.08a 0.3+0.09b
ONC 9.57+2.98 ¢ 109.50+9.10b  24.00+9.38¢c  508.0 +14453a 92.00+21.07b 6.3x0.07b 0.40.10b
10-20 cm
TSEI 13.07+£7.69b 80.5+2495¢c 215.00+93.65a 274.00+41.59b 119.00+29.35b 7.9+0.24a 3.8+1.37a
SWI 28.794£21.96 a 140.00+46.45a 82.00+63.27b 500.00+42.65a 154.00+42.31a 7.9x0.25a 1.2+1.00b
TRA 5.08£3.39¢  121.00+20.07b  23.00%5.39¢c  379.00+60.63b 113.00%£22.92b 7.2+0.29b 04+0.10b
ONC 4.07£1.95¢c 113.00£9.43 b 22.00+0.87c 357.0+103.93b 94.00+24.80c 6.6+0.33¢c 0.4+0.05b

Mean values obtained from four replicates + one standard deviation. Means followed by the same letter do not differ statistically from each

other for the same soil depth.

Source: Author.

On the other hand, Al-Nakshabandi et al. (1997) contradicted the study mentioned above, because in only five months of growing eggplant
irrigated with a treated effluent containing 28 mg L™ of PO, they found a significant increase in soil phosphorus contents. This variation in P
content between studies reinforces what has been said about the influences, not only of the quality of water used for irrigation, but also of irrigation
management, vegetation requirements, and the soil and climate characteristics of the region. With regard to the pH of soils, the values found are
close to neutral in all treatments. These results corroborate those obtained by Barreto et al. (2013), who did not observe any change in the pH of
soils irrigated with treated effluents.
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4. CONCLUSIONS

- Land use had a significant influence on soil carbon and no significant influence on total
nitrogen, with native vegetation in Caatinga presenting the highest TOC content compared to
the three other areas used for agriculture.

- TOC contents tended to decrease with depth, and the mean TOC and TN stocks for the
0-20 cm layer were 28.43 Mg ha™ and 5.62 Mg ha* for the open Caatinga and 13.61 Mg ha™
and 4.50 Mg ha'* for the TSE irrigation area, respectively.

- The highest C/N ratio was found in Caatinga soils, certainly due to the higher natural
input of plant residues in the soil, while the lowest C/N ratio was observed in the soil irrigated
with TSE suggesting that irrigation with wastewater can stimulate the activity of soil
microorganisms in the biochemical cycle of elements such as C, N and P, thus accelerating the
mineralization of soil organic matter.

- The changes in the physicochemical properties of soils due to medium-term irrigation
with TSE were mainly observed for significant changes in SAR, reaching, at a depth of 10-20
cm, an average value about 10 times greater than that observed in the Caatinga soil, also
differing from the treatment with surface water irrigation.

- The four years of irrigation with TSE in the soil proved to be insufficient to significantly
alter the soil TOC and TN stocks in the soil, and under the experimental conditions observed,
the treated wastewater reuse technology behaved more like a source of GHGs than a sink.

Finally, it's necessary that long-term research be carried out with the objective of verifying
if the reuse of domestic sewage in agriculture (in isolated or combined action) can combat
global warming and provide water security needed in semiarid regions.
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ABSTRACT

This study focuses on the development of a secondary model for Yarrowia lipolytica in a
sewage treatment process. The raw data of Y. lipolytica growth were adjusted to the Buchanan
model in order to obtain growth parameters such as initial count cells (o), maximum specific
growth rate (umax), latency phase (A) and maximum cell population (Ymax). The pu values
obtained at different pH levels (5.0 to 8.0) were used to build the secondary model based on a
linear equation. The results showed a significant effect of pH on pmax values. The validation
process of the developed models displays accuracy (Af) and bias factor (Bf) values close to
one, while the values of root mean square error (RMSE) were low, confirming that such models
can predict the growth of Y. lipolytica in dairy wastewater. This can be interesting to optimize
sewage treatments that involve this kind of microorganism. Moreover, the dairy wastewater
was a good substrate to support the Yarrowia lipolytica's growth and could be used to produce
enzymes.

Keywords: biological treatment, predictive microbiology, removal, wastewater, Yarrowia lipolytica.

Modelo preditivo para o crescimento de Yarrowia lipolytica ATCC
9773 em um processo de biodegradacao

RESUMO

Este estudo tem como foco o desenvolvimento de um modelo secundario para Yarrowia
lipolytica em processos de tratamento de esgoto. Os dados brutos de crescimento de Y. lipolytica
foram ajustados ao modelo de Buchanan a fim de obter pardmetros de crescimento como:
contagem inicial de células (YO0), taxa de crescimento especifico maximo (umax), fase de
laténcia (1) e populacdo méxima de celulas (Ymax). Os valores p obtidos em diferentes niveis
de pH (5,0 a 8,0) foram usados para construir o modelo secundario baseado em uma equacéo
linear. Os resultados mostraram um efeito significativo do pH nos valores de pmax. O processo
de validacéo dos modelos desenvolvidos apresenta valores de acuracia (Af) e fator de bias (Bf)
préximos a um, enquanto os valores de root mean square error (RMSE) foram baixos,
confirmando que tais modelos podem prever o crescimento de Y. lipolytica em aguas residuais
de laticinios. Isso pode ser interessante para otimizar tratamentos de esgoto que envolvem esse
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tipo de microrganismo. Além disso, as aguas residuais do leite eram um bom substrato para
apoiar o crescimento da Yarrowia lipolytica e poderiam ser utilizadas para produzir a producgéo
de enzimas.

Palavras-chave: aguas residuais, microbiologia preditiva, remocao, tratamento biolégico, Yarrowia
lipolytica.

1. INTRODUCTION

Predictive microbiology is an interdisciplinary area defined as: “the quantitative
description of the microbial response in various ecosystems by employing mathematical
models”. A model is the description of a system or phenomenon that accounts for its known or
inferred properties and might be used to further study its characteristics. Usually, predictive
models have been built using raw data obtained from a pure culture in microbiological media.
The composition and characteristics (broth, solid or semi-solid) of the medium are important
factors that affect the behavior of microorganisms in foods. Mathematical models are developed
to describe the effect of environmental conditions on microbial growth, thus allowing accurate
predictions of microbial behaviors (Ding et al., 2011). Furthermore, the models can be valuable
for estimating shifts in microbial concentrations (Fakrudding et al., 2011; Lee et al., 2014). In
the area of predictive microbiology, there are primary and secondary models: (i) primary
models describe a microbial response as a function of time for a single set of environmental
conditions; and, (ii) secondary models quantify the effect of environmental variations on
primary model parameters (Whiting, 1995).

Essentially, the function of a primary model is to obtain the growth or inhibition parameters
of the microorganisms for each of the treatments established in the experimental design,
whereas secondary models are built with parameters estimated from primary models. They are
also employed to predict the response of microorganisms against new combinations of the
environmental factors included in the experimental design. Once the secondary model has been
constructed, it is necessary to corroborate the accuracy of its predictions. Statistical indices such
as root mean square error (RMSE), bias (Bf) and accuracy factors (Af) have been proposed for
estimating the accuracy of the model (Geitenes et al., 2013; Slongo et al., 2009). However,
most of the predictive models have been developed on different food matrices (Antunes-
Rohling et al., 2019; Schlei et al., 2020). Little research has been focused on modeling
microbial growth in wastewater. The benefit of creating a secondary model relies on the ability
to predict and optimize the duration of the sewage treatment processes.

The food industry has an elevated incidence of environmental contamination, for example,
dairy industries produce large quantities of wastewater (Porwal et al., 2015). These wastes are
impurities discharged into the environment without any previous decontamination treatment
(Liu et al., 2015; Kumari et al., 2017); which significantly impacts public health and
environmental sustainability. Hence, dairy waste requires decontamination treatments before it
is discharged into sewer systems (Kumari et al., 2017). The principal substances in wastewater
are oils, fats and long-chain fatty acids, which are contaminants of aquatic ecosystems (Becerra-
Gutiérrez et al., 2015). Biological treatments have been employed as an alternative to
decontaminate wastewater (Gonzalez et al., 2012; Tar6n-Dunoyer et al., 2020). Some yeasts
are well-known for their ability to grow and decompose post-industrial wastes. Yarrowia
lipolytica has been used as a biological agent for biodegradation of pollutant substrates.
Additionally, this yeast is recognized as GRAS (Generally Recognized As Safe) in several
industrial processes (Groenewald et al., 2014). This non-pathogenic, aerobic and dimorphic
fungus has been studied in biodegradation processes and can be used for multiple
biotechnological applications related to the production of enzymes and other compounds of
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industrial interest (da Costa et al., 2020). Nowadays, no investigations have been conducted
pertaining to the modeling of Y. lipolytica in dairy waste. Thus, this work focuses on the
development of a secondary model for predicting the growth of Y. lipolytica ATCC 9773 in
wastewater.

2. MATERIALS AND METHODS

2.1. Biological material
Yarrowia lipolytica strain (ATCC 9773) was obtained from Medimark © Europe, 38033
Grenoble Cedex 2 - France.

2.2. Preparation of the inoculum and obtaining the crude enzymatic extract (CEE)

The activation of Y. lipolytica was carried out through incubation at 25°C in Petri dishes
with PDA (potato dextrose agar) agar and olive oil as a lipid source for three days. Then, Y.
lipolytica was suspended in a saline solution (0.9% w/v) until reaching 6x108 CFU/mL and then
stored at 4°C until use. The dairy wastewater (DWW) was collected from a dairy industry
located in Valledupar (Colombia) following the protocol mentioned by Taron-Dunoyer et al.
(2020). Then, DWW volume (3 L) was divided into three subsamples with pH values of each
subsample adjusted to 5.0; 6.5 and 8.0, respectively. It is important to note that pH was
controlled by addition of acid (1 N H2SO4) or base (1 N KOH) taking into account pH-metro
readings, which were taken every 10 minutes. In order to obtain each growth curve, each
subsample was added to an inoculum of Y. lipolytica (6x108 CFU/mL). Likewise, 200 mL of a
synthetic wastewater (SW) based on saltwater (30% SW), sodium chloride (5.0%), yeast extract
(0.5%), olive oil (1.0%) and Triton X-100 (0.1%) (Taron-Dunoyer et al., 2020) was inoculated
with a similar amount of Y. lipolytica. The subsamples were aerated with filtered air at 2L/min
and stirred at 300 rpm. Approximately every 20 minutes after inoculation, 1 mL was taken from
each subsample and SW to carry out appropriate dilutions in peptone water and plated onto
PDA agar. The petri dishes were incubated at 25°C for three days and then colonies were
counted to obtain viable cell numbers (CFU/mL). Experiments lasted between 40 and 50 hrs.

2.3. Primary modeling

Growth curves of Y. lipolytica were constructed by plotting the logarithm of the number
of microorganisms versus time at the different pH investigated. Each point of the growth curve
corresponds to the average value of the entire set of samples assessed (at least three replicates
of each was used to allow for statistical analysis). For growth curve fitting, the Buchanan model
(Huang, 2013) was used to encounter the optimum fit for the growth curve (Equations 1 and 2).

[Y(O) = Yo + Vmax — Infe?o + [e¥max — g¥o] gmkmaxB(®)}] (1)

+e —a(t—l):l

B =t+-m=— 2

Where Yo, Ymax and yw are the bacterial concentration in natural logarithm at initial,
maximum, at time t; Pmax represents the maximum growth rate [(log CFU/g)/h], and A represents
the latency phase. The latency phase coefficient is a 4.

2.4. Secondary modeling
The secondary model establishes a linear relationship between the natural logarithm (Ln)
of umax and pH (Equation 3).

In(x) =mx+»b 3)

Where, X is the growth rate, m is the slope and b is the y-intercept.
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2.5. Validation of the secondary model

The bias factor (Bf), accuracy factor (Af), and root mean square error (RMSE) were
employed to evaluate the performance of the generated secondary model (Ross, 1996). The
Equations for 4,5 and 6 are the following:

r 1

Ay = 1015 o) @
- obs

Bf = 10(2 Lo‘g(uupred)/n)] (5)
RMSE = Zobpred] 6)

Where, the variable factors obs, pred, and n are the observed value, predicted value, and
repetition number of the observed data, respectively.

2.6. Statistical analysis

The results for growth parameters of Y. lipolytica were expressed as means + standard
deviation. The influence of pH levels on maximum specific growth rate (Lmax) was evaluated
through an analysis of variance (ANOVA one way); whereas, post hoc tests (LSD test) were
used to determine statistical differences (P < 0.05) using SPSS software version 23.0 for
windows. It is important to note that all tests were repeated at least three times to allow for
statistical evaluation.

3. RESULTS AND DISCUSSION

Growth curves of Yarrowia lipolytica investigated in DWW at different pH levels (5, 6.5
and 8.0) were obtained as described in the Materials and Methods section. The growth curves
of Y. lipolytica ATCC 9773 were fitted using the Buchanan model and kinetic parameters were
obtained. Figure 1 depicts the growth phases (lag, exponential and stationary phase) of Y.
lipolytica in DWW. Similar behavior was observed for Y. lipolytica in SW (data not shown).
These findings show the capability of Y. lipolytica of using some compounds present in the
wastewater as a source of carbon, nitrogen and energy. Y. lipolytica is a non-conventional yeast
due to its diverse biosynthetic potential (Egermeier et al., 2017). Dairy residues are considered
highly biodegradable due to Y. lipolytica’s ability to reduce BOD5 and COD to 43.32% and
44.30%, respectively (Taron-Dunoyer et al., 2020). Hence, it could be an interesting model to
predict the growth of Y. lipolytica in wastewater.

Ln CFU/mL

(I) 1‘0 2YO 3IO 4ID 50
Time (hrs)

Figure 1. Effect of pH on growth of Yarrowia

lipolytica in dairy wastewater.
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The suitability of primary models employed for developing predictive models is based on
two factors: (i) environmental conditions and (ii) the microorganisms involved (Yoon, 2010).
In the current study, Buchanan's primary predictive model was applied to model the growth of
Y. lipolytica in a biodegradation treatment. Fitting the growth curves to the Buchanan model
allows for determining growth parameters such as initial count cells (Yo), maximum growth
rate (u), latency phase (L) and maximum cell population (Ymax) as illustrated Table 1.

Table 1. Growth parameters of Y. lipolytica at different pH values
using the Buchanan model.

pH levels Parameters Y. lipolytica (DWW) Y. lipolytica (SW)
Yo (log CFU) 8.6307 8.8207
5.0 A (h) 8.6357 9.985°
Y max (log CFU) 14.020? 13.5402
pch? 0.168? 0.1612
Yo (log CFU) 8.9302 8.6302
6.5 A (h) 11.163? 10.711°
Y max (log CFU) 12.0002 11.380°
pch? 0.1292 0.094°
Yo (log CFU) 8.745% 8.7902
8.0 A (h) 11.325? 14.302°
Y max (log CFU) 11.340? 10.210°
pch? 0.0942 0.048°

Rows with no common letter showed statistically significant
difference (significance level<0.05).

Yo values were not modified significantly (P>0.05) by the substrate (DWW and SW) or its
pH level. Yo had values between 8.630 and 8.930 log CFU indicating that Yo can be controlled
at the beginning of the biodegradation process, that is when the microorganisms are
incorporated into the sewage treatment system. A, represents the time that microorganisms take
to adapt to new environmental or nutritional conditions (Swinnen et al., 2004). This variable
showed a tendency to increase with increasing pH of the substrates (DWW and SW) from 5.0
to 8.0. The highest values were found in SW at different pH levels: at pH 8.0- A- 14.302 h; at
pH 6.5 - X - 10.711h and at pH 5.0 -A- 9.985 h. This result suggests that the A parameter was
directly proportional to pH levels. Similar results were obtained with Y. lipolytica in DWW,
where, the highest value (11.325 h) was obtained at pH of 8.0, while the lowest value, 8.635h,
was obtained at pH of 5.0. Ymax is another parameter calculated by the Buchanan model, which
corresponds to the maximum microbial concentration reached at the end of the exponential
phase. In DWW, the highest Ymax value (14.020 log CFU) was reached at pH 5.0 followed by
pH 6.5 and 8.0 with 12.000 and 11.340 log CFU, respectively. On the other hand, in regard to
SW, the highest value was obtained at pH of 5.0 (13.540 log CFU), while the lowest value was
reached at pH 8.0 (10.210 log CFU). Generally, the Y max values were higher in DWW than SW
indicating that DWW is a good substrate to support Y. lipolytica growth and it could be used
for biotechnological applications.

Umax IS @ key parameter because it represents the growth rate of microorganisms. Although
it must be highlighted that pumax vValues mainly depend on the environmental conditions (Arroyo-
Lopez et al., 2012). This parameter was inversely proportional to the pH levels. The lowest
values were obtained at pH 8.0 for both DWW and SW corresponding to 0.094 and 0.048 (h™),
respectively. Similar findings were published by da Costa et al. (2020), who cultivated Y.
lipolytica in yeast peptone media at 29°C, calculating values of p close to 0.1114 h'. Skandamis
and Jeanson (2015) mentioned that p reduction is caused mainly by limitations of nutrients,
oxygen and production of some metabolites.
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3.1. Secondary modeling

The pumax values calculated by applying the Buchanan model were employed to develop the
secondary model using a linear equation. Besides pmax Was significantly affected by pH values
and type of substrate. The secondary model describes the effect of pH on Y. lipolytica behavior
in a biodegradation process. The changes in  of Y. lipolytica, according to pH levels, is
illustrated in Figure 2. Where, a reduction in pu values is observed when pH increases.

0.18
® Y lipolytica - synthetic wastewater
0.16 O Y. lipolytica - dairy wastewater
0.14
0.12
< 010

pH

Figure 2. Effect of pH on maximum growth rates of
Yarrowia lipolytica.

Considering that most of the secondary models are developed under real and abusive
environmental conditions, a validation process must be carried out in order to verify the
predictive accuracy of the models. Therefore, statistical indices such as accuracy (Af) and bias
(Bf) have been suggested for validating secondary models (Baranyi et al., 1999; Lopez et al.,
2006).

Af is the sum of absolute differences between observed and predicted values of one
parameter calculated in the secondary model. Bf represents the relative deviation among
observed and predicted; moreover, this parameter allows for determining whether the model
over or under-predicts microbial growth (Dalgaard and Jorgensen, 1998). For instance, a Bf
value outside the range 0.7 to 1.5 indicates that the model is unsuitable (Choi et al., 2019; Ross,
1996; 1999). A perfect agreement between predictions and observations must have values of
Afand Bf equal to 1.0 (Choi et al., 2019; Ross, 1999). Another parameter in a validation process
is RSME, which compares observed values in the experiment with those calculated by the
predictive model. A good validation process has values of RSME close to zero (Baranyi et al.,
1996). The mathematical validation of Y. lipolytica growth is summarized in Table 2; where
values of Af and Bf close to 1 were obtained based on secondary models. This indicates that
both linear models developed herein can optimally simulate Y. lipolytica's growth in both dairy
wastewater and synthetic wastewater at different pH levels (5.0 to 8.0). Regarding RSME, low
values were achieved, corroborating that lineal models were suitable for predicting Y.
lipolytica's growth in a sewage treatment.

Table 2. Mathematical validation of the secondary model to
describe the behavior of Y. lipolytica
Equation Af Bf RSME

In (1) = -0.0247x + 0.2907 (DWW) 1.001 0.998 0.001
In (1) = -0.0377x + 0.3458 (CW)  1.009 0.990 0.006

Rev. Ambient. Agua vol. 16 n. 1, e2629 - Taubaté 2021 AN
IPABH1



A predictive growth model for Yarrowia lipolytica ... 7

It is important to emphasize that real wastewater was used to develop a secondary model
to predict Yarrowia lipolytica's growth. Interestingly, when microbial growth is carried out in
artificial microbiological culture, models usually overestimate the predictions (Pérez and
Valero, 2013). Hence, the models constructed herein could be considered consistent for
practical use and improve the sewage treatment processes.

4. CONCLUSIONS

In the present article, a secondary model was developed to simulate the growth of Yarrowia
lipolytica in both dairy wastewater (DWW) and synthetic wastewater at different pH levels.
This model established a linear relationship between umax and pH. The validation process
yielded accuracy and bias factors of approximately 1; while values of RSME were low. These
results indicate that the secondary model developed can predict Y. lipolytica growth in
wastewater; hence proving highly valuable for optimizing sewage treatment processes that
include this kind of microorganism. Furthermore, DWW proved to be a good substrate to
support the growth of Yarrowia lipolytica and could be used for biotechnological approaches
such as the production of enzymes.
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ABSTRACT

This work evaluated the effects of water salinity on the physiological indices in inoculated
and non-inoculated peanut plants. The study was carried out in a protected environment at the
seedling production unit (UPMA) at Campus das Auroras, at the University for International
Integration of the Afro-Brazilian Lusophony (UNILAB), Redencdo, Ceara. The experimental
design used was in a completely randomized (CRD), with treatments in a factorial arrangement,
5x2, referring to the five salinity levels of the irrigation water - CEa: 0.5, 1.5, 3, 4.5, and 6.0
dSm, and inoculated and non-inoculated plants with a mix of rhizobia SEMIA 630, lot 0810,
and SEMIA 6144, lot 0312, from Bradyrhizobium sp., isolated, with four replications.
Recommended fertilization was done for phosphorus (62.5 kg ha of P) and potassium (50 kg
ha' of K) to supply the nutritional needs of the plants. The nutritional effect caused by
symbiosis with Bradyrhizobium sp. favored inoculated plants to present greater tolerance to salt
stress. The availability of nitrogen collaborated to increase the efficiency of plant physiological
mechanisms. Uninoculated plants, even with a higher amount of chlorophyll and CO., were not
efficient in the photosynthetic rate. Saline stress affected photosynthesis, transpiration, stomatal
conductance, internal CO2 concentration, water use efficiency, and chlorophyll; however, with
less intensity when inoculated with Bradyrhizobium sp. The increase in salinity on irrigation
water increased the leaf temperature.

Keywords: Arachis hypogaea L., Bradyrhizobium, plant-microbial relationship.

Respostas fisiologicas do amendoim inoculado e ndo inoculado sob
estresse salino

RESUMO

Objetivou-se neste trabalho avaliar os efeitos da salinidade da agua sobre os indices
fisioldgicos em plantas de amendoim inoculadas e ndo inoculadas. O trabalho foi desenvolvido
em ambiente protegido, na unidade de producdo de mudas (UPMA), no Campus das Auroras,
na Universidade da Integracdo Internacional da Lusofonia Afro-Brasileira (UNILAB),
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Redencdo, Ceara. O delineamento experimental utilizado foi o inteiramente casualizado (DIC),
com tratamentos arranjados em esquema fatorial, 5 x 2, referentes aos cinco niveis de salinidade
da dgua de irrigagdo - CEa: 0,5, 1,5, 3, 4,5 e 6 dSm™, e plantas inoculadas e ndo inoculadas com
mix de rizébios SEMIA 630, lote 0810 e SEMIA 6144, lote 0312, de Bradyrhizobium sp.,
isolado, com 4 repeticBes. Realizou-se também adubacdo recomendada para o fésforo (62,5 kg
ha* de P) e o potassio (50 kg ha™* de K) para suprir as necessidades nutricionais das plantas. O
efeito nutricional ocasionado pela simbiose com Bradyrhizobium sp. favorece as plantas
inoculadas a apresentarem maior tolerancia ao estresse salino. A disponibilidade de nitrogénio
ajudou na maior eficiéncia dos mecanismos fisioldgicos da planta. As plantas ndo inoculadas,
mesmo tendo uma maior quantidade de clorofila e CO2, ndo foram eficientes na taxa
fotossintética. O estresse salino afetou a fotossintese, transpiracdo, condutancia estomatica
concentragdo interna de CO2, 0 uso e eficiéncia da agua e a clorofila, porém com menor
intensidade quando inoculadas com Bradyrhizobium sp. O aumento da salinidade da agua de
irrigacdo aumentou a temperatura foliar.

Palavras-chave: Arachis hypogaea L., Bradyrhizobium, relagdo planta-microbio.
1. INTRODUCTION

Peanut culture is found in several tropical countries, although it is native to South America.
The genus Arachis has more than 80 species, including cultivated peanuts (Krapovickas and
Gregory, 1994). The peanut crop currently demonstrates elevated economic importance, as it is
the fourth most-produced oilseed in terms of grain volume in the world (FAO, 2019).

In general, the northeast region of Brazil offers favorable climatic conditions for the
development of peanut culture; however, factors that hinder the crop expansion are high
evapotranspiration, low precipitation, and sometimes, the low irrigation water quality; these
factors may limit the development and production of cultures worldwide (Freire et al., 2014).

Saline stress causes several physiological and biochemical disorders, as it reduces the
osmotic potential of the soil, reducing water absorption; furthermore, these excess salts in the
plant tissue become toxic to the plant leading to a nutritional disorder (Pereira Filho et al., 2019;
Lima et al., 2020).

In legumes such as peanuts, it is known that nitrogen supply is facilitated by the presence
of diazotrophic bacteria. Nevertheless, under ideal nutritional conditions, peanuts increase the
nodulation rate, as the nitrogen provided by biological fixation will help in the production of
organic molecules capable of resistance to various stresses; that is, its antioxidant system is
more efficient (Fukami et al., 2018; Freitas et al., 2020).

One of the strategies for growing peanuts under saline stress is the use of Rhizobium spp.
and Bradyrhizobium spp., aiming to reduce the use of nitrogen fertilizers. These bacteria are
able to fix the N necessary for better development of the culture and present positive effects for
its yield (Rocha et al., 2019). According to Mondal et al. (2020a) this N not only helps in plant
nutrition, but it can provide a more sustainable system for culture.

This work evaluated the effects of water salinity on the physiological indices in inoculated
and non-inoculated peanut plants.

2. MATERIAL AND METHODS

The study was carried out in July 2019 in a protected environment, at the seedling
production unit (UPMA), Campus Auroras, of University for International Integration of the
Afro-Brazilian Lusophony (Portuguese: Universidade da Integracdo Internacional da Lusofonia
Afro-Brasileira, UNILAB), located in Redencdo, Ceard. According to Koppen (1993), the
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climate of the region is classified as Aw’ type, that is, rainy, tropical, very warm, with a
predominance of rain in the summer and autumn seasons.

The experiment was conducted in 8L pots filled with soil from the Campus das Auroras
and was removed from the 0-20 cm layer, classified as Red-Yellow Argisol (Santos et al.,
2018). A sampling at a depth of 0-20 cm was sent for the analysis of chemical attributes to the
Soil Laboratory, belonging to the Federal University of Ceara; the results are shown in Table
1.

Table 1. Chemical attributes of the substrate used in the research.
pH H0 P H+APR* Ca* Mg* Na* K' SB CEC V OM CEes
Mg.kg? cmolc.kg? % g.kg! dS.m?
7.6 2 033 250 030 057 0.06 343 376 91 403 0.37
SB = sum of bases; CEC = cation exchange capacity; v= base saturation; OM = organic matter.

Sowing of cultivar BR-1 was carried out in the pot. After ten days of sowing, thinning was
done, leaving only two plants per pot.

The experimental design used was completely randomized (CRD), with treatments in a
factorial arrangement, 5x2, referring to the five salinity levels of the irrigation water - CEa: 0.5,
1.5, 3, 4.5, and 6.0 dSm™, and inoculated and non-inoculated plants with a mix of rhizobia
SEMIA 630 and SEMIA 6144, from Bradyrhizobium sp., with four replications measurements
were made in all four by treatment.

The strains were activated according to the method described by Embrapa (1994), and
posteriorly, its multiplication was conducted in a 125 ml flask, with 50 ml of liquid YM
medium, incubated on a rotary shaker at 150 rpm and temperature of 28°C and propagated in
peat.

Two inoculations were performed, the first was made on peanut seeds using the mix of
rhizobia spread in a peat medium and adhesive solution of 20% gum arabic as an adhesive
solution. While the second, called “reinforcement inoculation”, occurred ten days after sowing
(DAS), in which 2.0 mL of bacterial broth was added to the lap of each plant.

The irrigation waters were prepared using the NaCl, CaCl..2H,0, and MgCl2.6H20 in the
proportion 7:2:1, following the relationship between CEa and its concentration (mmol L =
CE x 10) (Rhoades et al., 2000). Irrigation with saline water was started ten days after sowing
with a daily irrigation frequency according to the drainage lysimeter principle (Puértolas et al.,
2017), providing the volume of water losses by evapotranspiration in every 24 h, to maintain
the soil with humidity corresponding to 90% of the field capacity.

Moreover, recommended fertilization was held for phosphorus (62.5 kg ha* of P) and
potassium (50 kg hal of K) to meet the nutritional needs of plants, following the
recommendations of Fernandes (1993).

At 55 DAS, the following variables were analyzed: photosynthesis (A), transpiration (E),
and stomatal conductance (gs), leaf temperature (LT), internal CO2 concentration (IC) in fully
expanded sheets. To carry out these analyses, a portable infrared carbon gas analyzer was used
(IRGA model LC-Pro-SD, Biosciences Inc., Lincoln, Nebraska, USA), in an open system, with
an airflow of 300 mL min-1 between 08:00 and 10:00 h, using light intensity active (PAR)
constant (1300 umol photons m™ s1), concentration constant CO2 (350ppm) with ambient air
temperature and relative humidity, on average 30°C and 85%, respectively. The instant water
use efficiency (WUE), was determined from the ratio between A/E. Chlorophyll was measured
with Minolta SPAD-502 portable meter.

The data of the evaluated variables were submitted to analysis of variance and, when
significant, by the F test, and the means were compared by the Tukey test with p<0.05 using
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ASSISTAT, Version 7.7 Beta (Silva and Azevedo, 2016). For the regression analysis, as a
criterion for choosing the equations, the significance of the regression coefficients at the
significance level of 0.01 and 0.05 probability was used by the F test and in the largest R2.

3. RESULTS AND DISCUSSION

There was a significant effect on the interaction between salinity and inoculation for
photosynthesis (A), conductance (gs), transpiration (E), internal CO concentration (IC), water
use efficiency (WUE), and chlorophyll. While, for leaf temperature (LT), there was an isolated
effect for salinity and inoculation (Table 2).

Table 2. Summary of analysis of variance (ANOVA) for photosynthesis (A), conductance (gs),
transpiration (E), leaf temperature (LT), internal CO concentration (IC), water use efficiency (WUE)
and chlorophyll.

Medium square
DF A gs E LT IC WUE  Chlorophyll

Salinity (S) 4 2.38* 0.013** 0.645* 0.880* 3646.21** 3.58** 8.554"™
Inoculation () 1  29.08** 0.011** 0.008™ 1.067* 2736.16** 7.77** 5.675™

SV

Sxl 4 529** 0.019** 0.693** 0.393™ 1074.64** 4.15**  ©65.54**
Residue 30 0.68 0.00074 0.170 0.223 110.53 0.71 4.663
CV (%) - 16.02 20.27 21.71 1.53 3.54 29.7 6.22

SV: Source of variation, DF: Degree of freedom, I: Inoculation, S: Salinity, CV (%): Coefficient of
variation, **: Significant at the level of 1% probability (p <0.01), *: Significant at 5% probability
level (.01 = <p <.05), ns: Not significant (p> = 0.05).

Regarding the result obtained for photosynthesis, it might be noticed (Figure 1A) that the
increasing linear model was the one that best fit for the inoculated peanut, and decreasing for
the non-inoculated with an increase in the electrical conductivity of the water (CEa).

This result may be associated with the efficiency of biological nitrogen fixation (BNF),
due to the peanut crop and the participation of bacteria; that is, the greater availability of
nitrogen improved the physiological conditions of the plants. Tahjib-UI-Arif et al. (2019)
describe that salts can lead to a lower concentration of chlorophyll (pigment responsible for
photosynthesis); however, the N made available by bacteria may have attenuated the effects of
stress caused by salts, favoring the photosynthetic process.

Corroborating this information, Lucio et al. (2013), when inoculating and irrigating the
melon culture with saline water, found an increase in the nitrogen concentration in the leaves,
providing a higher photosynthetic rate in relation to the treatment without inoculation.

Concerning the stomatal conductance (Figure 1B), for the inoculated plants, the model that
best fit was a polynomial, with a maximum conductance of 0.17 mol m2 s to a CEa of 3.59 dS
m. While for non-inoculated plants, the decreasing linear model was used.

Mbarki et al. (2017) noted that microorganisms, when present in association with plants,
can improve the positive health of the soil, in addition to providing important compounds to
mitigate the negative effects of salts, and thus improve the mechanisms of areas of plants in a
state of stress. The inoculated plants obtained better results; that is, the nitrogen that was fixed
by the inoculation bacteria, produces molecules such as (proline) capable of attenuating the
effect of salinity (Taiz et al., 2017).

Alike, Kaschuk et al. (2009) concluded in their study that the nutritional effect brought by
symbiosis can improve the gas exchange in plants. Lucio et al. (2013), working with the culture
of inoculated and uninoculated melon under saline stress, also found a result similar to the
present study.
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Figure 1. A: Photosynthesis (A), gs: stomatal conductance (B), E: Transpiration (C) and IC:

Internal concentration of CO; (D), of inoculated and non-inoculated peanuts, submitted to
different levels of salinity.

According to Figure 1C, both trend lines fit into a quadratic polynomial. The inoculated
plants had their maximum point 2.22 mmol H>0 m? s? for a CEa of 2.7 dS m™, the non-
inoculated plants, the maximum transpiration was 1.76 mmol H,O m? s with water of
2.27dSmt,

It should be noted that saline stress causes a reduction in water absorption and, consequently,
a lower transpiratory rate. Pereira et al. (2019) state that Na* and CI- when present in the soil
alter the osmotic potential, causing the plant to absorb less water, showing a partial closure of
the stomata and, therefore, less transpiration.

Regarding the positive effect of inoculation, Doni et al. (2014) affirm in their study that the
symbiosis between plants and bacteria/fungi may enhance the entire physiological system of
plants, and thus improve their performance in perspiration. Additionally, Lucio et al. (2013)
got superior results of sweating in treatments that were inoculated compared to those not
inoculated.

Regarding the internal CO> concentration parameter (Figure 1D), the results showed that
both trend lines fit into a decreasing linear model; however, the inoculated plants obtained lower
results. Plants under salt stress end up closing their stomata as a strategy to prevent water loss;
however, they also reduce CO> assimilation and the net rate of its concentration in cells (Taiz
et al., 2017; Tahjib-Ul-Arif et al., 2019)
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Another aspect may be related to the N provided by the symbiosis, and this mineral element
provides greater enzymatic activity and better osmotic adjustment of the plants (Mondal et al.
2020b) and K + by fertilization; that is, both improved the structure of RuBP (ribulose-
bisphosphate carboxylase / oxygenase), making it more efficient (Alvarenga et al., 2019),
showing that the inoculated plants were more suitable in the use of available CO..

Another relevant factor for the behavior of CO: is related to RuBP (ribulose-bisphosphate
carboxylase / oxygenase), which, when working under favorable conditions, increases
carboxylation and suppresses the oxygenation activity of the photosynthetic system, improving
the use of COo; ie, the nitrogen supplied in biological fixation improved the conditions of RuBP
and favored its functioning (Hsiao and Jackson, 1999).

Besides, Oliveira et al. (2017), working with cowpea under saline stress, also registered a
decrease in the internal concentration of CO». These same authors also point out that this result
may have been caused by the lower diffusion of CO2 evidenced by stomatal closure.

The rise in the salinity of the irrigation water increased the leaf temperature linearly (Figure
2A). This is possible because plants under salt stress have great difficulty in absorbing water
from the soil, leading to stomatal closure, consequently reducing perspiration (Taiz et al., 2017)
and increasing leaf temperature. Sousa et al. (2012), when assessing physiological responses of
physic nuts under salt stress, also identified a linear increase in leaf temperature.
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Figure 2. LT: Leaf temperature for the salinity factor (A), LT: leaf temperature for the
inoculation factor (B), Chlorophyll (C) and WUE: water use efficiency (D), of the inoculated
and non-inoculated peanuts, submitted to different levels of salinity

Rev. Ambient. Agua vol. 16 n. 1, e2643 - Taubaté 2021 AN
IPABH1



Physiological responses of inoculated and uninoculated peanuts ... 7

The non-inoculated plants showed higher average leaf temperature values than those not
inoculated (Figure 2B). The symbiosis between plants and bacteria provides better osmotic
adjustment, improving perspiration, and decreasing leaf temperature. It is worth noting that
BNF increases nitrate reductase activity, thus increasing the production of plant hormones and
improving the antioxidant system of plants (Fukami et al., 2018).

Doni et al. (2014), when inoculating the rice culture, affirm that the presence of nitrogen
for the inoculated plants can help in the osmotic adjustment of the plants, therefore increasing
their transpiration rate, and in this way facilitating the decrease in leaf temperature.

The results also showed that for chlorophyll the quadratic polynomial model was the one
that best fit the data, as shown in Figure 2C. The inoculated plants had a maximum amount of
chlorophyll of 32.535 mg dm2in the water of 3.38 dS m™, while the non-inoculated plants had
their maximum of 36.81 mg dm for the water of 3.25 dS m™.

Moreover, the result is in accordance with those reported in the study conducted by Zhang
et al. (2010) which found that salt stress causes swelling and rupture of the thylakoids and the
chloroplast layer, due to the excess of Na* and CI" ions that also inhibit the synthesis of new
chlorophyll molecules.

It is important to highlight that even with the highest amount of chlorophyll, the non-
inoculated plants failed to develop well in photosynthesis because the lower availability of
nitrogen in their organism led to greater damage to the physiological system (Taiz et al., 2017).
On the other hand, the presence of nitrogen for the inoculated plants made them more efficient
in the use of CO; and chlorophyll. This macronutrient is part of the rubisco structure, thus
making the enzyme more effective in its physiological activities (Alvarenga et al., 2019).

Cha-um et al. (2013), also found a decline in chlorophyll concentration due to the increase
in soil salinity in cowpea and jack bean (Canavalia ensiformis) plants.

In Figure 2D, it is possible to observe for the parameter, water use efficiency (WUE), that
the growing linear model was the one that best fits for the inoculated plants. Differently, for the
non-inoculated plants, the quadratic polynomial model was the best-adjusted, with a maximum
WUE of 3.56 ([umol m? s) (mol H20 m2 s%) 1) obtained with the use of water with 3.84 dS
m.

Tahjib-Ul-Arif et al. (2019) warn that if the transpiration rate is compromised, the WUE
values decrease; however, the circumstances that provided better use and water efficiency to
the inoculated plants can be explained by the adequate nutritional supply and, consequently, by
the osmotic adjustment that improved the transpiration and its ability to absorb water and the
production of photoassimilates (Campelo et al., 2019).

Contrary to the results found in this study, Cha-um et al. (2013), when working with
cowpea and jack bean cultures, there was a reduction in water use and efficiency.

4. CONCLUSIONS

Saline stress affected photosynthesis, transpiration, stomatal conductance, internal CO-
concentration, water use efficiency, and chlorophyll, but with less intensity when inoculated with
Bradyrhizobium sp.

The increase in salinity in irrigation water increased the leaf temperature in peanut plants.

The inoculation with mix of rhizobia SEMIA 630 and SEMIA 6144, of Bradyrhizobium
sp is an efficient alternative to attenuate the saline stress in peanut plants regarding the
physiological responses.
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ABSTRACT

Two calculation models of the Specific Denitrification Rate (SDNR) are analyzed to
highlight the sensitivity of this parameter to the Food:Microorganisms ratio in the
denitrification reactor (F:Mpen). One of these models is empirical while the second was
elaborated on a deterministic basis. Both models reveal a linear dependence of SDNR2p°c 0n
F:Mpen and in a first approximation they are comparable only in a narrow range of
concentration of dissolved oxygen (DO) in denitrification, specifically DO=0.25-0.35 mg L™.
These values frequently occur in well designed and well operated sewage treatment plants.
Outside this range, the role of F:Mpen must necessarily be examined in combination with DO
because of the relevant influence of the latter on the efficiency of the denitrification process.

Keywords: activated sludge, biological process, denitrification, nitrogen removal, sewage treatment.

O papel da fracdo alimento/microrganismos nos reatores de
desnitrificacdo: como afeta o dimensionamento e a operagao do
processo de desnitrificacao

RESUMO

Dois modelos de célculo do SDNR-Specific Denitrification Rate sdo analisados para
destacar a sensibilidade deste pardmetro em relacdo a fracdo Alimento/Microrganismos no
reator de desnitrificacdo (A: Mpen). Um desses modelos € empirico, enquanto o segundo foi
elaborado em uma base deterministica. Ambos os modelos revelam uma dependéncia linear de
SDNR2o.c em A:Mpen €, em primeira aproximacao, eles sdo comparaveis apenas dentro de uma
faixa estreita de concentracdo de oxigénio dissolvido (OD) na desnitrificacdo, especificamente
0D=0,25-0,35 mg L. Esses valores ocorrem frequentemente em estacdes de tratamento de
esgoto bem projetadas e operadas. Fora dessa faixa, o papel do A:Mpen precisa ser examinado
em combinagdo com o0 OD devido & influéncia relevante deste Gltimo na eficiéncia do processo

de desnitrificacao.

Palavras-chave: desnitrificacdo, lodo ativado, processo bioldgico, remocéao de nitrogénio, tratamento
de esgoto.
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1. INTRODUCTION

Physico-Chemical and biological processes are used for the removal of nitrogen from
wastewater. The former mainly consists of chlorination or stripping processes and is widely
used for the treatment of industrial wastewaters with high concentrations of ammonia
(Capodaglio et al., 2015; Raboni et al., 2013a; Raboni and Viotti, 2017). Alternatively, the
biological processes are essentially used in the treatment of sewage, as they are significantly
cheaper than physico-chemical processes (Copelli et al., 2015; Subtil et al., 2013; Torretta et
al., 2014; Collivignarelli et al. 2019, Butzen et al. 2020). At present, the most widely used
biological denitrification technology is biological pre-denitrification in activated sludge
treatment processes. Figure 1 shows a typical scheme consisting of an anoxic denitrification
reactor (DEN) placed upstream of the oxidizing-nitrifying aerobic reactor (OX-NIT), which
provides for the removal of BODs and the nitrification of total Kjeldhal nitrogen (TKN )
(Ekama et al., 1999; Gerardi, 2002; Ucker et al., 2012; Major Barbosa et al., 2016; Capodaglio
etal., 2016; Wuhrmann, 2017; Pereira Ribeiro et al., 2018; Abeysiriwardana-Arachchige et al.,
2020; Pires da Silva et al., 2020).

Sludge recycle
g - » Excess sludge

Mixed-Liquor recycle

Chemical sludge

Raw Sewage H? X — Effluent
PT
DIS
L— Air
DEN OX-NIT SED CHEM
LEGEND:
PT - Pretreatment SED - Biological Sedimentation
DEN - Denitrification reactor CHEM - Chemical treatment (P-removal)

OX-NIT - Oxidation-Nitrification DIS - Disinfection
Figure 1. Schematic lay-out of a typical sewage treatment plant with pre-denitrification.

The removal of nitrogen in the pre-denitrification stage is carried out by denitrifying
heterotrophic bacteria capable of reducing nitrates to nitrogen gas through a biochemical
reaction that uses the BODs of the raw sewage as an electron donor. The process has been
widely used in full-scale plants for many years. Nevertheless, the scientific research is very
active in this field, above all to gain a better understanding of the influence exerted by various
parameters on the efficiency of the process, among which is sludge loading in denitrification
(F:Mpen). This parameter proved to be important in the sizing of the pre-denitrification reactor.

Currently, the sizing of the denitrification reactor is based on the parameter Specific
Denitrification Rate (SDNR) defined as follows (Equation 1):

_ _QN
SDNRy = V MLVSS ()

The value at the real temperature T of the mixed-liquor can be calculated by the modified
Arrhenius Equation 2 (Ekama et al., 2011):

SDNR; = SDNR,pec 8T720 2)

Where:
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SDNR Specific Denitrification Rate at the temperature T (kgNOs-N kgMLVSS? d?)
SDNR2oec Specific Denitrification Rate at the temperature of 20°C (kgNOs-N kgMLVSStd™t)
Q AN Load of nitrogen removed in denitrification (kg d)

MLVSS Mixed-Liquor Volatile Suspended Solids in denitrification (kg VSS m)

V Volume of the denitrification reactor (m®)

T temperature (°C)

(temperature coefficient: 9 =1.026 (USEPA, 2009); 6=1.07 (Tchobanoglous et al., 2003).

As defined, the SDNR is given by two contributions: the biochemical reduction of NO3
to N2 and the synthesis of new cells.

Knowing SDNR2oec, it is easy to calculate the volume using Equations (1) and (2). For the
calculation of SDNR2o°c different models are proposed, which take into account the main
variables capable of influencing the denitrification kinetics, which specifically are F:Mpen and
residual oxygen concentration DO.

The present research aims to highlight the influence of F:Mpen in the calculation of
SDNR20-c (and consequently in the calculation of the reactor volume). The scientific literature
reports various data on this influence (Raboni et al., 2013b; 2014a; 2015)

In full scale plants F:MDEN is often found in the range 0.15-0.40 kg BODs d* kgMLVSS™
(Raboni et al., 2017).

2. MATERIALS AND METHODS

The influence of F:Mpen on the sizing of the denitrification reactor can be evaluated
through the analysis of the calculation models of SDNR2oec. In particular, in this research two
models are considered. The first model (Model 1) is very empirical and it correlates SDNR2o°c
with only the variable F:Mpen. This model was first described by Tchobanoglous et al. (2003).
It was later implemented (USEPA, 2010) by introducing a correction factor Fy to the F:Mpen
(Equation 3).

SDNR20°C = 0.029 4+ 0.03 - (Fb /030) (F MDEN) (3)

Fb takes into account the greater or lesser concentration of active biomass in the mixed-
liquor, which in turn depends on the SRT-Sludge Retention Time. For more details on Fb see
USEPA (2010). In biological plants with high efficiency for both oxidation-nitrification and
denitrification the SRT is normally found in the range 18-20 d. With SRT=20 the factor results
Fb=0.35.

The second model (Model II) is more advanced than the first, as it expresses the
dependence of SDNR2o°c not only on F:Mpen but also on DO another variable capable of
significantly influencing the efficiency of the denitrification process (Oh and Silverstein, 1999;
Plosz et al., 2003; Torti et al., 2013; Urbini et al., 2015; Viotti et al., 2016). This model was
elaborated through a deterministic calculation (Raboni et al., 2014b) and then it was validated
by a pilot plant study (Raboni et al., 2014a) and by checking many real-scale plants (Raboni
and Torretta, 2017) (Equation 4).

SDNR,goc = 0.0864 ( Zo

DO
KO+D0) + 005 F MDEN * nBOD * (m) (4)

Where:

K’0=0.18 mgO, L%;
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neop: removal efficiency of BODs (7sop=0.85-0.95 depending on the value assumed by
F:Mpen).

3. RESULTS AND DISCUSSION
Figure 2 shows the trend of SDNR2o-c as a function of the F:Mpen, according to the two

models under study. Model Il is represented at 5 different DO values. Due to the mathematical
structure of the equations, all curves represented are straight lines.

— 0.08
a |l------ Model |
g Model Il at different DO
&£
. DO=0.1mgL?
- 0.06 4
=
Z'm DO=0.2 mgL*
O //
2
o0 DO=0.3mgL?
o 1 DO=0.4mgL?
9 DO=0.5mgL!
(]
=
(]
N
0.02 T T T T T T T ]
0.10 0.20 0.30 0.40 0.50

Figure 2. SDNR2o-c as a function of F:Mpen, according to the two calculation models
(Model Il is represented at different DO).

The observation of the Figure leads to three important considerations:

a) the variable F:Mpen affects the SDNRzoec in a directly proportional way, i.e., each
increase determines a proportional increase in the SDNR2oec. In this regard, however, it must
be considered that there is a limit to this progressive growth beyond which a strong wash-out
of the denitrifying bacteria can occur. As the denitrifying bacteria are heterotrophic in nature
(like BOD oxidizing bacteria), the typical limit not to be exceeded is close to F:Mpen=0.40 kg
BODs d* kgMLVSS™ (in plant design a slightly lower values is suggested, close to 0.3 kg
BODs d* kgMLVSS™).

b) DO proves to be a variable of considerable importance, especially if the sizing and
operation of the plant are such as to maintain dissolved oxygen concentrations appreciably
lower than DO=0.3-0.4 mg L*. For DO below this range, there is a progressive and more than
proportional increase in SDNR2o-c. Several solutions are feasible to achieve this result (Viotti
et al., 2016; Urbini et al., 2015)

¢) the line of Model I as a first approximation is comparable only with two lines of Model
1, those characterized by DO=0.3 mg L and DO=0.4 mg L. In fact, the range DO=0.3-0.4
mg L is frequently found on full scale plants (Raboni and Torretta, 2017).

Figure 3 shows the deviation of the SDNR2o-c values of Model | from Model 11. Deviation
is defined as the % difference between the SDNR2o°c Of the models at the same value of
F:Mpen. It can be observed that the deviation is quite limited, as it is mostly in the = 5% range.
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Instead, in Figure 3, which shows the deviation of Model | from Model 11 (the latter at various
DO values), the deviation falls within the range of 5% only in a very narrow range of DO
(approximately DO=0.30-0.35 mg L%). These findings are a further confirmation of the limited
field of validity of the empirical model and also how important is the influence of DO in the
denitrification process, especially when the same DO values are outside the above-mentioned
range.

30
20
= DO=0.2mg !
S 10
=
=
E 0 DO=0.3mgL"
E
) D0O=0.35mg
00 DO=0.4mgL"!
+ 5% Deviation interval
-20
mc DO0=0.5mgL?
C—

-30
F:Mpn (Kg BOD; - d-! - KeMLVSS-1)

Figure 3. Deviation of SDNR2-c of Models | from Model 11 (at different DO), as a
function F:Mpen.

Figure 4 shows the % fraction of SDNR2oec, as a function of F:Mpen, assuming that the
value relative to F:Mpen=0.3 kg BODs/kg MLVSS? d? is equal to 100%.

100 =
95 4
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I— DO=0.4mg L

75 1 l—DC)=O.5mgL‘1
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Figure 4. Fraction (%) of SDNR2c, as a function of F:Mpen, at
different DO (curves are referred to Model Il; SDNRx-c relative to
F:Mpen=0.3 is assumed equal to 100%).
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It is noted the linear trend of all models. As regards to Model 11, in correspondence of
D0O=0.3 mg L, a 6% reduction of SDNRzo-c is observed for any reduction of F:Mpen=0.1
kgBODs/d!- kg MLVSS™. A reduction less and less marked occurs at lower DO values and
vice versa at higher values.

9 SDNRgoc

Figure 5 shows the mathematical derivative ~— F.MDEN. relative to models | and I1. In this

sensitivity analysis, this derivative has a significant importance because it expresses the direct
response of SDNR2o-c to the stresses of F:Mpen.

______ Model |
Model 1l at different DO
0.04 -
r—~ T
2 dﬁ DO=0.5mgL*
!ii @) 0.03 DO=0.4mgL?
= m
o s DO=0.3mgL™
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e
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% O 0.02
Zz
a =10}
~ %’ DO=0.1mgL?
0.01 T T T T T T
0.10 0.20 0.30 0.40

F:Mppy (Kg BOD,-dKgMLVSS'!

Figure 5. Derivative of SDNR2-c with respect to F:Mpen, as a function of
F:Mopen, according to Models | and Model 11 (at different DO).

As it can be seen, all derivatives are constant, due to the linear dependence of F:Mpen from
SDNR2o-c. However, these constants differ significantly from case to case. In particular, with
reference to Model II, they tend to get close to each other as DO concentrations increase.

Figure 6 shows very well the trend of the same derivative as a function of the DO. It is an

increasing logarithmic curve with an asymptotic tendency to the value % = 0.45 kg

NOs-N kg BODs?. The strong initial gradient of the curve proves the lower sensitivity of
SDNRg2oec to F:Mpen at small DO concentrations, and vice versa. This graph is a further
confirmation of how much also the DO variable can affect the denitrification kinetics and the
consequent performance of the process.

Overall, the results of the present analysis highlight the need to keep the F:Mpen as high
as possible to favor the SDNR2-c and consequently acquire advantages in terms of reactor
sizing and denitrification efficiency. However, F:Mpen cannot exceed the limit beyond which
the sludge retention time-SRT is too small to determine the wash-out of the denitrifying
heterotrophic bacteria, with consequent losses in efficiency. This limit is approximately in the
range F:Mpen = 0.3-0.4 kgNOs-N kgMLVSS™ d* where the lower value is suggested. There is
full evidence that the incidence of the variable F: Mpen on SDNR2oec should be examined in
combination with the residual DO values in denitrification, which also significantly affects the
efficiency of the process.
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Figure 6. Derivative of SDNR2oc with respect to F:Mpen (according to
Model I1) as a function of DO.

4. CONCLUSIONS

The sizing of the biological pre-denitrification reactors as well as the denitrification
efficiency are closely related to SDNR-specific denitrification rate. Two mathematical models
used for the calculation of SDNR2o-c indicate a growing linear dependence of this parameter on
the sludge loading in denitrification (F:Mpen). Therefore high values of F:Mpen favor the
SDNR20-c and consequently the sizing of the denitrification volume as well as the
denitrification efficiency. However, F:Mpen cannot exceed the limit beyond which the sludge
retention time-SRT becomes too small to determine the wash-out of the denitrifying
heterotrophic bacteria, with consequent losses in efficiency. This limit is approximately in the
range F:Mpen=0.3-0.4 kgNO3-N kgMLVSS? d* where the lower value is suggested.

Of the two models examined, one is purely empirical and the other more advanced, of a
deterministic type. The empirical model expresses the SDNR2o-c as depending on the single
variable F:Mpen. Instead, the deterministic model expresses the SDNR2o-c as depending also
on the dissolved oxygen in denitrification (DO).

The two models prove to be comparable only in a narrow range of DO (about DO=0.25-
0.35 mg L). However, values within this range are frequently found in well-designed and well-
operated sewage treatment plants. Outside this range, the incidence of DO is relevant and cannot
be neglected. All observations demonstrate a sensitivity of SDNR2g°c to F:Mpen just as lower
as smaller the DO concentrations are (DO<0.3 mg L™?). At DO>0.3-0.4 mg L this sensitivity
tends progressively to grow towards an asymptotic value. There is extensive evidence that the
impact on the process of the variable F:Mpen should be examined in combination with the
residual DO in denitrification.
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ABSTRACT

In the design of hydraulic engineering works, the estimation of project precipitation is
fundamental. Rain forecasting depends on several factors, which makes estimating it simpler
with stochastic processes. In this sense, the distributions of Gumbel (GUM), Log-Normal two-
parameter (LN2P), Generalized Extreme Value (GEV), Fréchet with two and three parameters
(FRE2P and FRE3P), Weibull with two and three parameters (W2P and W3P), Gamma
(GAMZ2P), and Pareto with two and three parameters (PAR2P and PAR3P) were evaluated to
the annual maximum daily precipitation (AMDP) adjustment in the city of Caruaru
(Pernambuco’s Agreste). A series of AMDP was used, based on data obtained from the National
Water Agency (Agéncia Nacional de Aguas - ANA). Anderson Darling (AD), Kolmogorov-
Smirnov (KS) and Pearson Chi-square (¥2) adherence tests, and the determination coefficient
(R?) were used to assess the adherence quality of the distributions. The Likelihood Method
presented a better fit quality than the Moment Method. The GEV distribution obtained the best
results for the AD test in both methods to estimate the parameters. Among the adherence tests
used, the AD test was considered the most restrictive. To verify the quality parameters’ fitness
to the IDF relations, the Willmott performance coefficient was used. For all distributions
employed in this study, Willmott performance coefficients presented values above 0.99, giving
a perfect fit of IDF relations with determination coefficients close to 1.0.

Keywords: likelihood method, method of moments, statistical hydrology.
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Distribuicdo de probabilidade de chuvas intensas e determinacao de
IDF no municipio de Caruaru - PE

RESUMO

No projeto de obras de engenharia hidraulica, a estimativa de uma precipitacdo de projeto
é extremamente importante. A previsdo de chuva depende de vérios fatores, o que simplifica
sua estimativa com processos estocasticos. Nesse sentido, as distribuicdes de Gumbel (GUM),
dois parametros Log-Normal (LN2P), valor extremo generalizado (GEV), Fréchet com dois e
trés parametros (FRE2P e FRE3P), Weibull com dois e trés parametros (W2P e W3P), Gamma
(GAM2P) e Pareto com dois e trés parametros (PAR2P e PAR3P) foram avaliadas quanto ao
ajuste de precipitacdo diaria maxima anual (AMDP) na cidade de Caruaru (agreste de
Pernambuco). Foi utilizada uma série de AMDP, com base em dados obtidos na Agéncia
Nacional de Aguas (ANA). Para avaliar a qualidade da aderéncia das distribuicdes, foram
utilizados os testes de aderéncia Anderson Darling (AD), Kolmogorov-Smirnov (KS), Qui-
quadrado de Pearson (y2) e o coeficiente de determinacdo (R?). O Método da Verossimilhanca
apresentou uma qualidade de ajuste melhor que o Método do Momento. A distribuicdo GEV
obteve os melhores resultados para o teste AD nos dois métodos para estimar 0os parametros.
Entre os testes de adeséo utilizados, o teste de AD foi considerado o mais restritivo. Para
verificar a adequacao dos parametros de qualidade as relacdes IDF, foi utilizado o coeficiente
de desempenho Willmott. Para todas as distribui¢cfes empregadas neste estudo, os coeficientes
de desempenho de Willmott apresentaram valores acima de 0,99, proporcionando um ajuste
perfeito das relagdes IDF com coeficientes de determinagdo proximos de 1,0.

Palavras-chave: hidrologia estatistica, método da verossimilhanca, método dos momentos.
1. INTRODUCTION

For the proper management of the waters of a region, hydrological knowledge is necessary,
with the characterization of water flow and extreme events of maximum and minimum
precipitation. In the case of intense rain events, studies can be applied to understand the
hydrological behavior of river basins to control floods, as well as to estimate project flows for
the design of hydraulic structures (Caldeira et al., 2015). As a rain event is a continuous random
variable, it can be represented by theoretical probability distributions (Gandini and Queiroz,
2018).

Therefore, Junqueira Jr. et al. (2015) indicates that the adjustment to a probabilistic model
that best describes the process is necessary for the estimation of extreme events. There are
several probabilistic models applicable to modeling maximum annual events of hydrological
variables. In Brazil, the adjustment by more simplified theoretical probability models has been
commonly observed, such as Log-Normal (with two and three parameters) and Gumbel
distributions (Caldeira et al., 2015). However, according to Back (2001), even if a distribution
provides a good fit for a series of data, its application cannot be generalized, and it is
recommended that several distributions for a data set be tested. Thus, Blain and Meschiatti
(2014) analyzed the performance of the Wakeby, Kappa, and Generalized Extreme Value
distributions in estimating annual maximum total precipitation (daily, two, and three days) in
the city of Campinas — SP. Borges and Thebaldi (2016) used the models of Gumbel, Fréchet,
Gama, and Log-Normal (with two and three parameters) in the analysis of AMDP for the
municipality of Formiga - MG.

Another important factor in the characterization of rainfall is the estimation of the
parameters of the distributions of random variables, which can be done numerically. In general,

Method of Moments (MM) (Oliveira et al., 2008; Silva and Oliveira, 2017) and Maximum
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Likelihood Method (ML) (Alves et al., 2013; Rodrigues et al., 2013; Cotta et al., 2016; Santos
etal., 2018), or both (Mello and Silva, 2005; Franco et al., 2014; Alcantara et al., 2019a; 2019b)
are widely used in the literature.

In this sense, the state of Pernambuco has different rainfall activities throughout its
territory. In general, the pluviometric index increases as it approaches the coast, where the
extreme precipitations are more significant and intense. Comparatively, according to Ferreira
et al. (2018), in the State of Pernambuco, monthly rainfall has greater variability and less
predictability in the regions near Zona da Mata and Agreste than in the Sertdo mesoregion. In
addition to this characteristic, the rains in Agreste of the state are increasingly punctual, which
increases annual maximum daily precipitation (AMDP), resulting in a higher occurrence of
extremely dry events compared to other mesoregions (Nébrega et al., 2015). Thus, this study
evaluated the distribution of random variables of Gumbel (GUM), Log-Normal two-parameter
(LN2P), Generalized Extreme Value (GEV), Fréchet with two and three parameters (FRE2P
and FRE3P), Weibull with two and three parameters (W2P and W3P), Gamma (GAM2P),
Pareto with two and three parameters (PAR2P and PAR3P) adjusted to AMDP events, in the
city of Caruaru, in the Agreste region of the state of Pernambuco. It also obtained and evaluated
the intensity-duration-frequency (IDF) equations parameters from the aforementioned
probabilistic models.

2. MATERIALS AND METHODS

2.1. Location and characterization of the experimental area

The study was carried out for the city of Caruaru, in the Agreste of Pernambuco’s state,
130 km away from the capital, Recife. Caruaru is located in an area with a tropical climate of
semi-arid type. But, due to its modest altitude, it presents less severe aridity, with hot and dry
summers and mild and relatively rainy winters. According to the Képpen classification, the
climate of Caruaru is classified as hot and humid tropical, with a dry season in winter (Medeiros
etal., 2018).

2.2. Acquisition of rainfall data

The data were collected on the Hidroweb portal of the National Water Agency (ANA,
2019). The chosen station was the rainfall station with the code 835106 (Latitude -8.302792;
Longitude -36.010798), operated by the Mineral Resources Research Company (Companhia de
Pesquisa de Recursos Minerais - CPRM), under the responsibility of ANA.

The years 2006 and 2012 had no data. The maximum daily rainfall in those years was
obtained using data from pluviometric stations of the Pernambuco's Water and Climate Agency
(APAC, 2019). Therefore, the analysis of the years of interest resulted in data from three
stations (24, 211, and 484), from which the values 48.9 and 49.4 were obtained, for 2006 and
2012, respectively. With this information, the missing data of the historical series of the station
to be studied were filled in, resulting in the data in Table 1.

2.3. Empirical Distribution
The data obtained were organized in decreasing order, and from these values, the empirical
function was determined using the California Method (Equation 1).

Femp == (1)

n

Where Femp is the surplus empirical frequency; n is the size of the historical series; i is the
position occupied by the data in the series.
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Table 1. The historical series of annual maximum daily rainfall for the city of Caruaru after filling
the missing data.

Year Annual maximum precipitation (mm) Year Annual maximum precipitation (mm)

1979 47.3 1999 39

1980 47.3 2000 55.4
1981 58.3 2001 82.6
1982 72 2002 56.4
1983 76 2003 27.1
1984 92 2004 62.9
1985 186.8 2005 89.7
1986 59 2006 48.9
1987 50 2007 36.6
1988 80.8 2008 50

1989 48.6 2009 50

1990 46.4 2010 134.2
1991 68.8 2011 75.2
1992 30.4 2012 49.4
1993 61.9 2013 40.7
1994 42.7 2014 21.3
1995 49.8 2015 20.9
1996 26.6 2016 26.2
1997 40.5 2017 150.6
1998 36.1 2018 36.3

Source: ANA (2001); adapted APAC (2019).

2.4. Theoretical Distribution

In this work, the extreme precipitations were adjusted to the probability distributions of
Gumbel (GUM), Weibull (W2P), Log-Normal (LN2P), Gamma (GAMZ2P), Pareto (PAR2P),
Frechet (FRE2P), Generalized Extreme Value (GEV), Weibull with 3 parameters (W3P),
Fréchet three parameters (FRE3P), Pareto with 3 parameters (PAR3P). Table 2 shows the
Probability Density Functions (PDFs) and the description of their respective parameters
expressed by Equations 2 through 11.

2.5. Parameter Estimation

In this study, two methods were used, the Maximum Likelihood Method (ML) and the
Method of Moments (MM). Naghetthini and Pinto (2007) describe these methods.

The function FindDistributionParameters (Find distribution parameters) was used for
adjusting the data to the probabilistic distribution. This function receives the rain data, the
probabilistic model, and the parameter estimator as input. The parameter estimator is the
numerical method used to estimate the values of the parameters.
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Table 2. Probability Density Functions used and the description of the respective parameters.

Distribution Probability Density Function Description of parameters
-xX+a
GUM e—eTf’C;“ ? a — location parameter
fi(x) = # B — scale parameter
@ -1+a
B x a — shape parameter
w2p e (3) © o
fe(x) = B B — scale parameter
_ 2
—% a — first sample moment
LN2P ey € (4) d I
x VZrxB B — second sample moment
GAM2P e_%x‘““[)’—“ 5) a — shape parameters
fx(x) = I'(@) B — scale parameter
PARZP £ = x-1Pabp 6) a — minimum value parameter
[ — shape parameter
-« -1-a
“\B x a — shape parameter
FRE2P ) (ﬁ) @ pep
fe(x) = B B — scale parameter
f(3) -1 1 a — location parameter
—_ K —-1—-=
GEV e_(1+(x ﬁa)K) <1 + (€ 0()") K (8) B — scale parameter
= 3 p Kk — shape parameter
(x—x)“ ¥ — e\t a — shape parameter
W3P £ = et r a( B ) (9) B — scale parameter
* B Kk — location parameter
_(x’%x>_“ x — 1\ "1 a — shape parameter
FRE3P £00) = € a( B ) (10) B — scale parameter
* B Kk — location parameter
X+ a —Kx\-1B a — minimum value parameter
PAR3P ( a ) (11) B — shape parameter

fi(x) =

Kk — location parameter

2.6. Adherence Test

To assess the adherence of theoretical statistical distributions to the empirical probability
distribution, if Fexc is suitable for Femp, the tests of Anderson Darling (AD) (Equation 12),
Kolmogorov-Smirnov (KS) adherence tests (Equation 13) and Pearson's chi-square (y2) were

used (Equation 14).

+00 [Femp—Fexc]?
AD = f_oo (—Fexclfl_Fexc] PDF) dx (12)
Dy = sup [Fy(x) —FX)| (13)
—o0<X<0
2
Femp—Fexc
3P = S, et (14)

Femp
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The determination coefficient (R?) was used to quantify the quality of statistical
adjustments (Equation 15). R2 determines the correlation of the variance in the experienced
values that can be attributed to those observed, thereby expecting the value of 100%.

2 _1_30
R?=1-_F (15)

Where SQE is the sum of the residue squares, and SQr is the sum of the total squares.

2.7. Rainfall Disaggregating

The method of disaggregating rainfall developed by DAEE/CETESB (1980) adopts the
average factor of 1.14 for the transformation of maximum rainfall of 1 day into a rainfall of 24
hours. Factors of 0.85; 0.82; 0.78; 0.72; and 0.42 are used to reduce the rainfall of 24 hours into
rains of 12h, 10h, 8h, 6h, and 1h, respectively. The 30-minute rainfall is obtained by multiplying
the 1-hour rainfall by 0.74; and to obtain the 25, 20, 15, 10, and 5 min rains, the rain of 30 min
is multiplied by 0.91; 0.81; 0.70; 0.54; and 0.34, respectively.

2.8. Intense rain equation

For the characterization of extreme rainfall, it is necessary to determine empirical
equations called intensity-duration-frequency (IDF) equations, or intense rainfall equations
(Equation 16) (Bertoni and Tucci, 1993):

, aTb
L= W (16)

Where i = is the precipitation intensity in mm/h; T = is the precipitation return period in
years; t = is the duration of precipitation in minutes; a, b, ¢, and d = are statistical adjustment
parameters.

The NonLinearModelFit function was used for performing the non-linear adjustment of
the IDF parameters. This function receives as input the disaggregated rain data and the
distribution parameters and makes the numerical adjustment of the IDF parameters.

The routine used to calculate the distribution parameters, the IDF parameters, and the
adjustments can be observed in: https://github.com/ravellys/PAER.

2.9. Statistics of the IDFs' adjustment

To evaluate the performance of this adjustment, the coefficient (R2) (Equation 15), Root
Mean Squared Error (RMSE) (Equation 17), and the performance coefficient (C) (Equation 18)
were used, proposed by Camargo and Sentelhas (1997), obtained by the multiplication of the
Willmott index (d) (Equation 19) with Pearson's correlation coefficient (r) (Equation 20).

1

RMSE = {%[ N (Fobs — Fcalc)z]}E (17)

C=rxd (18)
— 1 _ Y (Fobs—Fcalc)?

b=1 [Z(|Fcalc—f0bs|—|F0bs—fobs |)2] (19)

_ |X(Fcalc—Fobs)?
= \l Y (Fobs—Fobs )2 (20)
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Where Fcalc: calculated frequencies, Fobs: observed frequencies, Fobs: average of
observed frequencies.

As a method to interpret the performance of the distributions' adjustment, the criteria of
the index C was used. According to Camargo and Sentelhas (1997), this indicator is excellent
for C values higher than 0.85.

3. RESULTS AND DISCUSSION

Table 3 shows the results of the parameters for each model of distribution of random
variables estimated by the MM and the ML with the respective adherence and determination
coefficient tests for the set of Caruaru's city rainfall data.

Table 3. Parameters of the distributions of random variables estimated by the
MM and the ML with the respective adherence tests and determination
coefficients for the city of Caruaru.

Parameters of random distributions

Distribution MM ML
o B K a B K
GUM 46.01 20.84 - 44.26 26.17 -
W2P 1.91 67.35 - 1.83 66.81 -
LN2P 3.96 0.48 - 3.95 0.53 -
GAM2P 421 14.10 - 3.05 19.47 -
PAR2P 20.90 1.09 - 39.78 3.03 -
FRE2P 2.30 41.63 - 3.32 45.68 -
GEV 43.71 18.76 0.21 43.93 22.16 0.11
W3P 41.20 1.19 20.52 1.00 33.56 25.80
FRE3P 4,76 89.21 -45.49 3.02 13.57 18,52

PAR3P 92675.41 2409.95 20.90 171358.42 4473.06 21.19

The GUM distribution presents position and scale parameters close to those of the GEV
distribution. These parameters were estimated according to MM and ML, respectively. In a
study similar to this one, for the municipalities of Afogados da Ingazeira, Recife, Rio Formoso,
Petrolina and Toritama, Alcantara et al. (2019a) also found this similarity. On the one hand,
there is also a similarity between the parameters estimated by GUM, W2P, LN2P, GAM2P,
FREZ2P, and GEV, according to MM, and FRE3P, which was estimated according to ML. On
the other hand, the values predicted by PAR2P, W3P, and PAR3P show significant differences
when comparing the determinations done by MM and ML. It is also possible to observe that the
value estimated by PAR3P is very different from the other two, according to MM and ML.

The results of the tests of adherence and determination coefficient (R%) were obtained and
ordered in decreasing sequence, and are presented in Table 4.

At the analysis of the statistical tests, the distributions whose results were less than 0.05
(significance level of 5%) were considered unsatisfactory. In general, it is observed that the ML
presented more satisfactory distributions than the MM, which was also observed by Back
(2001) and Alves et al. (2013). For MM, it is observed that the distributions of PAR2P and
FRE3P failed in all adhesion tests. According to ML, PAR2P was also unsatisfactory for all
analyses, while the distribution of PAR3P did not obtain good results in either case. W2P was
another distribution that did not present a sound adjustment to the tests at a level of 5% of
significance. This fact goes against those found in the literature, where distributions to two
parameters are often determined as excellent (Silva et al., 2012; Aragéo et al., 2013; Finkler et
al., 2015).
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Table 4. Ranking in decreasing order of the adhesion tests and determination coefficients for
MM and ML.

Distribution 2  Distribution AD  Distribution = KS  Distribution  R?

FRE2P 0.97 GEV 0.76 GEV 0.97 GEV 0.988

GUM 0.80 LN2P 0.73 LN2P 0.93 LN2P 0.985

GEV 0.71 GUM 0.37 GUM 0.88 GUM 0.973

LN2P 0.56 GAM2P 0.32 W3P 0.75 W3P 0.968

MM GAM2P 0.56 W2P 0.17 GAM2P 0.71 GAM2P 0.966
PAR3P 0.27 PAR3P 0.08 W2P 0.68 FRE2P 0.966

W3P 0.21 FRE2P 0.03* FRE2P 0.41 W2pP 0.951

W2pP 0.02* W3P 0.01* PAR3P 0.27 PAR3P 0.937

PAR2P 0.00* PAR2P 0.00* PAR2P 0.01* PAR2P 0.861

FRE3P 0.00* FRE3P 0.00* FRE3P 0.00* FRE3P 0.000

LN2P 0.95 FRE3P 0.93 FRE3P 0.99 LN2P 0.992

GEV 0.89 GEV 0.93 GEV 0.99 GUM 0.991

FRE3P 0.89 LN2P 0.85 LN2P 0.95 FRE3P 0.990

W3P 0.38 GUM 0.70 GUM 0.79 GEV 0.990

ML GUM 0.27 FRE2P 0.63 W3P 0.75 GAM2P 0.984
GAM2P 0.24 W3P 0.56 FRE2P 0.75 W3P 0.977

FRE2P 0.21 GAM2P 0.49 GAM2P 0.71 FRE2P 0.973

PAR3P 0.21 W2pP 0.18 W2pP 0.63 W2pP 0.956

W2pP 0.08 PAR3P 0.08 PAR3P 0.24 PAR3P 0.934

PAR2P 0.00* PAR2P 0.00* PAR2P 0.00* PAR2P 0.739

* Not significant in significance level of 5%.

Considering each adherence test individually, the AD test proved to be the most rigorous,
failing five distributions, which were FRE2P, W3P, PAR2P, FRE3P (by MM), and PAR2P (by
ML). When comparing the rigor of the adhesion methods, Beskow et al. (2015) and Franco et
al. (2014) affirm the severity of the AD test compared to KS and 2. This occurrence may have
happened due to the greater precision that the AD test showed in the upper and lower tails of
the distribution (Naghettini and Pinto, 2007). In this perspective of rigor, Douka and Karacostas
(2018) indicate that AD is more appropriate for assessing extreme precipitation events. The KS
test was the least rigorous, as pointed out by Caldeira et al. (2015), failing only the distributions
of PAR2P and FRE3P (by MM) and PAR2P (by ML). The coefficient of determination R?
showed a good or very good fit (> 0.90) for all distributions, except for PAR2P, FRE3P (by
MM), and PAR2P (by ML); this last one failed at all significance levels by the ML adherence
tests. Almost as strict as the AD test, the 2 test rejected four methods, which were W2P,
PAR2P, FRE3P (by MM), and PAR2P (by ML). For this test, Finkler et al. (2015) indicate a
rigor in the interpretation of results and should be considered when choosing the most
appropriate function for the series of minimum flows.

Gumbel distribution has been used in several studies of extreme rainfall, showing a better
adjustment to 60% of the data series of 100 pluviometric stations in the state of Santa Catarina
(Back, 2001). However, based on the previously discussed arrangements, it was not satisfactory
for the test in the present study, neither by MM nor ML. This result reinforces the need for
evaluating different estimation methods. Other studies have also found better adherence to other
distributions when compared to Gumbel, such as Weibull (Aragédo et al., 2013) and GEV (Ben-
Zvi, 2009).

As for MM, the GEV distribution showed the best results for the AD and KS tests, in
addition to having the best R% The FRE2P distribution showed an excellent result for the y?
test, coming very close to the unit, even though it failed the AD test. For the ML, the FRE3P
distribution, which was not adjusted by any statistical test by MM, obtained the best results for
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the AD and KS tests. Therefore, it was bound with the GUM distribution in the second position
in the y? test and presented an R2 very close to the unit (0.990). Another highlight is the GEV
distribution, which, as in the previous case, was well in all tests, showing an R? tied with the
FRE3P distribution. Some works found in the literature point to better adequacy of GEV
compared to GUM (Alves et al., 2013; Franco et al., 2014; Nguyen and Nguyen, 2016). The
distribution of LN2P presented the best result for the % test and the R2.

Regarding the Weibull distribution, the insertion of three parameters (W3P), compared to
two parameters (W2P), showed a simple increase in the adhesion and R? tests, except for the
AD test by MM. Even with this increase, Weibull's distribution was not so satisfactory. The
sound adherence to the Log-Normal variable, in this study, showed that W2P, may be related
to the fact that the variable is positive and has an asymmetry coefficient greater than zero,
making it widely applied in studies of maximum precipitation (Naghettini and Pinto, 2007).

Given these results, it is possible to infer the distributions that best fit. GEV, LN2P, and
GUM were applied using the MM method. For the ML, the three best distributions were LN2P,
GEV, and FRE3P. Figure 1 shows a comparison between them, where their theoretical curves
are an interpolation of the empirical data.

A B
1
% o Empirical o Empirical
0.8 1§ Frequency Frequency
Sak —GUM \ —LN2P
‘C. 7 -
g 0.6 —r ——GEV
g > ._.
€04 - LN2P ) FRE3P
[ \ A
02 - %@ 2 k
0 = = O 0 - ’S—;%——._Q

20 45 70 95 120 145 170 195 20 45 70 95 120 145 170 195
Pmax (mm) Pmax (mm)

Figure 1. Comparison between Observed and Estimated Frequency for the 3 best adjustments

according to MM (A) and ML (B).

For MM, it is observed that the three distributions show very similar behavior with the
GUM distribution going slightly out of the pattern of the others in the case of events with high
frequency. This result was expected, considering that these distributions were the best classified
by the adhesion and R? tests. Also, similar results for the GEV and LN2P distributions are
reflected in the behavior of their almost overlapping curves.

The distribution of GEV also showed a proper adjustment by the ML. The same result can
be seen in Blain (2013), who analyzed a pluviometric station in the city of Campinas, in the
state of Sdo Paulo from the year 1980 to 2012. It is noticeable that the three distributions are
almost entirely overlapping, indicating the consistency of the excellent results obtained in the
tests for them and their capability of representing the behavior of the rain data. In comparison
with the theoretical frequency curves obtained by MM, the curves obtained by ML visually fit
better with the empirical frequency data. This result was also expected because, according to
the results of the two methods, the parameters obtained by ML did better in all tests and also
had a better R? determination coefficient.

In possession of the parameters of the theoretical frequency distributions estimated by both
methods (MM and ML), it was possible to determine the IDF parameters that fit Equation 14,
and which represent one of the final objectives of this work. Table 5 presents the parameters ‘a',
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'b', 'c’, and 'd' from MM and ML with their respective statistical criteria: R2, RMSE, r, D, and
C.

Table 5. IDF parameters estimated by MM and ML for the distribution of random variables with the
statistics and classification of the adjustment of the IDF parameters obtained by disaggregating
extreme precipitations.

Parameters IDF Statistics
Distribution Performance
a b c d R2 RMSE R D C

GUM 78343 022 1183 0.77 0999 229 0.999 1.000 0.999 Excellent

W2P 856.73 0.18 11.83 0.77 0999 328 0.999 0.999 0.998 Excellent

LN2P 719.09 025 1183 0.77 0999 248 0.999 1.000 0.999 Excellent

GAM2P 80341 021 1183 0.77 0999 271 0.999 0.999 0.998 Excellent

MM PAR2P 499.04 0.33 1183 0.77 1.000 867 1.000 1.000 1.000 Excellent
FRE2P 553.14 031 1183 0.77 1000 237 1.000 1.000 1.000 Excellent

GEV 70450 025 1183 0.77 0999 210 0.999 1.000 0.999 Excellent

W3P 72522 025 1183 0.77 0999 335 0.999 0.999 0.998 Excellent

FRE3P 34415 023 1183 0.77 1000 2.10 1.000 1.000 1.000 Excellent

PAR3P 746.70 0.27 1183 0.77 0999 397 0.999 0.999 0.998 Excellent

GUM 73883 0.19 1183 0.77 0999 297 0.999 0.999 0.998 Excellent
W2pP 860.32 0.17 1183 0.77 0999 341 0.999 1.000 0.999 Excellent
LN2P 719.23 023 1183 0.77 0999 277 0.999 0.999 0.999 Excellent
GAM2P 792.07 019 1183 0.77 1000 329 1.000 1.000 1.000 Excellent
PAR2P 262.16 092 1183 0.77 1000 141 1.000 1.000 1.000 Excellent
FRE2P 500.78 044 1183 0.77 1000 151 1.000 1.000 0.999 Excellent
GEV 62755 029 1183 0.77 0999 253 0.999 0.999 0.998 Excellent
W3P 769.38 0.22 1183 0.77 1000 3.35 1.000 1.000 0.999 Excellent
FRE3P 62755 0.29 1183 0.77 0999 074 0.999 0.999 0.998 Excellent
PAR3P 746.01 0.27 1183 0.77 0999 3.85 0.999 1.000 0.999 Excellent

MS

For MM, parameters ¢ and d presented identical values for all distributions. The 'b'
parameter shows little variation between distributions. The 'a’ parameter, however, was the one
with the most significant values disparity when comparing the distributions. Focusing on the
distributions that passed the adhesion tests and obtained better results, namely, GUM, GEV and
LN2P the results of 'a' are relatively similar. The results for 'a’ that are most discrepant from the
others are precisely the distributions that did not fit the probabilistic model by any test, FRE3P,
and PAR2P.

As for the ML, it is worth noting that parameters 'c’, and 'd" showed the same values as
their counterparts estimated by MM. The values of parameter 'b' varied more in relation to its
counterpart estimated by MM. The 'a' parameters estimated by ML are similar to those
estimated by MM for their respective distributions. Exceptions are the PAR2P and FRE3P
distributions, which did not pass any adherence tests when having their parameters estimated
by the MM. Even though the FRE3 distribution was well adjusted when having its parameters
evaluated by the ML.

Both parameters estimated by MM and ML achieved optimum performance for all
distributions, showing that the IDF equation can describe the theoretical behavior of all
distributions, even for those that failed the adherence tests. In a similar study for the capitals of
the northeastern Brazilian states, Silva and Oliveira (2017) obtained very satisfactory results
for the distribution of GUM. For all cities, it had an excellent performance with C ranging from
0.951t0 0.99 and R2 of 0.99 in all capitals. Besides, Santos et al. (2009) carried out similar works
for the state of Mato Grosso, obtaining an average R2 determination coefficient of 0.98.

Figure 2 shows the IDF curves for the return times of 2, 10, 50, and 100 years for the
distributions that adhered to the empirical data for MM (Figure 2A) and ML (Figure 2B).
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Figure 2. IDF curves for distributions that fit the empirical data by MM (A) and ML (B) in the
municipality of Caruaru-PE.
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The distribution of GEV to MM (Figure 2A) obtained the best result in the AD test. Hence,
its curve is better able to describe extreme events, even if in comparison with other curves,
predicting less heavy rains for the same duration in the return times of 2 and 10 years. For return
times of 50 and 100 years, its curve was in the middle, where the PAR3P distribution
overestimated the rain intensity for these return times.

In the case of the curves developed from ML (Figure 2B), the IDF curves of FRE3P and
GEV appear overlapping all the time, making it impossible to separate them visually. This
outcome was expected since both obtained surprisingly similar results in the adhesion tests.
Both were also tied with the best performance in the AD test, so they are recommended to
predict extreme events. Its curves occupy an intermediate position among the others. It is
interesting to notice that the FRE2P distribution curve (ML) estimates the lowest intensities for
the 2-year return time. However, with the increase of the return time, it starts to have expected
intensity values much higher than the others, reaching intensities estimations close to 200 mm/h
for a return time of 100-year (ML).

4. CONCLUSIONS

Both estimation methods were able to adjust the parameters of the theoretical distributions
to the annual maximum daily precipitation data. However, ML was more effective than MM.
Distributions parameters estimated by ML fared better than MM in all cases, except for FRE2P,
which did not adjust in any of the cases. The three distributions that stood out for the MM were
those of GEV, LN2P, and GUM. By the ML, the three best distributions according to the
statistical tests and validated by the Rz were LN2P, GEV, and FRE3P. The distribution of GEV
also showed a reasonable adjustment by MM.

The distribution of GEV by MM obtained the best result in the AD test, so its curve is the
best able to describe extreme events. In the case of curves made from ML, the IDF curves of
FRE3P and GEV obtained surprisingly similar results in the adhesion tests. Both were also tied
with the best performance in the AD test, so they are recommended to predict extreme events.
All IDF equations had optimal adjustments, in addition to R2, which indicates a fit with
excellent quality. It was also found that it is possible to use the GUM-MM distribution to predict
precipitation events with satisfactory accuracy within the parameters used in this work.
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ABSTRACT

This study estimated the nitrate and potassium concentration in the soil solution of drainage
lysimeter using the mathematical models developed by Vogeler et al. (1996) and Mufioz-
Carpena et al. (2005) and the computational model Hydrus-2D, while comparing the simulated
and observed data using statistical parameters. The cultivar used for the study was ‘Prata
Gorutuba’. The experimental plots were six lysimeters of drainage. Fertigation was performed
weekly. The mathematical models developed by Vogeler et al. (1996) and Mufioz-Carpena et
al. (2005) were used to determine the specific concentration of a given ion (Ci). The Hydrus
software was used to simulate the dynamics of nutrients. The concentrations of nitrate and
potassium in the soil solution were estimated by the model of Vogeler et al. (1996), adapted to
the linear type CEw-Ci ratio and simulated by the Hydrus model, resulting in an acceptable
characterization of the distribution of these nutrients.

Keywords: banana, fertigation, lysimeter, modeling, nutrients.

Simulacgdes das concentracdes de nitrato e potassio na solucéo do solo
utilizando modelos paramétricos e o Hydrus-2D

RESUMO

O objetivo deste trabalho foi estimar a concentracdo de nitrato e potassio na solucao do
solo, em lisimetro de drenagem com o uso dos modelos matematicos desenvolvidos por Vogeler
et al. (1996) e Mufoz-Carpena et al. (2005) e do modelo computacional Hydrus-2D e comparar
os dados simulados e observados usando parametros estatisticos. A cultivar utilizada para o
estudo foi a ‘Prata Gorutuba’. As parcelas experimentais foram seis lisimetros de drenagem. A
fertirrigacdo foi realizada semanalmente. Os modelos matematicos desenvolvidos por VVogeler
et al. (1996) e Mufioz-Carpena et al. (2005), foram utilizados para determinar a concentragdo
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especifica de um determinado ion (Ci). O software Hydrus foi utilizado para simular a dindmica
de nutrientes. As concentracfes de nitrato e potassio na solucdo do solo, estimados por meio do
modelo de VVogeler et al. (1996) adaptado para a relacdo CEw-Ci do tipo linear e simulado pelo
modelo Hydrus apresentou uma caracterizacdo aceitavel da distribuicdo desses nutrientes.

Palavras-chave: bananeira, fertirrigacdo, lisimetro, modelagem, nutrientes.
1. INTRODUCTION

Water is one of the main factors limiting crop development, with special importance in
certain phenological phases in which its deficiency can more or less significantly compromise
productivity (Vanhove et al., 2012; Ravi et al., 2013; Muthusamy et al., 2014; Kissel et al.,
2015).

A few years ago, a change in the traditional form of fertilization of irrigated crops occurred
with the application of fertilizer via irrigation water. According to Langoni et al. (2019), in
order for the irrigated crop to be viable it is necessary to adopt management that contributes to
the increase of productivity and profit, in which fertigation is a technology that offers easy
benefits in the parceling of fertilizer, providing nutrients according to the phenological stages
of the crop more responsive to absorption.

In fertigated areas, the monitoring of the spatial and temporal variation of the water content
(0), the electrical conductivity of the soil (CEs), the electrical conductivity of the soil solution
(CEss) and the ionic concentration (Ci), makes it possible to estimate the loss of water to deep
percolation and evapotranspiration of the crop, in addition to determining the regions of nutrient
extraction by the plants and the possible loss of nutrients to leaching (Santana et al., 2007).

For monitoring the distribution of water and ionic solutes in the soil, time domain
reflectometry (TDR) has been used successfully in several studies (Vogeler et al., 1996; Persson
and Uvo, 2003; Santos et al., 2010), due to the relationship between the apparent electrical
conductivity of the soil and the electrical conductivity of the soil solution (CEw), and between
CEw and the ionic concentration (Ci).

Considering the computational advances in recent years, a viable alternative is the use of
analytical and numerical models that predict the processes of water and solute transfer between
the soil surface and the groundwater table. Among the computational models available in the
literature, the Hydrus model has been distinguished by the accuracy of the results (Nimmer et
al., 2009; Silva et al., 2015; Kanzari et al., 2012; Pinho and Miranda 2014; Ramos et al., 2013),
and also by its graphical interface that allows for a good interaction with different types of users.
However, the approach for calibration and validation of the model can vary greatly, depending
on the complexity of the experiment.

The main advantage of using models is that it saves time and capital, since field
experiments and laboratories are usually laborious, expensive and time-consuming (Martinez
et al., 2010). Nevertheless, it is worth noting that field measurements are indispensable, since
mathematical models require local calibration and validation (Rivera et al., 2008).

Techniques for solving equations and the available computational resources can predict
the contamination risks and impacts that the chemical components might cause to the soil-
water-plant system (Garcia et al., 2012).

The use of multidimensional modeling is indispensable for developing fertigation
practices, and optimized to achieve optimal nutritional efficiency for plants. Thus, in recent
decades several analytical and numerical models have emerged to predict the processes of water
and solute transfer between the soil surface and groundwater (Pinho and Miranda, 2014).

According to Kunz et al. (2014), the use of simulation models describing the flux of water
in the soil, such as Hydrus 2D/3D, can be useful to explain the behavior of water in porous
media, provided they are properly calibrated and validated from field experiments.
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Elmi et al. (2012) investigated the vertical distribution of water in a soil column using
Hydrus and observed that the estimated soil moisture values did not correspond to the measured
values. According to the authors, the result may be associated with heterogeneity in soil profile,
which was not considered in the discretization of the model. This result differs from that of
Silva et al. (2015) who, seeking to model soil moisture dynamics through the Hydrus Model,
reported that the results ensure the possibility of using the model to estimate soil moisture at a
daily scale for the type of soil and coverage conditions investigated.

Kanzari et al. (2012) also characterized water movement by using TDR probes installed
up to 4m deep, using Hydrus to model water movement in a semi-arid region of Tunisia, and
found that the simulated data showed the same trend as the measured data. Pinho and Miranda
(2014), evaluating the application of the Hydrus model as well as its performance in potassium
and water displacement simulations (in Red-Yellow Latossoil and Red Nitossoil), concluded
that the Hydrus model was efficient in potassium and water displacement simulations in the
two soil materials studied.

Ramos et al. (2013) used the Hydrus model to simulate the dynamics of water and nitrogen
forms in a soil cultivated with saccharine sorghum, bearing different salt contents and
fertigation levels, and reported that simulations with Hydrus were useful to understanding the
best strategies to increase nutrient uptake by plants and reduce losses to leaching.

Thus, the present work aimed to estimate the concentration of nitrate and potassium in the
soil solution in drainage lysimeter using the mathematical models developed by Vogeler et al.
(1996) and Mufoz-Carpena et al. (2005) and the computational model Hydrus-2D, while
comparing the simulated and observed data using statistical parameters.

2. MATERIAL AND METHODS

The experiment was conducted at the National Center of Cassava and Fruticulture
Research (CNPMF), belonging to the Brazilian Agricultural Research Corporation
(EMBRAPA), located in the municipality of Cruz das Almas - BA (12°40'12" S; 39°06'07" W,
220 m altitude) The climate is Aw and Am, classified in the Koppen classification as tropical
hot and humid. The cultivar used for the study was the ‘Prata Gorutuba’ (Musa AAB ‘Prata
Ana’ clone: Gorutuba).

The treatments used in this experiment were obtained by the combination of two soils of
distinct texture (sandy clay and sandy frank sand) and three concentrations (3.0, 6.0 and 9.0 g
L) for application of potassium nitrate in the irrigation water for the banana tree ‘Prata
Gorutuba’, totaling six treatments (sandy clay soil with 3 g L (T1), sandy clay soil with 6. 0 g
L (T2), sandy clay soil with 9.0 g L™*(T3), free sand soil with 3.0 g L™ (T4), free sand soil
with 6.0 g L (T5), and free sand soil with 9.0 g L™ (T6), which were distributed in an
experimental design entirely randomized with four repetitions. The repetitions were composed
of the four radial planes, containing TDR probes and solution extractors (installed at 0.20, 0.40,
0.60 and 0.80 m distance and depth (r,z) on each lysimeter.

The lysimeters have a capacity of 5.0 m3, measuring 2.0 m wide, 2.5 m long and 1.0 m
deep. To create a free drainage system, the last 0.2 m of the profile was divided in two layers
of 0.1 m, the lower one composed of a drainage system with perforated PVC tubes at 0.05 m
and zero gravel, and the upper one with washed sand. Samples of the soils were taken at depths
of 0.0 - 0.4 m before the plantation of the banana tree and sent to the soil and nutrition laboratory
of Embrapa - CNPMF for chemical analysis (Table 1).

Table 2 shows the physical characteristics of the two types of soil used in lysimeters.

The usual practices of management of a banana tree (thinning, defoliation, propping, heart
pruning, control of diseases, pests and invaders) were carried out according to need, according
to Borges and Souza (2004). Fertigation was performed weekly, during which nitrogen (N) and
potassium (K) were applied in the form of potassium nitrate, obeying the following distribution:
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10% in the first three months of planting, 75% from the third to the eighth month, in the bloom
phase, and 15% from this until harvest, with applications in concentrations 3, 6 and 9g/L
(Borges and Souza, 2004).

Table 1. Chemical characterization of soils studied.

Characteristics Sandy-clay soil  Sandy soil
pH 5.0 7.6
P (mg d?) 2 28
K (cmolc dm) 0.06 0.06
Ca (cmolc dm) 0.68 1.41
Mg (cmolc dm™) 0.46 0.30
Ca+Mg (cmolc dm) 1.14 1.71
Al (cmolc dm?) 0.5 0.0
Na (cmolc dm3) 0.33 0.02
H+Al (cmolc dm) 3.19 0.00
SB 1.53 1.84
CTC 4,72 1.84
V (%) 32.0 100
MO (g kg*®) 12.0 9.0

Table 2. Physical characteristic of the lysimeter soil.

Soil layers (m)
0.0-0.2 0.2-04 04-06 0.6-08 0.0-02 0.2-04 0.4-06 0.6-0.8

Characteristics

Sandy soil Sandy-clay soil
Ps (%) 36.47 3149 3549 3597 4393 4449 4833 4556
BD (g cm®) 1.62 1.76 1.71 1.66 1.41 1.46 1.34 1.40
Sand (%) 8465 8480 8490 8390 5140 47.60 5140 47.00
Silt (%) 8.75 8.65 8.50 9.55 10.10  9.90 7.10 8.50
Clay (%) 6.60 6.55 6.60 6.55 3850 4250 4150 4450

Ps: porosity; BD: bulk density.

The development phases of the banana tree were: initial: 15/11/2014 to 04/01/2015 - 1 to
138 days after planting (DAP); vegetative growth: 02/04 to 07/20/2015 - 139 to 248 DAP;
blooming: 21/07/2015 to 09/07/2015 - 249 to 297 DAP fruit growth: 07/09/2015 to 12/02/2015
- 298 to 383 DAP. The emission of the banana tree inflorescence planted on sandy clay soil
occurred on 07/21/2015 and on sandy soil on 08/10/2015.

The irrigation management was carried out based on the data of water content measured
using TDR probes, while calculating the volume of water necessary to return the water content
values to the field capacity. The irrigation was performed with a fixed irrigation shift and an
interval of two days, therefore making the irrigation water depth variable, and adopting as
reference the data of water availability in the soil.

To determine the volumetric water content, from the apparent dielectric constant (Ka), the
calibration of the TDR for the soils was previously performed according to (Equation 1) and
(Equation 2).

Oareia franca = 4. 10753 - 0.0012e2 + 0.0277¢ - 0.1238 1)

Oargiloarenoso = 6-10758% — 0.0032¢2 + 0.0631¢ — 0.2422 )
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Where,
¢ - dielectric constant of the soil.

The precipitation was measured by means of a rain gauge installed in the area near the
lysimeter, and was included in the irrigation calculation. The water depth drained in the
lysimeters were measured at the outlets of the drainage systems. This way the water storage in
the soil was calculated for the four radial planes (0.20 m x 0.20 m), corresponding to the
horizontal and vertical distances (0.20; 0.40; 0.60 and 0.80 m) using (Equation 3):

A(z) = [, 0(2) dz 3)

Where:

0 (z) = is the representative function of the moisture profile (L® L®);
z = vertical coordinate (L);

L =is the total depth (L);

A(z) = water storage in the soil (L).

The Simpson rule was used to solve the numerical integral.

The evapotranspiration of the crop was obtained by means of (Equation 4). The soil-water
balance was carried out with the water depth infiltrated and extracted from the system in the
times immediately before the day’s irrigation, after irrigation and before the next irrigation.

AA=14+P—-D—ET 4
In which:
AA= storage variation (L);
I=irrigation (L);
P = precipitation (L);
D= drainage (L);
ET= Evapotranspiration (L).

The mathematical models developed by Vogeler et al. (1996) and Mufioz-Carpena et al.
(2005) related the electrical conductivity of the soil solution (CEw), apparent electrical
conductivity (CEa) and soil moisture (8), (Equation 5) and (Equation 6), respectively.

CEa—(ab+b)
CE,, = —ace_a . (5)
CEa—c#?
CEw = 202—bo (6)
Where:

a, b, cand d - equation adjustment parameters.
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The CEa conductivity values were corrected for a temperature of 25°C by multiplying them
by the correction factor (fr), which was calculated with (Equation 7) (Richards, 1954).

(25-T) = (25-T)%?
497 3728 (7)

fT =1+
Where:
T = Soil temperature, °C.

After adjusting the parameters of the models that relate CEw, CEa and 6 it was possible to
relate CEw to the specific concentration of a certain ion (Ci) present in the soil solution using
(Equation 8) and (Equation 9) (Santana et al., 2007; Mufioz-Carpena et al., 2005):

Potential type CEw-Ci relationship:

CE, = aCi* )
CEw-Ci ratio of linear type:

CE, = a+ uCi 9)
Where:

Ci - is the nitrate concentration (mg L)
CEuw - is the electrical conductivity of the soil solution (dS m™) and

a e p - are adjustment parameters of the equation.

The concentrations of nutrients were determined by means of (Equation 10), (Equation
11), (Equation 12) and (Equation 13).

Model de VVogeler et al. (1996) adapted for the potential-type CEw-Ci relationship:

1

. (1[CEa—(ab-b)Nu
ci= 10
Model of Vogeler et al., (1996) adapted for the linear-type CEw-Ci relationship:
. ([CEa—(ab-b)] 1
Ci= {2~ a2 11

Model of Mufioz-Carpena et al. (2005) adapted for the potential-type CEw-Ci relationship:

[

. (1 (CEa—c6*\\u
cr= {; ( a6%-bo )} (12)
Model of Mufioz-Carpena et al. (2005) adapted for the linear-type CEw-Ci relationship:
. _ ({CEa-cH? 1
Ci= {( a92—b9) B a}; (13)

The calibration of Equations 10, 11, 12 and 13 was performed through a lysimeter test, in
which different values of electrical conductivity and water content of the soil were established.
The values of electrical conductivity in the soil were obtained from the application of potassium
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nitrate solution in different concentrations (3, 6 and 9 g L) and the water content of the soil,
which varied in values from borderline saturation to the minimum water content necessary for
the extractor to remove the solution.

The soil solution was extracted by applying a suction of 70 kPa four hours after the soil
solution samples were collected.

While the extractor removed the solution to determine the electrical conductivity of the
soil solution (CEw), the CEa and 6 readings were monitored every 10 minutes with the TDR,
starting at the time of suction application and ending at the time of solution collection.

The electrical conductivity of the soil solution and the leached volume of the lysimeters
were evaluated with the bench conductivimeter. The concentrations of nitrate and potassium
present in these samples were monitored using the rapid determination kit (Card Horiba),
according to Coelho et al. (2014).

The adjustment of the equations to the data and the evaluation of the models were based
on the coefficient of determination (R?) (Equation 14), Willmott's concordance index (d)
(Equation 15) and the root-mean-square error (RMSE) (Equation 16).

SQR

R®= 1~ sQtot (14)

d=1-[ZL,(E - 0)*/XL,(|Ei — 0| +]0; + O])?] (15)

RMSE = \/% Y (0; — E;)? (16)
Where:

SQR = residual sum of squares;
SQtot = sum of total square;

n= number of data;

Oi= observed value;

0= average of estimated value;

Ei= estimated value.

In addition to these statistical indicators, Pearson's correlation coefficient (r) (Figueiredo
Filho and Silva Janior, 2009) and the "c" index (according to the methodology presented by
Ponciano, 2012) were also used to indicate the performance of the model.

The “c” index brings together the correlation coefficient (r) and the agreement index (d)
(Equation 17), expressed as follows:

c=rxd a7

The criterion for interpreting the performance of the model according to index "c"
(Equation 17) is: > 0.85 - Great; 0.76 to 0.85 - Very good; 0.66 to 0.75 - Good; 0.61 to 0.65 -
Average; 0.51 to 0.60 - Sufferable; 0.41 to 0.50 - Bad and < 0.41 - Very bad.

After adjusting the parameters of the models and identifying the one that best explains the
relation between CEw, CEa and 6 in conjunction with the specific concentration of NOs™ and
K™ present in the soil solution, the model selected in the lysimeter can be gradually validated
during fertigation by collecting weekly extractions of the soil solution in the phases of
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vegetative growth, flowering and fruit growth of the banana tree.

For the evaluation of the simulated and observed values, the following statistical indexes
were used: the concordance coefficient (d) (Equation 15), proposed by Willmontt (1981); the
root-mean-square error (RMSE) (Equation 16); the degree of adjustment of the dependent
variable () with the independent variable (X), by establishing an equation of the type Y = X
(“B’’ is the angular coefficient); and the correlation coefficient of Pearson (r).

The modeling of water flow and solute transport was performed for all experimental plots
with the Hydrus-2D software (Siminek et al., 2008), which simulated the three-dimensional
axisymmetric and transient movement of water and nutrients in the soil. The transport domain
was defined as a rectangle with a width of 100 cm (half the width of the lysimeter) and a depth
of 100 cm, as the sides of the flow domain the boundary conditions were defined as without
water or nutrient flow. At the upper boundary of the flow domain the boundary condition was
defined as an atmospheric boundary condition (variable flow condition of daily irrigation
events, rainfall, and evapotranspiration), while at the lower boundary the condition was defined
as free drainage, with 4 observation points at depths of 20, 40, 60 and 80 cm inserted in the
transport domain (Figure 1).

100 cm

Atmospheric boundary condition

A
Drip Emitter
A 20cm
- ? Y 2
= : s
52 {40em =
I > | 100cm
= iy
: 60
Govennd  S0Cm e
30cm s
_______ SSav= AT 24X Y
Free drainage boundary condition

Figure 1. Location of the observation points in the soil profile and flow domain geometry
with the boundary conditions used in the Hydrus-2D simulations.

The Hydrus-2D numerically solves the Richards equation describing water flow variability
in a radially symmetrical domain as well as the convection-dispersion equation for the transport
of solutes. The hydraulic properties of soil used to describe water flow were described using
the van Genuchten-Mualem model (van Genuchten, 1980), (Table 3).

The distribution of solutes between the solid and liquid phases was described using a linear
adsorption isothermal model. The parameters involved in the transport of the solute (coefficient
of diffusion-dispersion D, coefficient of retardation, R and velocity of water in the pore) were
obtained by the method of miscible displacement (Table 4).
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Table 3. Parameters of the van Genuchten model for the two soils (Sandy-soil and Clay-sand)
used in lysimeters.

Soil Soil layer or (cm®*cm®) 0s(cm®cm®) a(cm?) N Ks (mm day?)
0.00-0.20 0.043 0.365 0.235 2.297 28.94
Sandv Soil 0.20-0.40 0.037 0.315 0.612  1.605 81.77
y 0.40-0.60 0.042 0.354 0339  2.100 243,51
0.60-0.80 0.030 0.360 0598 1.761 243,51
0.00-0.20 0.174 0.439 0.133  1.982 20.88
| ; 0.20-0.40 0.198 0.483 0.105  2.338 58.72
Clay sandy 0.40-0.60 0.179 0.483 0201 1.811 85.37
0.60-0.80 0.189 0.456 0.128 1.841 85.37

Table 4. Parameters of nitrate and potassium transport: delay factor (R), diffusive dispersive
coefficient (D), number of Peclet (P), adsorption coefficient (KD) and (I).

Nitrate
Sandy soil Sandy clay soil
Conc.

KD D(m2h?) P() A(cm) R KD D(cm2hl) P(e) A(cm)
3 1.33 0.07 59.48 13.02 172 163 0.20 92.19 502 447
6 1.40 0.08 73.70 1093 2.05 168 0.22 76.18 6.34 354
9 1.68 0.14 43.80 1736 129 171 0.23 64.23 716 3.13

Potassium
3 1.71 0.14 27.12 2856 0.79 196 0.31 73.14 6.33 355
6 1.75 0.15 54.01 1491 151 193 0.30 35.66 1354 1.66

9 192 0.18 56.44 1347 167 211 0.36 46.07 9.99 225

The methods of water absorption and root solute were determined by the model of Feddes
et al. (1978) (Equation 18) for water absorption and for solute as a model without solute deficit:

WU(h,r,z) = y(h) * RDF(r,z) * W * Ty (18)

Where:

v(h) = water deficit function in the soil (adimensional);

RDF = normalized distribution of water absorption by the roots (T);
Tpot = potential perspiration rate (L T_,);

W= radius of soil surface associated with perspiration (L).
WU= function of water absorption and solute by the roots (T).

The parameters used by the model to simulate the potential of water extracted by the roots
are presented in (Table 5). For such parameters, Hydrus assumes its nomenclature. The method
of Feddes (1978) was applied. It relates the amount of water extracted from the soil as a function
of root depth, with variables adopted by the software standard. Under optimal humidity
conditions, the extraction of water by the root zone is equal to the potential perspiration rate.

For the items in the (Table 5), consider that P2H = limit value for stress, below which roots
cannot extract water at the maximum possible rate (assuming the potential rate of r2H); P2L =
the same as above with potential perspiration rate of r2L; r2H = is the potential perspiration rate
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fixed at 0.5 cm day*and r2L = potential perspiration rate fixed at 0.1 cm per day™.

Table 5. Parameters used by the model to simulate the potential of water extracted by the root.

Hydrus parameter PO (cm) POpt P2H P2L P3 r2H r2L
cm cm.d?
Adopted value -10 -25 -300 -1500 -8000 0.5 0.1

In the Hydrus model, a database for different plants regarding the parameters of water
absorption by the roots is provided based on studies by Taylor and Ashcroft (1972).

In Hydrus, the model of solute absorption by the roots was also selected, for which it was
assumed that the absorption of solutes was proportional to the product of the flow of water
absorbed by the roots and the concentration of the solute dissolved in water.

The simulations along the lysimeter drainage profile were performed for the different
phases of the crop for a total of 372 days, and compared the nitrate and potassium concentrations
simulated by the Hydrus model during fertigation through the data observed from the extraction
of the soil solution in the phases of vegetative growth, flowering and fruit growth of the banana
tree.

The procedure for minimizing errors between measured and simulated data was outlined
in the calibration using an iterative process in which the values of the model parameters were
changed with each attempt. The scenarios considered the variations of: the water content
obtained from the TDR sensors installed in the lysimeter; the hydraulic properties; time; the
solute transport parameters and the initial concentrations of the solute. These were used as a
basis for changes and adjustments in the model to make it safer to allow a better understanding
of the water and nutrient dynamics involved, as well as the prediction of future scenarios. The
observation period used for the calibration was the initial phase of the banana tree. During this
phase, manual calibration was used to estimate the values of the parameters that best
represented the observed values. Once the parameters of the model had been calibrated, it was
validated for the other periods of banana cultivation.

After the simulations with the Hydrus-2D computer model, the following statistical
indexes were used: Willmontt’s (1981) concordance coefficient (d) (Equation 15); the root-
mean-square error (RMSE) (Equation 16); the degree of adjustment of the dependent variable
(YY) with the independent variable (X), by establishing an equation of the type Y = BX (“B” is
the angular coefficient); and the correlation coefficient of Pearson (r) to compare the mean
values of nitrate and potassium measured in the soil solution and simulated by the Hydrus-2D
software.

3. RESULTS AND DISCUSSION

The models of Vogeler et al. (1996) and Mufioz-Carpena et al. (2005) presented low
RMSE (<0.1920) and agreement index (d) values close to the unit (0.9999).

The model of Vogeler et al. (1996) showed a higher coefficient of regression determination
for the soils under study, which led to a better classification (Very good: sandy soil and sandy
clay) as to the ability to estimate CEw from CEa and 6, when compared to the model of Mufioz-
Carpena et al. (2005) (Good: sandy soil and sandy clay) (Table 6).

These results are corroborated by those of Ponciano (2012), who observed that in CEw's
estimate the model of Vogeler et al. (1996) adjusts better to soils with clay texture
characteristics both by the application of KCI and by the application of KNO3 via irrigation
water, and in sandy soil the models from VVogeler et al. (1996) and Mundz-Carpena et al. (2005)
presented a similar quality of adjustments being classified as "Very good".
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Table 6. Models for CEw estimation of sandy clay and sandy soils.

Soil Model R? r d RMSE Classif. of the Method (c =r x d)

[CE, + 2.54380 — 0.3730]

Vogeler et al., (1996 = 0.818 0.859 0.998 0.1677 Very good
g ( ) CEw -0.0871 6+ 0.7388 Yo
Sandy Soil
2
Mufoz-Carpena et al., (2005) CE,, = CEq + 13'6472 0 0.754 0.871 0.999 0.1537 Good
—41.3941 6° + 19.4093 0
Vogeler et al., (1996) CE,, = [CE, — 0.03150 — 011111 779 (gg3 0099 0.1538 Very good
-0.4152 6+ 0.4264
Sandy clay
_ 2
Mufoz-Carpena et al., (2005) CE,, = CE, — 1.0981 6 0.655 0.830 0.999 0.1920 Good

—10.0371 0% + 4.3187 0

For both soils, there was a positive correlation (r+) for the estimation of nitrate and potassium concentration in the soil solution from water
content data (0) and apparent electrical conductivity (CEa) when a linear or power type relation is introduced to the adapted models (Vogeler et
al., 1996; Mundz-Carpena et al., 2005). This can be seen in the slight differences between the determination coefficients, thus presenting the same
classification for the "c" index for the CEw-NOs" ratio of the linear type and power type (Table 7), which was also observed in the CEw-K" ratio
of the linear type and power type (Table 8).

In general, despite the concordance index (d) close to the unit (0.9999), the model of Vogeler et al. (1996) was superior to the model of
Mufioz-Carpena et al. (2005), and always presented lower RMSE and higher coefficient of determination (R?). This led the model of VVogeler et
al. (1996) to present a better classification according to the "c" index for the models estimating nitrate and potassium concentration (mg L) for
sandy soil and sandy clay (Table 7 and 8).

The results of this study agree with those obtained by Santana et al. (2006), who reported that, regarding the models used, Rhoades et al.,
(1976) and Vogeler et al. (1996) provided the best estimates of K concentration in soil solution. For both soils, the model of Vogeler et al. (1996)
adapted to the linear type CEw-Ci ratio (Equation 9) was chosen to estimate the concentration of nitrate and potassium in the soil solution after
the first cycle of banana crop in the drainage lysimeter.
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Table 7. Models for estimation of nitrate concentration (mg L) for sandy soil and sandy clay.

Soil Model R? r d RMSE Classif. of the Method (c =r x d)
Adapted for linear type CEw-NOs" ratio
NO;~
il Vogel I, (1 .7581 0.867 0. 774 V
Sandy soi ogeler et al., (1996) — [CEw — 0.0283] 0.7581 0.867 0.9999 66.7749 ery good
0.0024
NO;~
il Mufoz- I, (2 61 7 : : A
Sandy soi ufioz-Carpena et al., (2005) — [CEw — 0.0860] 0.6158 0.785 0.9999 90.0959 verage
i 0.0024
Sandy Vogeler et al., (1996) NOs 0.8568 0.926 0.9999 35.1413 Great
clay 9 K = [CEw — 0.0955] ' ' ' '
i 0.0034
Sandy Mufioz-Carpena et al., (2005) NOs 0.8352 0.917 0.9995 37.6901 Very good
clay P " = [CEw — 0.2126] ' ' ' ' y9
0.0027
Adapted for power type CEw-NO; ratio
) 1
Sandy soil Vogeler et al., (1996) NO.~ = 1 cEwl”?>” 0759 0.868 0.9999 69.1431 Very good
3 =
[0.0038
1
. Mufioz-Carpena et al., r1 0.8242
Sandy soil (2005) NO;™ = CEw 0.6212 0.786 0.9998 90.0767 Average
[0.0074
1
Sand - 07994
Clayy Vogeler et al., (1996) NO,~ = 1 cewl” " 0.8658 0.940 0.9998 32.5036 Great
[0.0108
1
Sandy Mufioz-Carpena et al., r1 0.6623
clay (2005) NO,™ = 00231CEW 0.8202 0.909 0.9998 39.3716 Very good
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Table 8. Models for potassium concentration estimation (mg L) for sandy soil and sandy clay.

Classif. of the Method

Soil Model R2 r d RMSE _
(c=rxd)
Adapted for linear type CEw-K * ratio
Sandy soil Vogeler et al., (1996) Kt = [(:Ew—o_0274]00076 0.7134 0.840 0.9999 23.6440 Good
Sandy soil ~ Mufioz-Carpena et al., (2005) K* = [CEw — 0.0731] 00077 0.5580 0.747 0.9999 29.0023 Sufferable
Sandy clay Vogeler et al., (1996) K* = [CEw + 0.0191] 50059 0.6563 0.822 0.9994 41.4654 Good
Sandy clay  Mufioz-Carpenaetal., (2005) K* = [CEw — 0.1637] 50039 0.6222 0.789 0.9999 43.4716 Average
Adapted for power type CEw-K * ratio
) 1
Sandy soil Vogeler et al., (1996) K+ = 1 cEwl®""® 07165 0.843 0.9999 23.5022 Good
10.0121
1
Sandy soil  Mufioz-Carpena et al., (2005) K+ =] 1 cEw| %% 05614 0749 0.9998 28.8929 Sufferable
10.0167
1
Sandy clay Vogeler et al., (1996) K+ =| 1 cEw|>?%"  0.6430 0.827 0.9964 41.5647 Average
10.0094
1
Sandy clay  Mufioz-Carpena et al., (2005) K+ = '0 01173 cEwl®”%?  0.6098 0.782 0.9998 44.1795 Average
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During the validation of the model in the drainage lysimeter, there was an underestimation
of the nitrate and potassium values predicted as a function of the ion measured in the soil
solution (Table 9). In sandy soil, mean nitrate values were underestimated by 2%, 13%, and
11%, and mean potassium values by 4%, 12%, and 9% for concentrations of 3, 6, and 9 g L™,
respectively. In the sandy clay soil, there was also an underestimation of the mean values of
nitrate (13%, 6% and 4% for 3, 6 and 9 g L) and potassium (8%, 6% and 9% for 3, 6 and 9 g
L1) (Table 9).

Table 9. Statistical indications for comparison of mean values of nitrate and potassium measured
in the soil solution and estimated by the Vogeler et al. (1996) model adapted to the linear type
CEw-Ci ratio.

Nitrate Potassium
Soil Concentration g L™

B R? d RMSE B8 R? d RMSE

3.0 098 0.72 099 27.20 0.96 0.69 099 6.638

sand and soil 6.0 0.87 0.67 0.99 3217 0.88 0.72 099 7.89
9.0 0.89 0.70 099 1863 0.91 0.74 099 9.201

3.0 0.87 0.85 0.99 3198 0.92 0.67 099 10.20

sand and clay 6.0 094 0.72 099 2354 0.84 071 099 16.24
9.0 096 069 099 2278 091 0.74 099 15.01

Andrade Neto et al. (2012), while using a potential model combined with the model of
Vogeler et al. (1996), reported a general variation of 20.0% (average of normalized errors) for
the measured values compared to those estimated in Yellow Latosol with sandy soil texture.
According to Andrade Neto and Coelho (2014), these variations in the values may be acceptable
in soil ion management due to the spatial variability of soil chemical attributes. Thus, the results
shown in (Table 9) validate the model used to estimate the nitrate and potassium ion in soil
solution.

These results corroborate those of Andrade Neto et al. (2012), who concluded that it is
feasible to estimate the concentration of K™ in the soil solution from water content data and
CEa, obtained using the time domain reflectometry (TDR) technique for field conditions, while
using an equation from the combination of a linear model and a potential. Santos et al. (2009)
concluded that the TDR technique, together with the use of adjusted models, proved to be able
to monitor the transport of solutes in the soil, regardless of the type of soil in use and the nutrient
dosage applied.

The transport analysis of solutes contemplated the two-dimensional model. To evaluate the
performance of the Hydrus-2D model, a joint analysis with statistical index "d" was performed
to verify if there was an agreement between the simulated and experimental values. The value
d = 0 shows that there is no agreement and the value d = 1 shows that there is total agreement.

It has been noted that in general the simulations performed for the displacement of nitrate
and potassium in the soil showed high rates of agreement (d) and the values of RMSE were
lower (Table 10) than those observed using the parametric model (Table 9), indicating that the
values simulated by the Hydrus-2D software showed less dispersion of data.

The “B” indexes confirm the performance of Hydrus-2D software in simulating the
concentration of nitrate and potassium ion in the soil solution throughout the crop cycle. All the
values of “fB” were close to the unit, presenting little difference with an overestimation of 6%
of the nitrate values in the concentration of 3 g L™ (sandy soil) and 7% and 2% of the nitrate
values in the concentration of 3 g L™ and 9 g L™, respectively (sandy clay soil), while the other
simulations in the Hydrus-2D software underestimated the nitrate and potassium values.
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Table 10. Statistical indicators for comparison of mean nitrate and potassium values measured
in the soil solution and simulated by Hydrus-2D software.

Nitrate Potassium
Soil Concentration g L
R? d RMSE B R? d RMSE
3.0 1.06 0.65 099 1836 0.96 0.64 099 6.99
Sandy soil 6.0 097 057 0.99 1483 092 075 0.99 8.85
9.0 085 0.68 0.99 2281 095 056 0.99 8.01
3.0 1.07 0.70 099 19.06 0.86 0.68 0.99 9.66
Sandy clay 6.0 093 072 0.99 16.07 094 070 0.99 7.17
9.0 1.02 0.64 099 1738 097 071 099 6.78

Montenegro et al. (2010), Silva et al. (2013), Montenegro et al. (2013), and Pinho and
Miranda (2014) also used statistical indices to assess the quality of the fit between measured
and simulated values.

The correlations between the average values of nitrate and potassium measured in the soil
solution with the values simulated by the Hydrus-2D software and the values estimated by the
Vogeler et al. (1996) model adapted to the linear type CEw-Ci ratio in loam sand and sandy
clay soils, may be observed in Figure 2.

400 ——Observed  -eee Hydrus 1D ===-TDR ) ®)

Nitrate (mg / L)

Obs x Hydrus - r=0.785 Obsx TDR -r=0.706

100 150 200 250 300 350 400 0

100 150 200 250 300 350 400

@

Potassium (mg / L)

Potassium (mg /L)

.
1
P
1
\/
30

Obs x Hydrus - r=0.755 Obs x TDR - = 0.836 30 Obs x Hydrus - 1 =0.812 Obsx TDR -r=10.791

0

100 150 200 250 300 350 400 0
Days after planting 100 150 200 250 300 350 400
Days after planting

Figure 2. Average values of nitrate and potassium for concentrations 3, 6 and 9 g L™, measured in
the soil solution with the values simulated by the Hydrus-2D software and the values determined by
means of the TDR through the Vogeler et al. (1996) model adapted to the CEw-Ci ratio of the linear
type in the sandy soil (a and c) and sandy clay (b and d).

It appears that the measured data differed little from the simulated data, in which both the
Vogeler et al. (1996) adapted to the linear type CEw-Ci relationship and Hydrus-2D showed
positive correlation (r +) with the measured data, which demonstrates the adequacy of these
models for modeling the levels of nitrate and potassium in the soil solution. These results are in
agreement with those obtained by Oliveira et al. (2010), Ribeiro et al. (2011) and Pinho and
Miranda (2014) who stated that the Hydrus model was efficient in simulating the displacement
of potassium and water.

In this study, all r values were above 0.70, which shows a high correlation between
measured and estimated data (Figure 2), according to the Cohen (1988) classification. Thus, it
notes that the mathematical model used and the Hydrus-2D software have been proven as
feasible tools that can be used satisfactorily to describe the nitrate and potassium concentration
of the soil solution under field conditions. However, the possibility of variations in the
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parameter values required by the model needs precise adjustments to reflect the quality of the
simulations, as the amount of input data required increases with the complexity of the
simulations, due to the need for larger amounts of input parameters.

4. CONCLUSIONS

The mathematical models proved effective in estimating the concentration of nitrate and
potassium in the soil solution during the banana crop cycle under field conditions, with greater
accuracy and less dispersion for Vogeler et al. (1996) combined with the linear model.

The Hydrus-2D computer program proved to be feasible as a good tool for describing the
nitrate and potassium concentration of the soil solution under the conditions under which the
work was performed.

The concentrations of nitrate and potassium in the soil estimated by adapting the VVogeler
et al. (1996) model to the linear type CEw-Ci ratio, and simulated by the Hydrus model,
presented an acceptable characterization of the distribution of these nutrients and their
oscillations in the soil solution during the banana crop cycle, demonstrating satisfactory
performance and feasibility of both methods.
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ABSTRACT

Glyphosate is a popular herbicide used worldwide, and several studies consider it to be an
environmental hazard affecting human health. The present study aimed to detect glyphosate in
six different reservoirs of Paraiba do Sul and Guandu River Basins in Southeast Brazil, used
for multiple purposes, including fishery activities and domestic water supply. lon
chromatography was used to analyze the water samples, as it is a fast and environmentally
friendly technique to detect glyphosate. Our results revealed that, despite differences related to
trophic state, season of the year or distance to urban areas, glyphosate was detected in all
reservoirs and in three of them with concentrations above the limit imposed by Brazilian
legislation. Among the environmental variables studied, turbidity presented the highest
correlation with glyphosate concentrations. The effect of rainfall increasing turbidity in the
rivers reinforces the importance of draining waters from surrounding areas that transport
glyphosate into the aquatic ecosystems. The detection of the herbicide in the various systems
confirms the wide use of this compound in the drainage basins of the studied reservoirs and
highlights the importance of water monitoring. Further, the results reveal how urgent and
important it is to explore through laboratory experiments the pathways of degradation of this
herbicide in tropical and subtropical aquatic environments together with its effects on flora and
fauna.

Keywords: herbicide, ion chromatography, tropical reservoir.

Avaliacdo das concentracdes de glifosato em seis reservatorios das
bacias dos rios Paraiba do Sul e Guandu, no sudeste do Brasil

RESUMO
O glifosato € um herbicida popularmente usado em todo o mundo, varios estudos estdo
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considerando-o como um risco ambiental e como afetando a salde humana. O presente estudo
teve como objetivo detectar o glifosato em seis diferentes reservatdrios das bacias dos rios
Paraiba do Sul e Guandu, no sudeste do Brasil, utilizados para diversos fins, incluindo
atividades pesqueiras e abastecimento doméstico. A cromatografia i6nica foi a técnica
escolhida para analisar glifosato nas amostras de agua como uma técnica rapida e
ecologicamente amigavel. Nossos resultados revelaram que, apesar das diferencas relacionadas
ao estado tréfico, estacdo do ano ou distancia das areas urbanas, glifosato foi detectado em
todos os reservatdrios e em trés deles com concentragdes acima do limite imposto pela
legislagdo brasileira. Dentre as variaveis ambientais estudadas, a turbidez foi a que apresentou
maior correlacdo com as concentrac6es de glifosato. O efeito das chuvas aumentando a turbidez
nos rios reforga a importancia do escoamento da gua das areas circundantes que transportam
glifosato para os ecossistemas aquaticos. A deteccdo do herbicida nos diversos sistemas
confirma o amplo uso desse composto nas bacias de drenagem dos reservatérios estudados e
destaca a importancia do monitoramento da dgua para este composto. Além disso, os resultados
revelam qudo urgente e importante é explorar, através de experimentos de laboratorio, as vias
de degradacdo desse herbicida em ambientes aquaticos tropicais e subtropicais, juntamente com
seus efeitos na flora e fauna.

Palavras-chave: cromatografia ibnica, herbicida, reservatorio tropical.

1. INTRODUCTION

The increasing availability of inorganic fertilizers and pesticides changed the course of
world agriculture. In Brazil, glyphosate is mainly used in the cultivation of rice, coffee, cocoa,
corn, sugarcane, soybeans, citrus fruits, bananas, to control aquatic plants, and likewise is
applied in urban areas including sidewalks and gardens (Abreu et al., 2008). Other South
American countries are also familiar with glyphosate, which is the most commonly used
herbicide in Argentina (Lozano et al., 2018). Glyphosate was also widely applied in Colombia
to control weeds in coffee plantations (Schriibbers et al., 2014).

Glyphosate or N-phosphonomethyl glycine is considered a non-selective, systemic and
post emergent herbicide. Glyphosate (CAS number 1071-83-6) is a crystalline solid, with a
water solubility of 12 g L™ at 25°C (Okada et al., 2018). The endurance of glyphosate in water
is subjected to physical, chemical and microbial characteristics of the environment (Mallat and
Barcelo, 1998). Glyphosate can remain active in water ranging between 7 and 100 days
depending on environmental conditions such as pH, temperature, suspended matter, cation
concentration, aluminum, and iron content and microbial activity (Fouodjouo et al., 2015).
Further, temporal variation in environmental glyphosate concentrations can directly depend on
the time of application and rain events (Hanke et al., 2010).

When correctly applied, this herbicide inhibits an important enzyme in plants responsible
for the production of essential aromatic amino acids. Animals do not produce this enzyme and
get the amino acids in question through food. Therefore, this substance was considered non-
toxic to many living beings by many regulations and agencies (Moore et al., 2012). Though the
accepted dogma was that glyphosate was harmless to humans because our cells do not have the
enzyme pathway that glyphosate inhibits, our gut bacteria do have this pathway and we depend
on them to supply us with essential amino acids (Samsel and Seneff, 2013).

The environmental threat of glyphosate due to its residual presence in crops and food was
linked with respiratory problems in men such as pulmonary edema and trouble with breathing.
In addition, laboratory experiments have shown that glyphosate can increase the induction of
sister chromatid exchange, chromosomal aberrations, lesions in DNA and, in some cases,
breaking of genetic material (Roustan et al., 2014). Short-term rodent studies have not shown
that glyphosate has high toxicity, but long-term ones related this herbicide with kidney and liver
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failure, besides an increased risk of developing cancer (Samsel and Seneff, 2013). Other studies
also link glyphosate with autism (Nevison, 2014) and breast cancer (Mesnage et al., 2015).

In general, herbicides can also contribute to food contamination and environmental
degradation. Glyphosate can be retained in soils and transported to surface and groundwater.
Soil pollution is primarily related to the phenomena of leaching and runoff. Leaching promotes
migration of these substances to deeper layers of the soil and can contaminate groundwater;
while runoff spreads the herbicide and may favor the contamination of surface water bodies
(Borggaard and Gimsing, 2008).

From a broader environmental perspective, the direct application of herbicides in aquatic
systems might affect the water quality as well as ecosystem functioning. This type of compound
can interfere with species biology and interactions besides decreasing biodiversity, affecting
this way the stability and resilience of aquatic environments (Relyea, 2012). The magnitude of
those effects can be related to glyphosate’s persistence in the environment (Pérez et al., 2011).

Freshwater ecosystems flora and fauna can be affected by glyphosate-based herbicides, as
shown by laboratory and outdoor experiments such as those with phytoplankton and periphyton
(Pérez et al., 2011; Lozano et al., 2018), invertebrates and vertebrates like fish (Folmar et al.,
1979; Cuhraet al., 2013; Geyer et al., 2016) and with larvae and adults of amphibians.
Recently, an increase in deviations in ontogenetic development was shown in tropical tadpoles
because of chronic exposure to Roundup® (Tuhran et al., 2020).

In natural lakes and reservoirs, those effects can be serious, since glyphosate can affect the
structure of primary producers’ communities (Lozano et al., 2018; Hernandez-Garcia and
Martinez-Jerénimo, 2020) as well as consumers’ assemblages (Rico-Martinez et al., 2012;
Vajargah et al., 2018), besides being a potential hazard to human health. Evidence like this
highlights the threats posed by the presence of glyphosate in multiple-use reservoirs.

In the United States, the maximum concentration of glyphosate allowed by the
Environmental Protection Agency is 0.700 mg L. In Europe, the Council of the European
Union established the value of 0.0010 mg L™ as the limit for drinking water (European Council,
1998). In Brazil, the National Environmental Council (CONOMA) stipulates the concentration
of 0.065 mg L as the limit for waters of Class 1 and 2.

Brazil has a rich network of river basins that supports more than sixty percent of the
country's electricity through power generation in hydroelectric reservoirs. Ubiquitous
throughout the country, most of those systems frequently have multiple purposes, with the water
being used for agriculture, industrial and domestic supply. Brazilian reservoirs have been
widely studied in the last decades, especially regarding water quality, biodiversity of aquatic
communities, eutrophication and cyanobacteria blooms (Soares et al., 2013). Few studies
analyzed glyphosate in Brazilian waters, and the existing ones were in rivers near agricultural
and urban areas. Only Pires et al. (2020) studied glyphosate concentrations close to soybean-
growing fields in the Brazilian Amazon, including a reservoir within the freshwater ecosystem.
Still, there is a lack of studies relating to glyphosate in Brazilian reservoirs. This study is
therefore a step to close this gap.

Glyphosate detection conventionally is associated with requiring a high cost-analysis and
sophisticated methods, such as liquid chromatography coupled with an ultraviolet detector,
fluorescence and mass spectrometry (Peruzzo et al., 2008; Catrinck et al., 2014). The
determination of glyphosate by ion chromatography (IC) is considered a clean-up procedure,
and also a direct, fast and relatively inexpensive method for glyphosate quantification (Zhu et
al., 1999; Lambropoulou and Albanis, 2007).

Considering the context above, the objective of the present study was to quantify the
concentration of glyphosate in six different reservoirs of Paraiba do Sul and Guandu River
Basins, applying the ion chromatography technique. The values found were compared with the
ones stipulated by Brazilian legislation. All the reservoirs belong to an energy-generating grid,
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are influenced by agriculture and urban drainages, and most of them are used for industrial and
domestic water supply, small-scale fishing and aquaculture. Regarding the anthropic
influences, it was expected a greater possibility of finding glyphosate in reservoirs under a
stronger anthropic influence attested by their respective tropic conditions. We also tried to
investigate the possible influence of environmental features and rainfall on glyphosate
concentrations in the aquatic environments.

2. MATERIALS AND METHODS

2.1. Chemicals and materials

For decontamination of all the materials applied in this study, we used a solution of
hydrochloric acid 18% (m/v) (prepared from the dilution of concentrated acid) and 2% (v/v)
solution of Extran® MAO2. Glyphosate 45521 - PESTANAL® Sigma Aldrich® standard and
Milli-Q water (Direct-Q3® UV, Millipore, resistivity 18.2 mQ cm™ at 25°C) were used to
prepare the solutions of the calibration curve. The water samples were filtered with a membrane
GV (durapore) in PVDF of 0.22 um pore and 25 mm of diameter from Millipore®.

2.2. Study Area
The water samples were collected in six distinct reservoirs belonging to Paraiba do Sul

River Basin (Tocos, Santana, Vigario and Santa Branca) and the Guandu River Basin (Ribeirdo
das Lajes and Ponte Coberta) (Figure 1).
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Figure 1. Location of the reservoirs: Santana, Vigario, Ribeirdo das Lajes,
Santa Branca, Tocos and Ponte Coberta, included in the present study.
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The climate of the region is sub-humid, considered as Aw in K&ppen’s system composed
of a rainy summer (from January to March) and dry winter (from July to September). The
reservoir of Santa Branca is in the main axis of Paraiba do Sul River; the others form a complex
of reservoirs, which comprises a hydroelectric generating system and are the main water supply
system for the city of Rio de Janeiro. These reservoirs have different characteristics related to
morphometric features, anthropogenic impacts and trophic conditions (Klippel et al., 2020). In
accordance with Resolution 357 related to water quality (CONAMA, 2005), Ribeiréo das Lajes
and Santa Branca are considered Class 1 (better quality, they can be used for water supply after
simple chlorination) and oligo-mesotrophic, while all the others are Class 2 (they need
conventional treatment for domestic supply) and considered mesotrophic to eutrophic. The
number of sampling points was according to the size of the reservoir, one sampling point in the
smallest (Tocos) and five in the largest (Ribeirdo das Lajes Reservoir).

The geographic coordinates of each point are in Table 1. Ribeiréo das Lajes Reservoir was
sampled monthly from January 2013 to April 2014 (except December). All the other reservoirs
were sampled in January 2013, July 2013 and January 2014. January is the rainy season while
in July starts the dry season.

Table 1. Geographic coordinates of the sampling points.

Surface area Retention time

Reservoir (km?) (days) Sample Point Latitude South Longitude West
L1 22°47'18" 44°01'48"
L2 22°49'44" 43°59'45"
Ribeirdo das Lajes 30.7 300.1 L3 22°46'19" 43°57'54"
L4 22°42'33" 43°54'51"
L5 22°42'09" 43°52'58"
PC1 22°41'32" 43°51'24"
Ponte Coberta 1.09 1.1
PC2 22°41'12" 43°49'41"
SB1 23°21'07" 45°46'01"
SB2 23°18'36" 45°45'59"
Santa Branca 27.23 62.6
SB3 23°19'55" 45°47'54"
SB4 23°22'26" 45°52'09"
S1 22°31'30" 43°49'20"
Santana 5.23 1 S2 22°34'36" 43°50'18"
S3 22°36'29" 43°52'06"
Tocos 0.36 <1 T1 22°47'07" 44°04'39"
V1 22°38'09" 43°53'49"
VIgéI’IO 333 2 V2 22039'23" 43053117u
V3 22°40'13" 43°52'51"

2.3. Samples Analysis

Water samples for glyphosate analysis were taken at the sub-surface of each point.
Environmental variables were measured at the same time in situ with a multi-probe 6920
Yellow Spring Instrument. The variables measured were: water temperature, pH, electrical
conductivity, total suspended solids, dissolved oxygen, turbidity, and chlorophyll-a. Water
transparency was evaluated using a Secchi disk. All the rainfall data as well as the reservoir
water levels were obtained from meteorological and hydrological stations of the Light Energy
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Company located near the reservoirs. The ion chromatography technique was used to determine
the presence of pesticide in water. This technique dispenses with the use of cartridges, reagents
and solvents that can potentially contribute to environmental degradation and waste generation.
The calibration curve was constructed from nine aqueous solutions of glyphosate standard, with
concentrations ranging from 0.01 mg L™ to 1.0 mg L. Six replicates were analyzed for each
concentration.

The filtered samples, with a membrane GV (durapore) in PVDF of 0.22 pum pore
Millipore®, were analyzed on an ion chromatograph 1CS-2100 (Dionex Inc.) equipped with
AS-19A and AG-19A columns, self-regenerating suppressor ASRS-Ultra 11, with a sample loop
of 500 uL and flow rate of 0.3 mL min?. KOH was the eluent, from 0-10 minutes its
concentration was 10 mM and from 10-23 it was 60 mM, the retention time was 20.5 minutes.
Each analyzed sample had six replicates and all of them were tested.

2.4. Statistical Analysis

Normality of data was assessed with a Shapiro-Wilk test. Due to non-normality, the
Kruskal-Wallis test on ranks was performed to detect significant differences (p<0.05) in
glyphosate concentrations among reservoirs. In order to explore the relationship between
glyphosate concentrations and environmental variables, we calculated Spearman rank
correlation coefficients in the software Statistic Version 7.0. For statistical analysis, only results
where glyphosate was detected above the quantification limit (QL) were used. In the specific
case of pluviometry, monthly values were taken into consideration as well as rainfall values
that occurred three days before the sampling day and also in the previous week.

3. RESULTS AND DISCUSSION

3.1. Detection and quantification of glyphosate

The analytical method of ion chromatography has the advantage of allowing the
guantification of glyphosate in water through direct injection, without the need for
preconcentration or derivatization, steps that involve sample manipulation render the analysis
expensive and time-consuming. In the chromatograms, the peak retention time corresponding
to glyphosate was of 20.5 min (Figure 2A). The calibration curve obtained for the standard
solutions was adjusted using a linear regression equation, relating the results to the
concentration of the analyte (Figure 2B). The correlation coefficient found was 0.99121.

The detection limit (DL) and the quantification limit (QL) were 2.8x10-4 mg L and
8.5x10-4 mg L%, respectively. They were calculated according to Equations 1 and 2:

DL = 3.3x5s/S 1)
QL = 10xs/S (2)

Where s is the standard deviation of the blank sample and S is the slope of the regression
line equation. The recovery was calculated according to Ribani et al. (2004) using known values
of glyphosate added in an exempted matrix. The recovery mean values were between 59% and
103%. These numbers are within the acceptable range established in the literature; the US-FDA
recommends the recovery trend to be between 50% - 150%, while the European Union
Commission says 40% - 160% (Imoto and Freitas, 2008). The precision of the value obtained
in this study was 13.98%, and it was determined by the relative standard deviation (RSD). This
parameter represents the dispersion of the results, and in case of experiments with trace
elements, it is accepted a RSD of up to 20% (Ribani et al., 2004).

Rev. Ambient. Agua vol. 16 n. 1, e2615 - Taubaté 2021 AR
IPABH?



Assessing glyphosate concentrations in six reservoirs of ... 7

A) 0.60
WS i
0.40 Glyphosate
1 20.544min
0.20
000 {7
020 )
] L
040 1
-0.80 | j
] T -
W+ ¥ F
00 50 100 15.0 200 250
Retention time (min}
B) y =0.0944x + 8E-06

0.12 R?=0.99121

0.10

Peak area (pS*min)
o o o
o o o
S a 00

o
o
o

0.00
0.00 0.20 0.40 0.60 0.80 1.00 1.20

Concentration (mg/L)

Figure 2. A. Chromatogram of aqueous standard solution
(1.033 mg L%); B. Analytical curve of different standard
concentrations.

3.2. Glyphosate in the six reservoirs

In the present study, glyphosate was detected in all six reservoirs, regardless of their trophic
state or closeness to anthropic areas. According to the Kruskal-Wallis test, there were no
differences in glyphosate concentrations among reservoirs (H=7.9486 (15, N=47), p=0.1591).

The herbicide was found above the quantification limit in 43% of all analyzed water
samples. The percentage of positive results were different among the reservoirs. Glyphosate
was detected in 100% of the water samples from the following reservoirs: Tocos, Vigario and
Ponte Coberta. In Ribeirdo das Lajes Reservoir, 32% of the samples showed the presence of
glyphosate, while in Santa Branca that number was equal to 50% of the samples. The lowest
percentage was found in Santana Reservoir, with 11% of the samples contaminated with the
herbicide.

Systematic assessments of glyphosate presence in lakes and rivers in South America are
scarce, despite the widespread use of this herbicide. In the present study, the percentage of 43%
of samples in which glyphosate was detected was similar to the results of a survey of glyphosate
in Pampean lakes (40%) (Berman et al., 2018), in which the samples were analyzed by high
performance liquid chromatography and mass spectrometry (HPLC-MS) after derivatization
with 9- fluorenylmethoxycarbonyl chloride. However, these results were higher than other
glyphosate studies, such in surface waters of agricultural basins in Argentina, where the
maximum percentage of surface water samples containing glyphosate reached 35% (Aparicio
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etal., 2013).

Our results were also higher when compared with the first survey of glyphosate on a basin-
wide scale in the main tributaries of the Parana River Basin in Brazil. In this case, 30% of the
water samples reported the presence of the herbicide (Ronco et al., 2016). These authors related
the positive results to intensive agriculture activities.

Considering all analyzed samples, the concentrations of glyphosate varied from 0.0003 mg
L to 0.1684 mg L, and in three samples the concentration exceeded the maximum allowed
by Brazilian legislation (CONAMA 357) (Figure 3). The higher values were found in both Class
1 (Ribeirdo das Lajes and Santa Branca) and Class 2 (Vigério) oligo-mesotrophic reservoirs
(Klipell et al., 2020).
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Figure 3. Log of Glyphosate concentration (mg L 1) in the six
reservoirs during the period of the study. RLA=Ribeirdo das
Lajes, TC=Tocos, PC=Ponte Coberta, SB=Santa Branca,
SAN= Santana and VIG = Vigario.

Once again, the results found in the present study (between 0.0003 mg L and 0.1684 mg
LY) were higher when compared with the other two mentioned researches in aquatic ecosystems
in South America. The shallow lakes in Argentina showed glyphosate concentration values of
up to 0.00452 mg L (Berman et al., 2018), while Parana River and tributaries presented values
between 0-0.0012 mg L (Ronco et al., 2016). However, areas under agricultural influence
showed higher results than ours, such as in a wetland of a stream receiving flowing from a
soybean field near Buenos Aires where glyphosate ranged from 0.1 to 0.7 mg L (Peruzzo et al.,
2008).

3.3. Trophic conditions and glyphosate

Regarding the anthropic influences on the reservoirs, we noticed that at some sampling
sites glyphosate was always found above the quantification limit, independently of the trophic
conditions. This happened in the eutrophic Vigario Reservoir (V3), and in the oligo-
mesotrophic Santa Branca (SB2) and Ribeirdo das Lajes (L1) Reservoirs. Vigario Reservoir
presented a concentration 2.6 times higher (0.1684 mg L) than the ones determined by law,
Santa Branca, 1.24 times (0.0804 mg L), and Ribeirdo das Lajes, 2.1 times higher (0.01366
mg L1). The wide use of glyphosate in several crops and in other agricultural activities, such
as weed control in pastures along the Paraiba do Sul and Guandu River Basins, can explain the
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frequent presence of this herbicide in the studied systems. Except for Ribeirdo das Lajes
Reservoir, all the other reservoirs are under the influence of former coffee farm areas that were
transformed into pasture or Eucalyptus plantation during the last century.

Within the eutrophic reservoirs (Vigario, Santana and Ponte Coberta), only Santana
Reservoir showed dissimilar results (Figure 3) with a comparatively lower concentration of
glyphosate.

Although receiving anthropically impacted waters from the Paraiba do Sul River, Santana
Reservoir differs from the others, since it presents intense colonization by aquatic macrophytes
(Pitelli et al., 2008). This condition suggests a possible reduction in glyphosate levels in water
by aquatic macrophytes as reported in other studies (Brogan and Relyea, 2013; Moore et al.,
2017). Still, further experimental studies to check and confirm such correlation are needed.

Even though Ribeirdo das Lajes Reservoir is considered oligo-mesotrophic, has the
surrounding area covered by remains of the Atlantic Forest, and possesses the best water quality
among the reservoirs studied, still glyphosate was found in it. The detection of this herbicide at
point L1 reflects the degradation of this reservoir area, which is influenced by drainage from
pastures and upstream waters impacted by different types of crops and chicken farms.
Therefore, we suggest that glyphosate enters the reservoir from runoff and leaching of upstream
areas or from direct contamination by the use of this herbicide to control weeds in a nearby
pasture.

In this way, our results for Ribeirdo das Lajes Reservoir confirmed the main tributary as
an important source of glyphosate into the lake and the relevance of the surrounding rainforest
to prevent any input of the herbicide from land into other parts of the reservoir. Even with a
high concentration of glyphosate at L1, the other sampling points seemed not to be affected by
this herbicide, showing very low concentrations of glyphosate.

Since this reservoir is used for domestic supply through simple chlorination, the study of
herbicides in its waters is highly important in terms of public health, especially if we consider
that the Report of the International Agency for Research on Cancer (IARC, 2015) has classified
this herbicide as belonging to the Group 2A, which means, as an agent probably carcinogenic
to humans.

Glyphosate was detected at all sampling points in the Santa Branca, the other reservoir
considered as oligo-mesotrophic. Although its waters are used for domestic supply, this
reservoir suffers anthropic influences related to the Pinus plantation, industrial and mining
activities in its marginal area. Sampling Point 2, which presents a high glyphosate content, is
located near the entrance of the Capivari River, which has intensive agricultural activities in its
basin that can introduce the herbicide to the reservoir. Yet, it is important to highlight that other
sources of the herbicide cannot be discarded, because aside from agriculture, inputs from
maintenance of roadsides and effluents of wastewater treatment plants can also be an important
source of such substance (Hanke et al., 2010).

The detection of glyphosate throughout the year in the reservoirs of Ribeirdo das Lajes and
Santa Branca in both rainy and dry seasons, as well as in all other reservoirs, reflected the
constant use of the herbicide in the drainage basins of these water bodies. Local processes, such
as application by farmers to control undesirable weeds, would likely play important roles in the
highly dynamic and complex processes of herbicide transport and degradation (Berman et al.,
2018).

3.4. Relationship of rainfall and environmental factors with glyphosate concentrations in
the six reservoirs

The pluviosity in reservoirs was as expected, with higher rainfall in the summer (January)
and lower in the winter (July) samplings (Figure 4). However, rainfall was higher in the rainy
season of 2013 than in 2014.
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Figure 4. Monthly rainfall (mm) in the six reservoirs during the
period of the study. RLA=Ribeirdo das Lajes, TC=Tocos, PC=Ponte
Coberta, SB=Santa Branca, SAN= Santana and VIG = Vigério.

The results of the correlation analysis between rainfall data and glyphosate concentrations
in water showed no significant interrelation when considering monthly rainfall (Rho = 0.029;
Pvaiie <0.05). However, when considering the rainfall in the days before the sampling, the
results were different. There was a higher correlation between rainfall in the three days before
the sampling (Rho = 0.056; Pvalue <0.05) and glyphosate concentration, and a significant
correlation between rainfall in the seven days before the sampling and glyphosate (Rho = 0.155;
Pvalue <005)

The influence of rains on glyphosate dispersion has been discussed by several authors,
most of them in the temperate region. In tropical Brazil, where rainfall governs most of the
dynamics of the aquatic systems, the pathways of glyphosate from soils to water is scarcely
documented (Correia et al., 2020; Pires et al., 2020). Even so, the existence of mechanisms of
dilution of the surface material with adsorbed glyphosate by runoff cannot be discarded.
Rainfall has been linked with the decrease in glyphosate concentrations in the soil. These
lowering levels can be explained by the high solubility of glyphosate in water and by the
existence of adsorption sites, which have already been linked with glyphosate in soils causing
the carriage of the non-adsorbed glyphosate to streams (Peruzzo et al., 2008). Furthermore,
surface runoff with the movement of soil particles can carry glyphosate adsorbed and end up in
streams where glyphosate can be desorbed, biodegraded and accumulated in sediments
(Aparicio et al., 2013). A significant increase in glyphosate concentrations in water due to
rainfall is explained by the carrying of glyphosate present in soil through mechanisms of
dilution of surface material by runoff (Peruzzo et al., 2008).

In relation to the environmental variables (Table 2), the reservoirs were characterized by
water temperature average ranging from 21.9 to 25.8 °C, waters around neutrality (pH average
from 6.96 to 7.35), lower turbidity in the less impacted Tocos, Ribeirdo das Lajes and Santa
Branca reservoirs (from 4.35 to 8.59 NTU) and higher in the others (from 18.89 to 27.55 NTU).
Total dissolved solids (TDS) and electrical conductivity were lower (<20 mg L™, and < 30 uS cm’
! respectively) in the less impacted and higher in the others (average between, respectively, 36.89
and 38.50 mg L and 80.63 and 84.38 uS cm™). Average water transparency was higher in
Ribeirdo das Lajes and Santa Branca Reservoirs (respectively, 2.07 and 2.31 m). Chlorophyll-
a average concentrations were considered low in all reservoirs (<2.5 ug L™). We found a
significant positive correlation between glyphosate and water turbidity (Rho = 0.366; N=47; P<
0.05) and a negative between glyphosate and water transparency (Rho = -0.375). On the other
hand, as expected, turbidity was negatively correlated with water transparency (Rho = -0.88)
and positively with total dissolved solids (Rho = 0.31), and with monthly rainfall (Rho = 0.33).
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Table 2. Average and standard deviation (SD) of environmental variables in the studied reservoirs.

Variable Temp! (°C) DO?(mgL?1) pH Turb®(NTU) TDS*(mgL?) SD°(m) EC®(uScm?) Chl-a’(ugL?)
Tocos average 21.9 7.86 7.00 8.59 11.00 1.20 26.63 0.57
(N=3) SD 4.2 1.68 1.04 6.20 0.00 0.35 2.82 0.40

Ribeirdo das Lajes average 24.6 7.00 7.12 6.59 13.61 2.07 28.60 243
(N=80) SD 3.7 1.32 0.56 10.07 4.22 1.10 4.75 2.15

Santana average 25.1 4.99 7.37 26.03 36.89 0.80 81.21 2.31
(N=10) SD 3.3 2.06 0.71 17.66 4.34 0.36 8.22 1.01

Vigario average 24.8 5.80 7.35 27.55 37.11 0.65 84.38 1.94
(N=10) SD 3.1 0.92 0.39 22.75 5.16 0.30 13.75 1.58

Ponte Coberta average 25.6 7.31 7.29 18.89 38.50 0.91 80.63 1.90
(N=6) SD 3.6 1.03 0.18 14.88 9.09 0.44 14.21 1.40
Santa Branca average 25.8 6.24 6.96 4.35 18.33 2.31 36.08 1.30
(N=12) SD 4.2 1.15 1.21 4.49 4.83 0.84 5.27 0.62

Ytemperature, 2dissolved oxygen, 3turbidity, “total dissolved solids, °transparency, ®electrical conductivity, ‘chlorophyll-a. N= number of samples.

Ponte Coberta and Tocos reservoirs presented higher glyphosate concentrations during the rainy period, when turbidity was also higher. The
plausible explanation for this is that during the rainy period the soil runoff is more intense, dragging soil and consequently glyphosate into the
water, increasing in this way the concentration of the herbicide in both reservoirs during this season.

Despite a low correlation between daily rainfall and glyphosate, the positive correlation between glyphosate and turbidity suggests an indirect
relation between rainfall and the herbicide. This variable is one of the most monitored along the river basins, since several uses of the water
depend on its value. The increase in turbidity in tropical rivers during rainfall, associated with the draining of the surroundings areas’ soil into the
aquatic systems is well recognized (Branco et al., 2019), making it possible to associate this draining with the carriage of glyphosate into the
water.
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4. CONCLUSIONS

The ion chromatography used in this study allowed the quantification of glyphosate in the
water of reservoirs, with the advantage of eliminating any prior treatment, resulting in time gain
and low waste generation.

We expected a greater possibility of finding the presence of glyphosate in reservoirs under
greater anthropic influence and trophic conditions, but our results showed that regardless the
size of the reservoir or its anthropic influences and trophic condition, the presence of glyphosate
was detected. The constant presence of glyphosate in water is evidence of the frequent use of
this herbicide throughout the reservoirs’ river basins and corroborates how human activities can
influence and impact aquatic ecosystems. This fact highlights the need for continuous
monitoring to obtain a more accurate view of the emission sources and their control, since
environmental standards levels for glyphosate in water have been exceeded.

Due to the ubiquity of glyphosate use in countries of South America, such as Argentina
and Brazil, the need for laboratory experiments to explore the pathways of degradation of this
herbicide in tropical and subtropical aquatic environments and its effects on resident flora and
fauna are preeminent and unpostponable. This is especially true in cases like those reported
here, where the water stored in reservoirs is not only used for generating electricity but also for
providing water supply to households, fishing activities and farming.
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ABSTRACT

The Brazilian Cerrado biome (BCB) is among 25 biodiversity hotspots identified
worldwide, and covers the recharge area of important aquifers and rivers in South America.
The increase in deforestation has been threatening water availability in this region. In order to
assist in the water-resource management of the BCB, this study models the daily streamflow in
a basin of the Cerrado, using two approaches: a process-based model (Soil and Water
Assessment Tool - SWAT) and the data-driven model (Artificial Neural Network - ANN). The
performance of the models was evaluated by the Nash-Sutcliffe coefficient (NSE), coefficient
of determination (R?) and flow-duration-curves (FDC). The results indicate that SWAT (NSE
> 0.61; R? > 0.68) and ANN (NSE > 0.91; R? > 0.79) models are suitable tools in daily
streamflow modeling of the studied basin, with the ANN model being the most accurate. Based
on FDC, the ANN model was also better than the SWAT model for all frequencies evaluated.
Thus, the ANN model is a promising new approach for daily streamflow modelling in this
region. Moreover, the results of this study can help water-resource managers in planning and
implementing appropriate water allocation and conservation measures in the Brazilian Cerrado
biome.

Keywords: brazilian savannah, hydrologic model, water resources.
Modelagem hidroldgica em uma bacia do bioma Cerrado brasileiro

RESUMO

O bioma Cerrado brasileiro (BCB) estd entre os 25 hotspots de biodiversidade
identificados em todo o mundo, e abrange a area de recarga de importantes aquiferos e rios da
America do Sul. O aumento do desmatamento vem ameacgando a disponibilidade de agua na
regido. A fim de auxiliar na gestdo dos recursos hidricos da BCB, este estudo tem como objetivo
modelar a vazdo diaria em uma bacia do Cerrado, utilizando duas abordagens: um modelo
baseado em processo (Soil and Water Assessment Tool - SWAT) e um modelo orientado por
dados (Artificial Neural Network - ANN). O desempenho dos modelos foi avaliado pelo
coeficiente de Nash-Sutcliffe (NSE), coeficiente de determinagdo (R?) e curvas de duracéo de
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fluxo (FDC). Os resultados indicam que os modelos SWAT (NSE > 0,61; R? > 0,68) e ANN
(NSE > 0,91; R? > 0,79) sdo ferramentas adequadas na modelagem diaria de vazdes da bacia
estudada, sendo o modelo ANN o mais preciso. Com base no FDC, o modelo ANN também foi
melhor do que o modelo SWAT para todas as frequéncias avaliadas. Assim, 0 modelo ANN é
uma nova abordagem promissora para modelagem de fluxo diério nesta regido. Além disso, os
resultados deste estudo podem ajudar os gestores de recursos hidricos no planejamento e
implementacdo de medidas adequadas de alocacdo e conservacao de agua no bioma Cerrado
brasileiro.

Palavras-chave: modelo hidrolégico, recursos hidricos, savana brasileira.

1. INTRODUCTION

The Brazilian Cerrado biome is one of the most important areas in South America,
covering the recharge areas of important aquifers and rivers, and approximately 204 million ha,
which corresponds to 24% of Brazil (Medrado and Lima, 2014); it is recognized as the "cradle
of Brazil’s water" (Lima, 2011). Besides that, the Brazilian Cerrado biome is one of 25
biodiversity hotspots in the world, with high biological and endemic diversity, has suffered loss
of vegetation due to agriculture and pasture expansion (Silva et al. 2006), which has resulting
in a large number of endangered species (Myers et al., 2000; Rodrigues et al., 2020). These
agriculture and pasture expansions also threaten the stream flows from watersheds (Silva and
Bates, 2002); however, the understanding of their impacts on streamflow in the Cerrado biome
is still limited (Beuchle et al. 2015). Improving the knowledge base on hydrological modeling
in the Cerrado biome is therefore important for water-resource management, since it allows the
quantification of current and future water availability, which is essential to ensure water security
and economic development.

Hydrological models provide a representation of the processes in the hydrological cycle of
a basin and help in understanding, predicting and managing water resources (Devia et al., 2015).
Among the various hydrological models that have been developed, the Soil and Water
Assessment Tools (SWAT) model is one of the most applied for simulating at basin-scale
around the world. SWAT is a semi-conceptual and semi-distributed hydrological model
developed by the Agricultural Research Service (ARS/USA) and Texas A&M University in the
early 1990s (Arnold et al., 1998). The SWAT has been used to predict streamflow time series,
hydrological processes, water balance, and for evaluating the impacts of climate change, land-
use change, and different management practices on the surface hydrological cycle, sediment
yield, water quality (Abbaspour et al. 2007). Many researchers have applied the SWAT model
for different basins. Pontes et al. (2016) applied the SWAT hydrological model to estimate
daily and monthly discharges for the Camanducaia River Basin, Brazil, and to evaluate the
performance of these calibrations in a contiguous drainage basin. Monteiro et al. (2015) used
two precipitation grids, CFSR (Climate Forecast System Reanalysis) and WFDEI (WATCH
Forcing Data methodology applied to ERA-Interim), as inputs to a SWAT model for river
discharge simulation in the Tocantins catchment, Brazil. Choubin et al. (2019) compared the
SWAT and Identification of Hydrographs and Components from Rainfall, Evaporation, and
Stream (IHACRES) models in the streamflow regionalization for the Karkheh River Basin,
Iran. Rodrigues et al. (2020) applied a SWAT model to simulate the monthly streamflow for
three basins of the Brazilian Cerrado biome. Alvarenga et al. (2020) compared the SWAT and
Variable Infiltration Capacity (VIC) models in the monthly streamflow simulation for the Verde
River Watershed, located in the Minas Gerais state in southern Brazil. However, despite the
wide use of the SWAT model, it requires a large amount of temporal and spatial data, maps,
and input parameters, that are sometimes hard to predict (Makwana and Tiwari, 2014).
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Therefore, it is not applicable (or presents a worse performance) to basins in which input data
for hydrological modeling are not available (Yaseen et al., 2019). This is the case of most of
the Brazilian Cerrado biome basins where there is a significant lack of data (Nobrega et al.,
2017).

An alternative to conceptual models is the Artificial Neural Network (ANN), which is an
empirical model capable of learning nonlinear relationships between the variables of a process,
and relating inputs and outputs without the need of a detailed understanding of its physical
characteristics. This feature makes ANN an effective tool for modeling complex hydrological
processes (Talebizadeh and Moridnejad, 2011). Thus, ANN has been widely applied to solve
several water-resource problems, and it was found to be a powerful tool for streamflow
simulation (Aichouri et al., 2015). Kothari and Gharde (2015) applied ANN for the streamflow
modeling of Savitri catchment, India. Zhou et al. (2018) forecasted the monthly streamflow of
the Jinsha River by using three (ANN) architectures: extreme learning machine, radial basis
function network, and Elman network. Vilanova et al. (2019) applied ANN to simulate daily
streamflows for Brazilian Atlantic Rainforest basins. Papalaskaris (2020) applied ANN for the
daily low streamflows forecast of lokastis Stream, Kavala City, NE Greece, NE Mediterranean
Basin. However, no study has applied the ANN model to simulate streamflow in basins of the
Brazilian Cerrado biome.

The implementation of models with different approaches to the same problem allows
exploring the advantages and disadvantages of the models and finding the best and most
efficient structure for a given region. Few studies have compared SWAT and ANN models for
streamflow estimation (Tan et al., 2020). Demirel et al. (2009) assessed the performance of
SWAT and ANN models for the daily flow forecasting in the Pracana Basin, Portugal, and
determined that the ANN model yielded the highest accuracy ratio. Noori and Kalin (2016)
assessed the performance of SWAT and ANN models for the daily runoff simulation in the
Gwinnett and Atlanta watersheds, and determined that the ANN model showed the better
performance. Jimeno-Saiez et al. (2018) assessed the performance of SWAT and ANN models
for daily streamflows simulation in different climatic zones of Peninsular Spain, and reported
that ANN model had performed better for maximum values and for minimum values the SWAT
model performance had been better. To the best of our knowledge, there is no study regarding
streamflow estimation by comparing the SWAT and ANN in a Brazilian basin. Thus, such
assessment is still limited in the literature, and therefore requires more investigation.

In this context, in order to assist in the water-resource management of the Cerrado biome,
this study assesses the suitability of the SWAT and ANN models to simulate the daily
streamflow in the Manuel Alves da Natividade River Basin (MRB), located in the Brazilian
Cerrado biome, and compares their performances to determine which is more appropriate for
the studied basin. The MRB was selected based on the great importance that it represents, since
it serves several hydroelectric projects, and one of the major irrigation projects in Brazil, the
Manuel Alves irrigation project, is installed on it (Tocantins, 2012). This study will provide a
basis for the use of local and public administrations in improving a successful basin
management strategy in the MRB. It will also help spread the research to different regions of
the world.

2. MATERIALS AND METHODS

2.1. Study area

The Manuel Alves da Natividade River Basin (MRB) has a drainage area of 14,344 km?
(Figure 1) and is one of the main sub-basins of the Tocantins-Araguaia River Basin (TARB),
which in turn is the largest basin entirely inserted in the Brazilian territory. The MRB is fully
inserted in the Cerrado biome, and the streamflow produced by it directly feeds the Luis

Eduardo Magalhdes hydropower plant, with an installed capacity of 903 MW (ONS, 2020),
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corresponding to 25% of its incremental contributing area. It also feeds the Manuel Alves
irrigation project, with an irrigable area of 20 thousand hectares, which is one of the major
irrigation projects in Brazil (Tocantins, 2012). The MRB is located in southeastern Tocantins
state, north Brazil, between latitude 11°09'45" to 12°14'54" S and longitude 46°33'04" to
48°18'40" W, and is limited by the basins of the Rivers Palma from south, Balsas from north,
Tocantins from west and S&o Francisco from east.

48°P’W 47°1|5'W 46°3|O'W
BRAZIL N

0 40 80 C3 MRB
T — Main river
@ Streamflow station
0 1300 2600 A Weather station
e — < Rainfall station

Figure 1. Location of the Manuel Alves da Natividade River Basin and monitoring stations.

According to the Koppen classification, the basin climate is Aw (tropical savanna),
characterized by a rainy summer and dry winter (Kottek et al., 2006). The average annual
precipitation is 1500 mm and the average annual temperature is 25°C.

2.2. Soil and Water Assessment Tool (SWAT)

The SWAT is a physically based semi-distributed hydrological model, free of charge,
available at (http://swat.tamu.edu/), and widely used across the world. To execute the model,
various inputs are required, such as hydrometeorological data, soil and land-use maps and a
digital elevation model (DEM) in the basin. The SWAT model divides the basin into multiple
sub-basins based on the river network and topography. Each sub-basin is further divided into
Hydrologic Response Units (HRU), which consist of unique combinations of soil class, land
use and slope (Arnold et al., 1998). SWAT simulations are based on water balance, are
performed for each HRU and are accumulated to obtain the total for the sub-basins and basin.
Equation 1 describes the water balance adopted by the SWAT model.

SWy = SW, + Z?:l(Rday — Qsurf — Ea — Wseep - ng) 1)

Where SWh is the final amount of soil water for the day (mm), SWo is the initial amount
of soil water for the day (mm), Raay is the total rainfall for the day (mm), Qsur is the surface
runoff for the day (mm), Ea is the evapotranspiration for the day (mm), Wiseep is the total amount
of water that seeps through the base of the soil profile for the day (mm), and Qgw is the
groundwater flow for the day (mm). For a detailed description of the SWAT model, refer to
Arnold et al. (1998) and Neitsch et al. (2011).
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To perform the hydrological simulation, SWAT requires hydrometeorological data
(rainfall, maximum and minimum air temperatures, solar radiation, relative humidity, and wind
speed), and geospatial data, which include the digital elevation model (DEM), land-use map
and soil map. For the MRB, daily hydrometeorological data were obtained from seven rainfall
gauge stations and one weather station (Figure 1) in the Brazilian National Water Agency
(ANA-Hidroweb) and the Meteorological Database for Education and Research (BDMEP) of
the Brazilian National Institute of Meteorology (INMET). The ASTER DEM of the MRB
(Figure 2a), with spatial resolution of 30m, was obtained from the USGS (United States
Geological Survey), and showed elevations ranging from 197 to 960 m. The land-use map of
the MRB (Figure 2b) was provided by the Tocantins Planning and Budget Secretariat
(SEPLAN) (Tocantins, 2012), and its land-use classes consist of Cerrado (79.24%), Riparian
Forest (8,38%), Pasture (6.56%), Amazon Forest (5.56%), Water bodies (0.18%), Urban Area
(0.04%), Agriculture (0.02%) and bare soils (0.02%). The soil map of the MRB (Figure 2c) was
obtained from the Brazilian Agricultural Research Corporation (EMBRAPA, 2011) at a
1:5,000,000 scale. The soil classes in the MRB are Red-Yellow Argisol (PVA; 52.85%),
Litholic Neosol (RL; 14.08%), Red-Yellow Latosol (RYL; 10.69%), Endopetric Plinthosol (FF;
8.46%), Haplic Cambisol (CX; 5.04%), Quartzarenic Neosol (RQ; 4.73%), Yellow Latosol
(LA; 2.16%), Haplic Gleysol (GX; 1.24%) and Haplic Plinthosol (FX; 0.75%).

48°0'0"W 47°200"W  46°40'0"W 48°0'0"W 47°200"W  46°40'0"W
2] 1
)
;Or -

0 25 50 |o
£ | Elevation (m) ¢ 2y 20 _ _—
S 960 P——— [ Agriculture [ Pasture 4
& M Cerrado [JSoil bare -

. 197 @ Native forest M Water bodies
[ Riparian forest M Urban area
a) b)

= =3
e -
5 g
. 0 25 50 |
5 mmw—— km 5
£1 OCXEGX MPVA k

OFF BLA MRL
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¢)
A00'W  47°200'W  46°400"W
Figure 2. Digital elevation model (a), land use map (b) and soil map (c) of the
Manuel Alves da Natividade River Basin.
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For the streamflow modeling, the SWAT model was set up for the period between 1983
and 2005 with daily precipitation, maximum and minimum temperature, solar radiation, wind
speed and relative humidity data. The first three years were used as a warm-up period to reduce
the uncertainties regarding the initial conditions of the surface domain (Mello et al., 2008). The
period from 1986 to 1995 was used for calibration, whereas the period from 1996 to 2005 was
used for validation.

The parameters used in calibration (Table 1) were selected based on previous studies
conducted in the Cerrado biome, such as Oliveira et al. (2019), Rodrigues et al. (2020) and
Amorim et al. (2020), and based on Latin Hypercube One-factor- At-a-Time sensitivity analysis
(LH-OAT) method (Van Griensven et al., 2006). LH-OAT was applied using the SUFI2
algorithm in the SWAT-CUP software. Following sensitivity analysis, the daily streamflow
calibration was performed manually by changing one parameter at a time, as performed by
Nyeko (2015), Pereira et al. (2016) and Rodrigues et al. (2020), and the validation was
performed updating the SWAT model with the parameters obtained in the calibration period.

Table 1. SWAT model parameters and their final calibrated values in the daily time step for the
MRB.

Parameters Description Calibrated value
V_ESCO.hru Soil water evaporation compensation coefficient 0.500
R_CN2.mgt Initial curve-number for moisture conditions Il -0.040
V_ALPHA BF.gw Baseflow recession coefficient (days) 0.069
A_GW_DELAY.gw Time interval for aquifer recharge (days) 42.00
V_CANMX.hru Maximum canopy storage (mm) 28.00
V_CH_K2.rte Effective hydraulic conductivity of the main channel (mm.h1) 3.690
V_CH_N2.rte Manning’s number for the main channel 0.056
V_GW_REVAP.gw Water seepage coefficient for the unsaturated zone 0.200
R_SOL_AWC ().sol  Soil water storage capacity (MmMuater.MMsoir™) 0.230
R_SOL_K (). Sol Saturated hydraulic conductivity (mm.h) -0.072
V_CH_N1.sub Manning’s number for the secondary channel 0.520
V_CH_K1.sub Effective hydraulic conductivity of the tributary channel (mm.h?) 4.740
V_SLSOIL.hru Slope length (m) 17.629
V_LAT_TTIME.htm Lateral flow propagation time (days) 5.000

99 ¢

Note: Prefixes “V,” “R” and “A” correspond to the operations “replace by a given value,” “relative
- an existing parameter value is multiplied by” and “add to the existing parameter value,”
respectively.

2.3. Artificial Neural Network (ANN)

The ANN model is a data-driven mathematical model that was developed to imitate the
structure of a human brain neural network and has been widely applied to solve water-resource
problems (Minns and Hall, 1996). To execute the model, prior knowledge of the physical
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characteristics of the process is not required, only hydrological and meteorological data from
the basin. The ANN model uses interconnected artificial neurons that receive input information
(x1, x2, ..., xn), perform operations and provide an output (y). Each connection between neurons
(or synapse) has an associated intensity, expressed by a weight (w1, w2, ..., wn). Each neuron
determines an input value (net) through the sum of the products of the input weighted by
respective values. The weights are the values that represent the degree of importance of each
input to the neuron, obtained at the time of neural network training. Once the weight is
determined, it becomes the activation value of the respective neuron. This value is a function
of the input (y = f(net)). An activation function precedes the transfer function and has the task
of passing the signal obtained through the inputs to the transfer function (Haykin, 2007).

Multilayer perceptron (MLPs) ANN model has hidden layers, and according to Haykin
(2007) they have three main characteristics: a) the model of each neuron has a non-linear
activation function; b) the network has at least one hidden layer; and c) the network has a high
degree of connectivity between its processing elements.

In this study, a feedforward neural network was defined with three layers: input, internal
(or hidden) and output layers. This type of network is widely used in signal filtering, data
compression, pattern recognition and inter-comparison of patterns. For this neural network, the
hyperbolic tangent activation function (tansig) was used for the neurons of the middle layer;
the linear activation function (purelin) for the output neuron; and the Bayesian approximation
algorithm (trainbr) for network training (Haykin, 2007).

For structuring the MLP artificial neural network, 17 input nodes were used, referring to
rainfall, maximum temperature, minimum temperature, solar radiation, potential evaporation,
mean temperature, relative humidity, wind speed and streamflow of the previous day. To avoid
polarization of the neural network and delays in the learning process, the input variables were
normalized between -1 and 1. For this purpose, each variable was divided by the absolute
maximum value of the set of corresponding variables. Concerning the middle layer, the number
of neurons ranged from 1 to 10, and 30 replicates were generated for each neuron. Because the
goal of the network was to model the streamflow of the MRB, only one neuron was used in the
output layer. Figure 3 shows the MLP artificial neural network architectures analyzed.

To generate the MLP, the MATLAB® software was used, and to compare the results of
the various neural models, Tukey’s test (TSD — Tukey’s Significant Difference) was applied to
determine whether there was a significant difference (5% significance level) between the mean
Nash-Sutcliffe coefficients (NSE) (Tukey, 1949).

Input layer Hidden layer Output layer

Figure 3. Multilayer perceptron neural network architectures analyzed in this study.
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2.4. Model Performance Evaluation

In order to evaluate the performance of the SWAT and ANN models, both in the
calibration/training and validation periods, the coefficient of determination (R?) and the Nash-
Sutcliffe coefficient (NSE) were used. R? describes the proportion of the variance in observed
data that can be explained by the model. It ranges from 0 to 1, and the higher its value, the better
the fit. R? is calculated by Equation 2 and, in general, values greater than 0.6 are considered
acceptable (Moriasi et al., 2015).

RZ — Z?=1(Qobsi_Qobs)-(Qsimi‘Qstm) (2)
\/Zzlzl(Qobsi_Qobs)z-Z?=1(Qsimi_ann)z

Where Qops is the observed streamflow, m2.s™, Qsim is the simulated streamflow, m3.s™,
Qops IS the observed mean streamflow, m3.s?, Qg,,, is the simulated mean streamflow, m3.s?,
and n is the number of data points.

NSE indicates how well the plot of observed versus simulated data fits the 1:1 line. It
ranges from -oo to 1, and the higher the value, the better the fit of the simulated to the observed
data (Krause et al., 2005). NSE is calculated using the following Equation 3:

n —Ocinn:)?
NSE =1 — lel(QObSl Qsimi) (3)

Z{L=1(Qobsi_Qobs)2

Moriasi et al. (2015) proposed the following classification for NSE using a daily time step
for simulations: NSE > 0.8, the model is considered very good; 0.7 < NSE < 0.8, the model is
considered good; and 0.5 < NSE < 0.7, the model is considered satisfactory.

3. RESULTS AND DISCUSSION

3.1. Calibration and validation of the SWAT model

The SWAT model has been calibrated from 1986 to 1995 and validated from 1996 to 2005
using daily streamflow data from the Fazenda Lobeira gauging station, which delimits the
MRB. The performance of the SWAT model in terms of R? was acceptable (R? > 0.6), with
values of 0.70 and 0.68 for the calibration and validation periods, respectively. Regarding the
NSE, values of 0.67 and 0.61 were obtained for the calibration and validation periods,
respectively. These values allow classifying the model as “satisfactory” in both periods
(Moriasi et al. 2015). These results demonstrate that the model is able to satisfactorily simulate
the observed daily streamflow. Studies on the application of SWAT in different basins in Brazil
have used NSE to evaluate the performance of the simulations. Durdes et al. (2011) evaluated
the performance of the SWAT model in hydrological simulation of the Paraopeba River Basin,
with a 10,200 km? drainage area, and obtained NSE value of 0.79 for both the calibration and
validation periods. Pereira et al. (2016) evaluated the performance of the SWAT model in
hydrologic simulations of the Pomba River Basin, with a drainage area of 8,600 km?, and
obtained NSE of 0.76 in both the calibration and validation periods. Rodrigues et al. (2020)
evaluated the performance of the SWAT model in monthly streamflow simulation of three
hydrographic basins located in the Cerrado biome, and obtained NSE values ranging from 0.56
to 0.84 and 0.70 to 0.81, respectively, for calibration and validation periods.

Table 1 presents the parameters that were used in the SWAT model, which were selected
from the literature review and the LH-OAT sensitivity analysis method, and the final calibrated
values of the best simulation generated in calibration for MRB. A detailed description of the
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parameters used in this study can be obtained in Neitsch et al. (2011).

3.2. Training and validation of ANN model

The ANN model was developed using the same hydrometeorological dataset and the same
training/calibration (1986 to 1995) and validation (1996 to 2005) periods used in the SWAT
model. The training and validation of the ANN model was carried out with the number of
neurons in the middle layer (NNML) between 1 and 10, and the NSE results for different ANN
architectures are presented in Table 2. Considering the classification of Moriasi et al. (2015) as
reference, the NSE values for the ANNs are classified as “very good” (>0.8). The results
showed an increase in the quality of the simulation when increasing the NNML up to 3.
However, above this threshold, no improvement was observed in the NSE values with
increasing the NNML.

Table 2. NSE of ANN model with the NNML between 1 and 10.
NNML 1 2 3 4 5 6 7 8 9 10

Training 090 0.90 091 091 091 091 091 091 091 0091

Validation 0.89 0.90 091 091 091 091 091 091 091 0091

Figure 4 shows Tukey’s statistical test results at the 5% significance level for the mean
NSE obtained from the 30 replicates for each ANN architecture. Taking the result of the
network with a single neuron in the middle layer as reference (Figure 4a), a significantly
different behavior of the ANNs with a higher NNML is observed. For the network with the
NNML set to 2 (Figure 4b), the behavior was statistically similar to that of the networks with
the NNML set to 3 and 4, and distinct from the others. The networks with the NNML set to 3
and 4 were significantly different from the network with the NNML set to 1. For networks with
the NNML > 5, there was an analogous behavior that was significantly different from networks
with the NNML set to 1 and 2. Thus, the structure of 5 NNML was chosen as the proper
structure in the Manuel Alves da Natividade River Basin and for the remainder of the analysis,
since it was the least complex among those with the best results. The R? values (for 5 NNML)
were 0.97 and 0.79 for the training and validation periods, respectively.

3.3. Comparison of model performance

The comparison of the process-based SWAT model and the data-driven ANN model was
carried out to study the suitability of these models to simulate the daily streamflow in a basin
of the Brazilian Cerrado biome. Table 3 shows the comparison of SWAT and ANN models for
the calibration/training and validation periods. The results suggest that the ANN model had
greater performance (higher NSE and R?) than SWAT for the entire simulation period. This
result is similar to those obtained by Makwana and Tiwari (2017), Jimeno-Séez et al. (2018)
and Ahmadi et al. (2019), which observed a better performance of the ANN model than the
SWAT model, considering both R? and NSE coefficients.

SWAT and ANN performances can also be observed by means of scatter plots (Figure 5a,
b), for the calibration/training and validation periods, respectively. From these graphics, it can
be observed that the scattered SWAT points are concentrated above the 1: 1 line (perfect fit),
which means a tendency to overestimate the streamflow. In addition, the ANN model presented
better estimates for almost all the streamflow values. In general, the scattered ANN points are
closer to the 1:1 line (perfect fit) than SWAT points, which means greater precision.
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Figure 4. Tukey’s test at the 5% probability significance level for the mean
NSE for ANN configurations with 1 (a), 2 (b), 3 (c), 4 (d), 5 (), 6 (), 7 (9),

8 (h), 9 (i) and 10 (j) neurons in the middle layer.
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Table 3. Performances of SWAT and ANN models in the
calibration/training and validation periods with a daily time step.

Calibration/Training Validation
Model
NSE R? NSE R?
SWAT 0.67 0.70 0.61 0.68
ANN 0.91 0.97 0.91 0.79
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Figure 5. Scatter plots between the observed daily streamflow and the results of SWAT and
ANN models during (a) calibration/training period and (b) validation period.

Figure 6 shows the observed daily rainfall and streamflow data along with the streamflow
data simulated by the ANN (a) and the SWAT (b) models for the calibration and validation
periods. The results indicate that both models showed a good performance when compared
against the observed streamflow. However, the adherence of the simulated to the observed data
shows an underestimation of the maximum streamflow values by both models. The peak
discharges are related to the surface runoff as a response to the intense rainfall events. However,
the magnitude of the maximum streamflow depends not only on the magnitude of the intense
rainfall but also on other factors, such as soil moisture, topography and land-use, making the
modeling of maximum events a hard task in the context of continuous simulations. Otherwise,
for recession periods, a greater agreement between the curves was observed. The greater
performance of the models in the recession periods is explained based on the predominance of
groundwater runoff, which is easier to model than direct surface runoff, given that its genesis
is related to the discharge of the aquifer, following the Darcy’s law for fluidity in porous media.

In order to further assess the difference between the SWAT and ANN models in the
streamflow simulation in the MRB, the flow duration curves (FDC) were developed (Figure 7).
It can be observed that the simulated curves presented good agreement with the observed one.
The ANN model performed better in all streamflow simulations, and the SWAT model
performed worse in estimating intermediate streamflow-frequency values.
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Figure 6. Observed and simulated hydrographs (ANN (a) and SWAT (b)) during the
calibration and validation periods for MBR.
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Figure 7. Exceedance frequency curves of observed streamflow, and of
simulated SWAT and ANN streamflows.
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Table 4 shows the percentage difference of simulated streamflows with different
frequencies of exceedance by the SWAT and ANN models compared to the observed
streamflows. The best results were obtained from the ANN model, so its error rates were lower
than those of the SWAT model for all simulated streamflows. The ANN model had a very good
performance in estimating maximum values and a good performance in estimating minimum
values, with error rates ranging from 0.5 to 20.3%. In turn, the SWAT model had a good
performance in estimating maximum values, but in estimating average values, its performance
was poor, showing error rates ranging from 4.5 to 83.1%. When similar studies in the literature
are examined, results similar to this study are obtained. Singh (2016), evaluating the ANN and
SWAT models to simulate the streamflow for an Agricultural Watershed in India, reported that
the ANN model estimates the streamflow values more accurately and with less uncertainty.
Koycegiz and Buyukyildiz (2019), evaluating the ANN and SWAT models to simulate the
streamflow at the headwater of Carsamba River, located at the Konya Closed Basin, Turkey,
reported that the ANN model was more successful than the SWAT model. Ahmadi et al. (2019),
evaluating the ANN and SWAT models to simulate the daily, monthly, and annual streamflows
for the Kan Watershed, Iran, reported that the ANN model performed better in all streamflow
simulations. However, when evaluating the literature, studies with diferente results are also
found. Zakizadeh et al. (2020) analyzed the performance of the SWAT and ANN models in the
runoff simulation for the Darake Watershed, Iran. They found that, for the maximum values,
the performance of ANN model was better than that of SWAT, and for the minimum values the
performance of SWAT model was better than that of ANN. Kim et al. (2015) analyzed the
SWAT and ANN models for streamflow estimation of the Samho gauging station at Taehwa
River, Korea. They found that the ANN was better at estimating high flows, while the SWAT
model was better at simulating low flows. Pradhan et al. (2020) analyzed the SWAT and ANN
models to simulate daily streamflow in three different river basins in different climatic regions
of Asia. They found that in general, in two basins, the performance of the ANN model is better
than the SWAT, whereas, in the other basin, the SWAT model performance is better than the
ANN. Also, the SWAT model was found to be better for low flow simulation and the ANN
model performed better for high flow simulation in the three river basins. Jimeno-Séez et al.
(2018) analyzed the SWAT and ANN models to simulate streamflow in two catchments in
Peninsular Spain. They reported that the SWAT was more successful in relation to better
simulation of lower flows, while ANN was superior at estimating higher flows in all cases.
Thus, it can be seen that there is not a better model for all regions; thereby, one can highlight
the importance of this analysis for the proper management of water resources.

Table 4. Observed streamflows, in m* s, with exceeding of 5% (Qs), 10% (Q10%),
20% (Q20%), 50% (Qs0%), 90% (Qao%) and 95% (Qasu), and the percentage differences
(Ag) of these simulated streamflows by the SWAT and ANN model in comparison
against the observed streamflow.

Percentage exceedance Qobserved (m®s?) AQ - SWAT (%) AQ - ANN (%)

Qs 618.7 4.5 -0.5
Q1% 430.0 19.1 1.0
Q20% 265.9 40.2 2.8
Qs0% 81.9 83.1 7.0
Qoo% 32.6 -14.1 -10.6
Qos% 29.2 -36.0 -20.3

Therefore, our results suggest that the use of ANN and SWAT models is suitable for
simulating the daily streamflow in the MRB, with the ANN model showing better performance.
However, although the ANN model showed better streamflow simulation ability than SWAT,
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ANN model is a data-driven model, which does not consider the hydrological processes
involved. Therefore, it is not recommended for situations in which there are alterations of the
physical characteristics of the basin, like simulating hydrologic impacts under climate or land
use change scenarios, since the rainfall network and land-use types are changed. In contrast, the
process-based SWAT model describes the rainfall-streamflow transformation processes in
detail; thus, it can better simulate the response of streamflow to changes in environmental
factors than the data-driven model.

4. CONCLUSIONS

The objective of this study was to model the daily streamflow in a basin of the Brazilian
Cerrado biome, using two approaches: a process-based model (the Soil and Water Assessment
Tool - SWAT) and the data-driven ANN model, comparing their performance to determine
which is more appropriate for the studied basin. It was concluded that both SWAT and ANN
were suitable to simulate daily streamflow in the MRB. However, ANN model was better than
the SWAT model during calibration and validation periods in all evaluations performed.

The multilayer perceptron artificial neural network was used to model daily streamflow in
the MRB based on rainfall, streamflow and meteorological data. The best configuration had 5
neurons in the middle layer. The results of the statistical coefficients showed very good
performance in the daily streamflow modeling. In addition, one of the advantages of the ANN
model is that it does not require any physical characteristics of the basin and, therefore, its
implementation is easier. However, it does not consider hydrological processes, thus, the ANN
model cannot be used to simulate the streamflow if the physical characteristics in the basin
change. Therefore, ANN is recommended for situations requiring real-time streamflow
predictions, as is the case for civil surveillance.

The SWAT hydrological model produced adequate results for daily streamflow modeling
in the MRB. It is concluded that the greater complexity of this method, the need for hydrological
experience and the higher computational demand are justified for situations in which the
analysis of processes of the hydrological cycle are important in a particular drainage basin, as
for example in the simulation of land-use changes or climate changes scenarios.

Therefore, the results of this study can help in understanding the capabilities of both
models to simulate daily streamflow in the MRB, and contribute to the proper management of
water resources in the Brazilian Cerrado biome.
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