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ABSTRACT

Integrated analyses of the qualitative and quantitative aspects of aquatic ecosystems play an important role in decision making, which
is linked to water resources management and promotion of ecosystem services. However, the possible advantages of such integration
are still hampered by basic aspects, such as high uncertainties due to the partial and non-synchronized monitoring of discharges and
observed concentrations of water quality variables. The lack of data has been limiting the adequate representation of a more accurate
hydrological regime, which is in turn possibly affected by the potential effects of land use and size of drainage areas. The aim of
this research was to discuss the advantages of the integrated analysis of qualitative and quantitative data from water bodies. Under
different specific discharge regimes (L.s'.km?), we assessed the total phosphorus (TP, t.day'.km?) and thermotolerant coliforms’
(TC, CFU.day " km™) specific loads in tivers with different drainage areas (27-26,500 km? and land uses. We compared such loads
with the admissible specific loads for these variables, which were estimated based on long-term average discharges and water quality
guidelines (i.e., Brazilian environmental standards). Based on data from 2001-2013, we sought to contribute to the qualitative and
quantitative analysis of surface waters, focusing on the discussion of the results on critical thresholds of duration and critical loads and
discharges. The results showed the existence of significant time intervals with conflicts between the specific admissible and observed
loads. This non-compliance varied between 10 and 100% of the duration of the regime for TP, and between 25 and 100% for TC, with
a more ctitical situation observed in rivers with smaller drainage areas. The critical loads ranged from 1 10 to 8 10~ t.day".km™? (IP)
and 1102 to 1 10" CFU.day".km? (TC). Although a relatively limited dataset was considered (total N=1,402), the significant variations
in discharges and critical loads highlighted the need for considering how these dynamics would affect the traditional methodology for
estimating ecological flows, whose current approach is almost exclusively quantitative.

Keywords: Poor gauged basins; Frequency curves; Water quality and quantity integration; Nutrients; Faecal contamination
indicators.

RESUMO

Anilises integradas dos aspectos qualitativos e quantitativos de ambientes aquaticos robustecem a tomada de decisio, que se vincula
ao gerenciamento dos recursos hidricos e a promogio dos servigos ecossistémicos. Contudo, as possiveis vantagens desta integracao
ainda esbarram em aspectos basicos, como elevadas incertezas devido ao monitoramento parcial e ndo sincronizado entre vazoes e
concentragoes. A escassez de dados tem limitado a fiel representa¢io mais acurada de um regime hidroldgico, este sujeito aos potenciais
efeitos de uso de solo e do tamanho das bacias de drenagem. O objetivo da presente pesquisa foi apresentar uma discussao inicial
sobre as vantagens da analise integrada de dados quali-quantitativos dos recursos hidricos. Para isso, em diferentes regimes de vazdes
especificas (L.s'.km?), foram avaliadas catgas de fésforo total (FT, t.dia'km?) e coliformes termotolerantes (CT, UFC.dia"' .km™?)
em rios com diferentes 4reas de drenagem (27-26.500 km?) ¢ usos do solo. Tais cargas foram comparadas com as cargas especificas
admissiveis para essas vatiaveis, estimadas com base em vaz&es médias de longo periodo e padroes de qualidade. Dessa forma, a partir
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da compila¢io de dados de 2001-2013, buscou-se contribuir para a analise quali-quantitativa das dguas superficiais, focando a discussio

dos resultados em limiares criticos de duracio e cargas e vazoes criticas. Os resultados evidenciaram a existéncia de significativos

intervalos de tempo com conflitos entre as cargas especificas admissiveis e observadas. Essa incompatibilidade variou entre 10 e

100% da duracido do regime para o FT, e entre 25 ¢ 100% para os CT, com situagdo mais critica observada nos rios com menores
dreas de drenagem. As catgas ctiticas variaram entre 1 10* e 8 107 t.dia’.km? (FT) e 1 102 e 1 10! UFC.dia'.km™ (CT). Embora com
um numero de dados relativamente limitado (Ntotal=1.402), as expressivas variagdes das vazoes e das cargas criticas evidenciam a

necessidade de uma reflexdo sobre como essa dindmica afetaria a metodologia tradicional para estimativa de vazoes ecoldgicas, hoje

baseada em abordagem, quase exclusivamente, quantitativa.

Palavras-chave: Bacias com dados escassos; Curvas de permanéncia; Integracio quali-quantitativa; Nutrientes; Indicadores de

contaminacao fecal.

INTRODUCTION

Watersheds play a crucial role in a variety of ecosystem
services (ES) and support human well-being (GROOT; WILSON;
BOUMANS, 2002; FISHER; TURNER; MORLING, 2009;
VOROSMARTY et al., 2010). ES concerning protection and
regulation provided by these catchments include hydrological services,
which are affected by vatious interferences and impacts such as:
(i) changes in land use and natural shifts of hydrological regimes
(COSTANZA et al., 2014; BU et al,, 2014; FREIRE; CASTRO,
2014); (i) siltation and inputs of domestic and industrial wastewater
(GONZALO; CAMARGO, 2013); and (iii) unplanned water
withdrawals, with non-compliance with minimum environmental
flows (GUPTA, 2008; ARTHINGTON et al., 20006).

The spatial and temporal dynamics of rivers and
their drainage catchments, which is influenced by natural and
anthropogenic factors, give rise to uncertainties in hydrological
services. This might hinder water resources management and
planning, such as when constructing scenarios for water regimes
and integrating surface water quality and quantity aspects
(SADEGH etal., 2016; FERREIRA; FERNANDES; KAVISKI,
2016; CALMON et al., 2016; BROWN et al., 2013; CUNHA;
CALIJURIL; MENDIONDO, 2012). Within this context, Pinto,
Ribeiro and Silva (2016, p. 103) highlighted:

Although the Brazilian legislation reinforces the importance
of adapting water resources management strategies considering
biodiversity and promoting integration with environmental
management, such legislation is still based on a conceptual
basis of remaining flows associated with ecological and
environmental approaches (our adapted translation, original
document in Portuguese).

This also suggests that purely quantitative characterization
of water availability as a function of mean/median values or relative
percentiles of duration (e.g., 95%, Q,,) is probably insufficient
if not associated with aspects related to water quality and land
uses in watersheds.

Hydrological services are also related to the “river
absorption capacity” (WILK; ORLINSKA-WOZNIAK; GEBALA,
2018), which is the maximum pollutant load that a water body
can assimilate or tolerate with no resulting changes that affect
its self-depuration capacity or compliance with standards and
guidelines (BRASIL, 2005). The evaluation of such capacity has
been used as an alternative to the “total maximum daily load”
(TMDL), which is widely reported in the international literature
(e.g., USACE, 2006; HSU et al., 2010, CHUNG et al., 2011;
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CHEN et al,, 2016; ABU-HMEIDAN; WILLIAMS; MILLER,
2018). Load duration and frequency curves can be useful to further
integrate qualitative and quantitative datasets of water resources.
Such curves can be designed, for example, by plotting discharge and
load (concentration x discharge) values versus the probability that
these magnitudes are either matched or exceeded during a given
petiod of time (COLLISCHONN; DORNELLES, 2013; CRUZ;
SILVEIRA, 2007; CRUZ; TUCCI, 2008; GENZ; LUZ, 2012).

One of the advantages of the quali-quantitative frequency
curves is the possibility of estimating the percentage of time
during which a hydrological regime condition (with associated
discharge and concentration data) is compatible or not with water
quality standards. Although based on probabilistic criteria of the
hydrological regime and affected by sampling uncertainties, the
integration of qualitative and quantitative data on surface water
monitoring has different advantages. This approach provides
estimates of critical values of loads and durations of the temporal
regime of rivers. In addition, it preliminarily incorporates the
diagnosis of ES in watersheds by integrating: 1) concentrations
and river discharges as pollutant loads; 2) drainage areas; and
3) predominant land uses.

However, given the wide range of potential descriptors
of river water quality, it is necessary to prioritize the parameters,
depending on the purpose of the analysis. Different variables may
present different situations in relation to the legal framework of the
water bodies and the seasonal vatiation throughout dry and rainy
seasons. Typically, the main impacts on environmental services are
associated with anthropogenic activities. Thus, among the water
quality variables, total phosphorus and thermotolerant coliforms
are of special interest because they reflect human impacts on rivers
and aquatic systems in general.

Phosphorus is a macronutrient for biological processes.
It is associated with artificial eutrophication and can be a suitable
indicator for both non-point (FISCHER et al., 2018; SCANLON;
KIELY; XIE, 2004) and point source pollution. Domestic
wastewater is one of the most important phosphorus sources for
water bodies (mainly from detergents and faecal organic matter),
as well as industrial effluents, such as those from slaughterhouses
and dairy products (CETESB, 2009). Some recent literature reviews
have shown that total phosphorus has been used as a parameter to
evaluate the effectiveness of best management practices for water
quality recovery (e.g., LIU et al., 2017; QI et al., 2017).

The integration of water qualitative and quantitative data
has been used to evaluate ecosystem-based adaptation (EbA)
projects (CBD, 2010). As one of the possible EbA methods
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(TAFFARELLO etal., 2017), some Brazilian projects on payment
for ecosystem services consider total phosphorus loads in the
calculation of the value to be paid, such as Oasis (SOVACOOL,
2011; NUNES et al., 2013; YOUNG; BAKKER, 2014). Other
initiatives have quantified total phosphorus loads through
environmental monitoring activities, such as in the Projeto Produtor
de Aguas/ PC]J (Water Producer Project) (VIANI; BRACALE, 2015)
in order to aid in the parameterization of hydrological models
(TAFFARELLO et al., 2018).

Although thermotolerant coliforms are less effective indicators
compared to Escherichia coli  PARUCH; MAEHLUM, 2012) and
to some pathogenic viruses, they have been used to assess water
quality and possible faecal contamination from anthropogenic
sources. The lower effectiveness of thermotolerant coliforms
as water quality indicators is associated to their lower resistance
to several environmental conditions and significant variability in
relation to different drainage areas (TAFFARELLO et al., 2010).
However, thermotolerant coliforms are still used as indicators of
faecal contamination in Brazilian water bodies.

In addition to the high variability of total phosphorus and
thermotolerant coliforms in natural watersheds, the uncertainties
regarding loads of such variables dramatically increase in rivers
with limited data availability (FISCHER et al., 2018; LIU et al.,
2017; QI et al., 2017; ZAFFANI et al., 2015; MENDIONDO,
2008). These uncertainties are relatively common in the traditional
monitoring programs because the determination of water quality
variables is usually not paired with the discharge estimations.
For example, the Annual Water Quality Bulletin IGAM, 2013)
reported physical, chemical and bacteriological water variables
in the state of Minas Gerais. For this report, the authors used
Escherichia coli as an indicator of faecal contamination and total
phosphorus as an indicator of organic matter enrichment.
Although the results were compared with guidelines established
by COPAM/CERH n° 01/2008, they wete not integrated with

discharge estimates. Even when discharge measurements are
available, these data are rarely analyzed in association with water
quality datasets. This affects the estimates of loads transported
along the water bodies of the watersheds (ZUCCO et al., 2012;
SCANLON; KIELY; XIE, 2004).

The main contribution of this paper is to discuss initial
considerations about the integration of qualitative and quantitative
data of surface freshwaters in watersheds with limited available
information. Firstly, we compiled data on total phosphorus and
thermotolerant coliforms to calculate pollutant loads in watersheds
with different land use characteristics and contrasting drainage
areas upstream the sampling sites. Moreover, we compared the
observed specific loads of these variables with the loads that
would comply with the legal framework of the study water bodies.
The latter was based on the upper concentration limits defined by
environmental standards (BRASIL, 2005). Thus, we considered
different calculation tools and methods, such as frequency curves,
specific discharge and pollutant loads, associating critical durations
and critical values in the studied watersheds under a probabilistic
approach.

MATERIAL AND METHODS

We compiled 952 direct estimations of river discharge,
270 data points on thermotolerant coliforms and 180 on
total phosphorus. River drainage areas varied between 26 and
27,600 km? The following sub-basins were selected for this study
with available datasets from 2000-2013: Das Velhas, Doce, Pomba
and Paraopeba (Minas Gerais State, MG, Southeast Brazil), and
Iguagu, Piraquara, Arroio Toledo and Passatna (Parana State, PR,
South Brazil) (Table 1). The criteria for choosing these watersheds
were related to contrasting drainage areas and availability of paired
data within the online system Hydroweb from the National Water
Agency (ANA) in Brazil.

Table 1. General characterization of the watersheds and drainage areas (in descending order), including predominant land uses
(UR = urban; AG = agricultural; and NV = native vegetation) and period/data availability (N) for the eight studied rivers.

Qualitative and quantitative data

Land use (%)

SUb-].Oflsm and Dtamagf Geogt.aphlc Discharge Total Thermotolerant
Brazilian state area (km”) coordinates . UR AG NV
1) phosphorus (2) coliforms (2)

Das Velhas (MG) 26,500 17°35 417§ 2000-2013 2001-2007 2000-2009 10 80 10
44° 422 50” O (N=157) (N=20) (N=48)

Doce MG) 15,900 19°46> 377 S 2000-2013 2001-2008 2001-2010 1 15 84
42028357 O (N=161) (N=30) (N=40)

Pomba (MG) 5,880 21°2322” 8 2000-2013 2001-2010 2000-2010 78 17 5
42°42 077 O (N=118) (N=24) (28)

Paraopeba (MG) 2,770 20°2429” 8 2000-2013 2000-2004 2000-2010 38 51 1
44° 01" 16” O (N=143) (N=20) (N=42)

Iguacu (PR) 814 25°31° 41”8 2001-2010 2001, 2004-2009 2001-2010 92 6 2
49° 13 08” O (N=120) (N=23) (N=44)

Piraquara (PR) 102 25°2702” S 2000-2010 2000, 2003-2008 2000-2010 62 30 8
49° 07 16” O (N=71) (N=21) (N=23)

Arroio Toledo 61 24° 44177 S 2004-2008 2004-2006 2004-2006 5 89 6

(PR) 53°41°21” O (N=52) (N=14) (N=8)

Passauna (PR) 27 25°21° 55”8 2000-2010 2000-2008 2001-2010 27 3 70
49°21°17” O (N=130) (N=28) (N=37)

MG = Minas Gerais State; PR = Parana State; (1) Monthly means; (2) Data available from monitoring campaigns in February, April, August and October. Land use
was estimated by supervised classification with satellite images from Google Earth (2018).
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To build the frequency curves, discharge is usually plotted
on the ordinate against the percentage of time in abscissa
(COLLISCHONN; DORNELLES, 2013). Therefore, each
discharge value is equal or higher than a certain value with an
associated probability of occurrence, considering a year as the
reference time. Such curves can also be based on discharge values
associated to concentrations of water quality variables to obtain load
frequency curves. Similarly to discharge only approaches, different
loads of a given pollutant can be associated with probabilities
of occurrence (e.g,, CUNHA; CALIJURI; MENDIONDO,
2012). In our study, the frequency curves were expressed as
specific discharges (L.s'.km?) and specific loads (t.day'.km? ot
CFU.day'.km™) to normalize the data in terms of area and make
the results more comparable in watersheds with different drainage
areas. This normalization by the drainage area can be useful to
highlight possible regionalization effects and different processes
in watersheds with contrasting sizes and biomes.

The specific discharge frequency curves were built with the
monthly average discharge available for the entire period analyzed
in each river (Table 1). The qualitative-quantitative curves in turn
were based on specific loads: (i) observed and (i) in compliance
with the Brazilian legal framework. In case (i), the curves were
constructed using the monthly average discharges paired with data
on either thermotolerant coliforms or total phosphorus (collected
in February, April, August and October, Table 1). Thus, the data
were not concentrated in a single seasonal period, but balanced
and equally distributed in dry, rainy and intermediary periods
throughout the years. In the second case (ii), the curves were
constructed based on the monthly average discharges multiplied
by environmental standards or references (i.c., upper limits) for
total phosphorus (0.1 mg. L") and thermotolerant coliforms
(1.0 10° CFU/100 mL) for Class 2 water bodies according to
CONAMA 357 (BRASIL, 2005). Thus, the curves with loads in
compliance with the Brazilian legal framework had twelve data
points each, corresponding to monthly average river flows from
January to December multiplied by a single fixed reference value
(i.e., the environmental standard).

RESULTS AND DISCUSSION

General characterization of the dataset

During the compilation of data from the rivers in the
online Hydroweb system, we observed that paired information
on water quality and quantity is limited. Mean total phosphorus
concentrations in the eight water bodies were frequently above
baselines (e.g., reference concentrations) for this nutrient (e.g;, 0.03-
0.04 mg.LL"! as baselines for rivers in the Sao Paulo State, CUNHA;
DODDS; CALIJURI, 2011, and 0.006 mgL" as baselines for
streams in Distrito Federal, FONSECA et al., 2014). According
to Lamparelli (2004), total phosphorus concentrations higher
than 0.137 mg ! in rivers are usually associated to eutrophic
conditions. This was the case of three out of the four rivers
studied with the lowest drainage areas (Iguacu, Arroio Toledo
and Passatna Rivers, mean total phosphorus concentrations:
1.4, 0.4 and 0.4 mg.L.", and drainage areas: 814, 61 and 27 km?,
respectively). This is probably related to inputs of untreated (or
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only partially treated) wastewaters. In the case of the Iguagu River,
which had the greatest concentration, its watershed had the highest
percentage of urban areas in comparison to the others (Table 1,
92%). On the other hand, total phosphorus concentrations were
frequently lower in rivers with larger drainage areas, with averages
always below 0.09 mg. L.

The availability of phosphorus as a result of anthropogenic
activities is common at least during part of the river regime.
This occurs not only in Brazil, but also in watersheds in other
countries and may be due to the impacts of urbanization.
For example, a recent study (WILK; ORLINSKA-WOZNIAK;
GEBALA, 2018) was carried out in Polish rivers using SWAT
(Soil and Water Assessment Tool) to assess their self-purification
capacity. Although the authors found positive retention values
(i.e., the actual simulated phosphorus load was lower than that
allowed by legislation) for most water bodies, they highlighted
the negative impact of urbanization. River sections downstream
from the city of Poznan, one of the most populous Polish cities,
were not able to assimilate phosphorus loads, and the nutrient
was exported downstream.

The different sizes of drainage areas and the contrasting
land use types can significantly influence the quantitative and
qualitative aspects of water resources. Taffarello et al. (20106)
observed significant correlations between nutrient loads and drainage
areas in watersheds located in the Cantareira System (Sao Paulo
and Minas Gerais States). The authors concluded that these results
can serve as a basis for regionalization studies of pollutant loads
and also to predict such loads and the pollution level in general
affecting local aquatic systems. Other studies have also indicated
that although the analysis of water quality variables in terms
of concentration is useful for comparisons with standards and
guidelines, determining the loads of pollutants (based on paired
quality and discharge data) represents an important contribution
towards water resources management (QUILBE et al., 2006;
SCANLON; KIELY; XIE, 2004).

Six out of the eight rivers studied can be considered
inappropriate for primary contact recreation (exceptions were the
Piraquara and Arroio Toledo Rivers, PR) based on average values of
thermotolerant coliforms. According to the CONAMA 274 (BRASIL,
2001), the upper limit for such a vatiable is 2.5 10° CFU/100 mL
for safe bathing conditions. Considering water uses other than
primary contact recreation, CONAMA 357 (BRASIL, 2005) is
even more restrictive. According to this resolution, the limit of
1.0 10> CFU/100 mlL. (Class 2) cannot be exceeded in 80% or
more cases of at least six samples collected bimonthly in one year.

The thermotolerant coliforms presented, in general, smaller
variation in the rivers with greater drainage areas (means of
5t0 9 10° CFU/100 mL) (Table 2). Taffarello et al. (2016) found
a variation of thermotolerant coliforms from 14 CFU/100 mL to
1,000 10° CFU/100 mL in catchments with drainage areas between
10 and 1,000 km? in their study. In our research, drainage areas
vatied between 27 and 26,500 km?* (Table 1), and the coliforms
vatied from <1 10°- 3,300 10° CFU/100 mL. This suggests greater
faecal enrichment in the rivers with lower discharges and possibly
less capacity of dilution and self-depuration. However, there are
uncertainties in the quantification of thermotolerant coliforms
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Table 2. Mean (minimum-maximum) values of observed discharge (Q, m’.s"), total phosphorus (TP, mgL") and thermotolerant
coliforms (TC, 10° CFU/100 mL) in the studied rivers, as well as important parameters obtained from the frequency curves
(see Figures 1-4). The percentage of time (Prob,, and Prob,_ ) indicates the duration of the non-compliance between the observed
loads and the admissible ones (based on the legal framework) for TP and TC. The respective critical discharges (Q,
critical loads (L.oad .,
standards, are also shown. The rivers were ordered according to their drainage areas in descending order.

cre M-57) and
either in t.day'.km? or in 10" CFU.day ' .km™?), above which there was no compliance with the environmental

River Q TP TC Prob,,, Quprr 1w Load pyy rp  Proby, RIT TC Load .y
(m’.s™) (mgL") (10°UFC/100mL) (%) (L.s’km?) (tday'km? (%) ([Ls'km?) (10” CFU.day'km?)
Das Velhas 255 0.07 9 25 15 >210* 35 10 >310°
MG)  (56-1.165) (0.01-0.34) (<1-160)
Doce 242 0.05 6 15 28 >510* 35 15 >310°
MG) (88-893)  (0.01-0.17) (<1-160)
Pomba 91 0.05 5 10 37 >510* 75 9 >110°
MG)  (24-245)  (0.01-0.14) (<1-35)
Paraopeba 39 0.09 8 15 27 > 610" 25 21 >110"
MG)  (1-159)  (0.01-0.46) (<1-50)
Iguacu 77 1.4 3.300 100 <20 >810° 100 <20 > 5107
(PR)  (12274)  (0.53.7) (1-9.999)
Piraquara 7 0.04 <1 5 150 >110° 55 26 > 110"
(PR) 232 (0.02-0.08) (<1-<1)
A. Toledo 2 0.4 <1 100 <20 >3107 25 26 >110"
(PR) A7) (0.13-0.88) (<1-2)
Passatina <1 0.4 22 100 <13 >110* 85 10 >110°
(PR) (<1-1) (0.1-0.9) (<1-130)

MG = Minas Gerais State; PR = Parana State.

due to both their metabolic versatility that changes their growth
rates and possible limitations in laboratory counting methods.
Urbanization and soil sealing were associated with increased
concentrations of phosphorus and coliforms in North American
(SCHOONOVER; LOCKABY, 2006) and European rivers (WILK;
ORLINSKA-WOZNIAK; GEBALA, 2018). The transport of
pollutant loads to rivers can significantly vary within the same
type of land use, depending on factors such as slope and soil
characteristics (IMANTI et al., 2017; GHEBREMICHAEL;
VEITH; WATZIN, 2010). In addition to unplanned land use, the
inputs of domestic wastewater can also cause a river discontinuity
and alter the physical, chemical and biological characteristics of
the river downstream from the release (SEANEGO; MOYO,
2013). In the water bodies we studied, there are anthropogenic
impacts with different typologies and magnitudes. Untreated
effluent (point sources) and surface runoff (non-point sources)
are certainly associated with the relatively high concentrations of
total phosphorus and thermotolerant coliforms in some cases.

Integrating frequency curves on water quantity and
water quality

The frequency curves estimated the percentage of time
during which there was no compliance of observed specific loads
with those admissible based on Brazilian environmental standards
and legal framework for each variable. Moreover, such an approach
facilitated the visualization of the most critical hydrological regime
in terms of no compliance of pollutant loads with environmental
standards.

The interpretation of the ‘Prob” and ‘Q,,,~ parameters
shown in Table 2 is as follows. For example, for Das Velhas River,

RBRH, Porto Alegre, v. 24, 3, 2019

with a predominantly agricultural land use and drainage area of
26,500 km?, there are two pairs of critical values (‘Prob’, ‘Q,.):
(25%, 15 L.s™".km™) for total phosphorus and (35%, 10 L.s".km™)
for thermotolerant coliforms. In summary, Das Velhas River had
no compliance during 25 to 35% of the duration of the annual
regime for total phosphorus and coliforms, considering a range of
critical specific discharges between 10 and 15 L.s.km™. Anothet
example is the Piraquara River, which is located in a predominantly
urbanized watershed with a drainage area of 102 km?. For this
river, non-compliance with the legal framework varied between
5 and 55% of the time, with critical specific discharges ranging
from 26 to 150 L.s.km™.

Such time intervals and critical discharges can contribute
to a more flexible approach regarding the legal framework of the
Brazilian water bodies. This framework is currently solely based on
single values of concentrations and reference discharges, according
to Art. 10 and 38 from CONAMA 357/2005 (BRASIL, 2005).
On the other hand, these intervals also bring challenges when
proposing the most suitable ‘ecological flows’ for a given watershed.
The durations or frequencies described above represent a fraction
of duration in one year (or typical regime with annual basis); in
our study, differences in data availability were not considered
prohibitive to compare results throughout the studied watersheds.

For some watersheds, non-compliance with the legal framework
reached 100% of the time in relation to total phosphorus and
coliforms’ loads (Table 2). Considering both variables, the Doce
and Paraopeba Rivers presented the best conditions (Figures 1-4).
On the other hand, the Passatina and Iguacu Rivers had a more
critical situation (an inadequate condition for both variables during
at least 85% of the time).
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The observed specific loads for total phosphorus (Figures 1-2)
presented conflicts with the loads in compliance with the legal
framework especially for the rivers with smaller drainage arcas
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Figure 1. Frequency curves for specific discharge (L.s".km™) and
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in compliance with the legal framework”) (102 CFU.day".km?)
for Das Velhas, Doce, Pomba, and Paraopeba Rivers (refer to
Tables 1 and 2).
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(100% in the case of the Iguacu, Arroio Toledo and Passatna
Rivers). In these rivers, the critical loads of phosphorus were
8107, 3 10° and 1 10* t.day'.km?, respectively, and associated
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Figure 2. Frequency curves for specific discharge (L.s*.km™) and
total phosphorus specific loads (“observed loads” and “loads in
compliance with the legal framework™) (10 CFU.day'.km™) for
Iguacu, Piraquara, Arroio Toledo, and Passauna Rivers (refer to
Tables 1 and 2).
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with critical discharges of 20, 20 and 13 L.s'.km? (Table 2).
Increasing anthropogenic pressures on the Passatna River (PR)
were reported by Xavier (2005), with the main degradation drivers
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Figure 3. Frequency curves for specific discharge (L.s".km™) and
thermotolerant coliforms specific loads (“observed loads” and “loads
in compliance with the legal framework”) (102 CFU.day".km™?)
for Das Velhas, Doce, Pomba, and Paraopeba Rivers (refer to
Tables 1 and 2).
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related to unplanned urban sprawl and agricultural development
even for the canopy areas. The frequency curves for this river
(Figure 2) reinforced the critical situation of exceedance of total
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Figure 4. Frequency curves for specific discharge (L.s'.km™) and
thermotolerant coliforms specific loads (“observed loads” and “loads
in compliance with the legal framework”) (10 CFU.day".km?)
for Iguagu, Piraquara, Arroio Toledo, and Passauna Rivers (refer
to Tables 1 and 2).
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phosphorus, both in terms of concentration (Table 2) and specific
loads. These results highlight the significant organic matter sources
in the Passaina River watershed.

A similar situation was observed for the Iguacu River
(Figure 2), for which the non-compliance in 100% of the time is
consistent with recent studies reporting the increasing pollution
levels in this aquatic system (KNAPIK et al., 2011; JACOBS,
2002). One of the main drinking water supply sources in the
Metropolitan Region of Curitiba therefore requires the design of
restoration actions and environmental recovery plans (CENGIZ,
2013). In this context, planning and monitoring approaches
adopted in other watersheds that could be adapted considering
the regional characteristics of the Iguacu River watershed can be
found in Silva (2017).

The specific loads of thermotolerant coliforms significantly
varied in the rivers (Figures 3 and 4). The most critical situations
were verified, as for total phosphorus, in the rivers with smaller
drainage areas, in this case the Piraquara, Passauna and Iguagu
Rivers. For these water bodies, the observed loads exceeded
the admissible loads in 55%, 85% and 100% of the time,
respectively (Table 2, Figure 4). The less critical situation for the
coliforms was observed in the Paraopeba and Arroio Toledo
Rivers (no compliance in 25% of the time), associated to critical
discharges of 21 and 26 L.s™ .km?, respectively (Table 2, Figure 3).
For thermotolerant coliforms in the studied rivers, critical loads
with an otder of magnitude between 10'°-10" CFU.day '.km* were
already able to generate no compliance with loads compatible with
the environmental standards.

Some rivers (Table 2) presented favorable situations for one
variable and unfavorable for the other. Various researchers (e.g,,
LYON et al., 2012; KIRCHNER, 2009; OUYANG et al., 2006)
highlighted the significant environmental variability of watersheds
in both temporal and spatial scales. Besides the seasonal variation,
which was not directly addressed in the present study, water bodies
are submitted to multiple stressors, such as agricultural activities
and urban sprawl, contributing to a significant variability of water
quality. These stressors can act in an additive way or not and generate
significant changes in the physical and chemical characteristics
of water, as well as in the biological communities and ecosystem
processes (TANIWAKI et al., 2017). In the case of the eight rivers
we analyzed, additional investigations are required for the causes
that have led, in most cases, to water quality issues in relation to
total phosphorus and coliforms. The fact that the watersheds had
limited datasets available also reinforces uncertainties.

For the Pomba River, the total phosphorus specific load
(observed) remained compatible with the legal framework, but
the opposite occurred with the thermotolerant coliforms specific
load. Guedes etal. (2011) studied the Pomba River and related the
variations in its water quality to non-point pollution from fertilizers,
as well as to the inputs of solids, nutrients and organic matter
from untreated wastewater. However, according to the results of
the present study, the total phosphorus specific loads in this water
body were below those compatible with CONAMA 357/2005
most of the time (90%). The thermotolerant coliforms specific
loads in turn were above the limit in 75% of the time (Figure 3).

For the Arroio Toledo River (drainage area: 61 km?),
phosphorus and thermotolerant coliforms’ specific loads were
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not compatible and compatible with the admissible loads,
respectively. Concerning the high phosphorus loads observed,
they can be associated to the use of fertilizers, since the Arroio
Toledo watershed is mainly (89%) agricultural, leading to losses
and transport of phosphorus from agricultural soils to surface
waters, as observed by other researchers (FISCHER et al., 2017;
SATTARI et al,, 2012). The Arroio Toledo River presented a
favorable situation regarding the observed loads of thermotolerant
coliforms most of the time. For this variable, the Iguacu River
presented the most critical situation (non-compliance with the
environmental standards in 100% of the time). However, although
thermotolerant coliforms are associated with impacts of human
activities on water quality (NIEWEGLOWSKI, 2000), they do
not necessarily indicate faecal contamination. Therefore, the
adoption of more accurate indicators, such as Escherichia colz, may
contribute to the more effective monitoring of the water bodies
(HACHICH et al., 2012). In this case, the frequency curves would
be even more representative from the point of view of fecal
contribution if they considered Escherichia coli.

Considering this discussion, it should be noted that there
is a great variability of criteria for adopting reference flows and
defining water use licensing across different Brazilian states.
The reference discharge considered by decision-makers to establish
the water use license is not always appropriate for rivers under
significant seasonal variations or submitted to extreme hydrological
events. As an alternative to improve policies on water resources
management, in our paper, we used the mean monthly discharges
of the rivers to estimate the pollutants’ loads. However, other

reference discharges/metrics can be tested — e.g., Q,., ot long

term median discharge — depending on the interest: or goals
of the research. (Re)constructing the frequency curves for the
studied rivers using discharges calculated through other statistical
parameters (Q,,, Q__. etc.) to promote the water quali-quantitative
integration might allow the visualization of the hydrological regime
of the rivers, as well as their critical loads over time.

The potential advantages of the qualitative-quantitative
integration addressed in this study are still limited by the current
Brazilian legal framework. Current national legislation on water
use licensing and water bodies framework generally consider
constant/ fixed reference flows, neglecting the temporal variability
of the hydrological regime (PINTO; RIBEIRO; SILVA, 20106).
This also raises questions about the effectiveness of the ecological
flows for maintaining the aquatic biota and the functioning of the
ecosystems (VESTENA et al., 2012), for which the variations on
hydrological fluxes are determinant (TIMPE; KAPLAN, 2017).
For example, in Minas Gerais State, the IGAM (Instituto Mineiro
de Gestio de Aguas) (Law 13, 199/1999) authorizes the use and
licensing of up to 50% of Q, of state water bodies. This value
can be lower (e.g,, 30% of Q) in specific watersheds, including
Paraopeba and Das Velhas. On the other hand, in Parana State,
the TAP (Instituto das Aguas do Parand) (Law 12,726/1999)
defines 50% of Q,, as maximum water withdrawal in local rivers
and streams.

A complementary approach to the qualitative-quantitative
integration presented in our paper may be the Hydrological Services
Index (HSI) developed by Taffatello et al. (2018). HSI is a composite
index, determined from qualitative-quantitative frequency curves
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that incorporate the gray water footprint (HOEKSTRA et al.,
2011), i.e. the water volume required for pollution abatement and
dilution. The index evaluates water pollution from phosphate,
nitrate and sediments in an integrated way. The HSI can be useful
to compare the level of pollution across different watersheds based
on a reference catchment. Similatly, Tucci (2017) proposed a Water
Sustainability Indicator that can be widely used in urban areas.
Another significant contribution to effective water resources
management, considering that limited data is still a challenge, may
be the participatory monitoring of water resources, as described
by Carolino and Pereira (2014). Additionally, Khan et al. (2017)
emphasized that sustainable water resources management should
encompass not only the ways people benefit from ecosystem services,
but also the anthropogenic impacts on natural watersheds, which
brings a demand for a quali-quantitative and socio-hydrological
approach. The latter seeks the understanding of the hydrological
cycle modified by the human action in both temporal and spatial
scales, emphasizing the bidirectional interactions between humans
and water systems (MENDIONDO et al., 2017; SIVAPALAN;
SAVENIJE; BLOSCHL, 2012; SIVAPALAN et al., 2014).

CONCLUSIONS

Frequency curves can efficiently integrate qualitative and
quantitative aspects of aquatic systems. Although our study was
limited by data availability and sampling uncertainties, these curves
can be considered potentially interesting for water resources
management. In the rivers studied, considering at least two
water quality variables, rivers with different drainage areas and
land use at the watershed level presented significant variability
of discharges, loads and critical durations (i.e., periods of time
during which there was non-compliance of observed specific
loads with those admissible based on Brazilian environmental
standards and legal framework). Regarding total phosphorus
and thermotolerant coliforms, based on average discharge, we
observed potential negative influences on water uses and risks to
the ecosystem services provided by the studied rivers. For both
variables, we observed a high degree of non-compliance with
the legal framework over time based on the integration of water
quantitative and qualitative datasets.

We expect our results can help regionalization studies,
associating critical durations and critical flows that lead to a
situation of non-compliance of pollutant loads with environmental
standards. However, challenges regarding the use of frequency
curves addressed in this study include the significant variability
of the hydrological regime, multiple and synergistic human
interferences on rivers, as well as the paucity of paired data on
watet quality and dischatge (i.c., there are still limited and/or
fragmented databases on Brazilian water bodies). This indicates
that a new thinking would be necessary to take advantage of this
dynamics in the future and incorporate it into traditional methods
of estimating ecological flows, which are still quite dependent on
almost exclusively quantitative approaches.

We suggest that future studies seck to identify the main
causes of non-compliances in the rivers studied, possibly the
inputs of domestic and industrial wastewaters, and the surface
runoff from agricultural and urban areas. Mechanisms for control,
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revitalization and recovery of watersheds can be proposed,
especially for those that are used as sources for drinking water
supplies. We expect the present study can support integrated
water resources management to ensure multiple uses in the long
term. We encourage the use of such an integrative approach in
future environmental monitoring and evaluation initiatives applied
to ecological flows and remaining flows within catchments with
limited data and significant uncertainties.
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