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• Information on behavior and presence
of emerging pollutants in reservoirs is
scarce.

• Chemical quality of a tropical urban res-
ervoir was monitored.

• High levels of eutrophy, emerging pol-
lutants (EPs) and pesticides were de-
tected.

• Spatial and seasonal patterns were de-
scribed for pesticides and EPs.

• Three compounds showed possible risk
for biota.
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Reservoirs located in urban areas suffer specific pressures related to human activities. Their monitoring, manage-
ment, and protection requirements differ from reservoirs situated in non-urbanized areas. The objectives of this
study were: (a) to determine the concentrations of select pesticides and emerging pollutants (EPs) present in an
urban reservoir; (b) to describe their possible spatial distributions; and (c) to quantify the risks for aquatic life
and safeguard drinking water supplies. For this purpose, the Guarapiranga reservoir was studied as an example
of a multi-stressed urban reservoir in a tropical region. A total of 31 organic compounds (including pesticides, il-
licit drugs, pharmaceuticals, and endocrine disruptors) were analyzed twice over a period of one year, together
with classical indicators of water quality. The physical and chemical datawere treated using principal component
analysis (PCA) to identify possible temporal or spatial patterns. Risk assessment was performed for biota and
drinking water use, comparing maximum environmental concentrations (MECs) with the predicted no-effect
concentrations (PNECs) or drinking water quality criteria (DWC), respectively. The results demonstrated the
presence of pesticides and EPs, as well as pollution by high levels of nutrients and Chlorophyll a (Chl. a), during
the study period. The nutrients and Trophic State Index (TSI) showed gradients in the reservoir and regional
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distributions, while the pesticides and EPs only clearly showed this pattern in the dry season. The concentrations
and distributions of the pesticides and EPs therefore showed seasonality. These findings suggested that the two
groups of pollutants (EPs + pesticides and nutrients) possessed different sources and behavior and were not al-
ways correlated in the reservoir studied. In the studied period, no risk was observed in raw water for drinking
water use, but carbendazim, imidacloprid, and BPA showed risks for the biota in the reservoir.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Economic, social, and demographic changes around the world have
led to growth in water demand and the appearance of new chemical
threats to freshwater resources involving emerging pollutants (EPs)
(Richardson and Kimura, 2015; Petrovic et al., 2011; Pal et al., 2010)
as well as the classical and well-known regulated chemical substances.

Due to growth in water demand, together with increased pollution
of aquatic systems in some countries, reservoirs have become strategic
to ensure the quality and availability of water, especially in highly ur-
banized regions (Lehner et al., 2011; Liu et al., 2015). Over 25% of the
global river flow has experienced alteration in order to provide clean
water for human purposes (Vörösmarty et al., 2010) and around
850,000 dams are in operation, and more are under construction
(Nilsson et al., 2005; Zarfl et al., 2015). In South America, a large number
of reservoirs were constructed during the 20th and 21st centuries.
These reservoirs play an important role in economic development by
supplying water for industry, agriculture, urban consumption, and rec-
reational services (Tundisi et al., 1998).

Land use for urban and industrial purposes is increasing along with
growth of urban population. By 2030, approximately 60% of the
projected global population (8.3 billion) is expected to live in urban
areas (Pickett et al., 2011). These transformations are dramatically af-
fecting ecosystems and watersheds (Paul and Meyer, 2001; Meyer et
al., 2005; Pickett et al., 2011). Many freshwater reservoirs are located
in (or are influenced by) urban areas and suffer from various pressures
related to human activities (Tundisi and Matsumura-Tundisi, 2003).
Hence, the monitoring, management and protection of these aquatic
systems involve challenges that are relatively new and that are different
from those observed for reservoirs situated in non-urbanized areas.

These multiple stressors affecting urban reservoirs include inputs of
complexmixtures of pollutants (such as EPs, PAHs, pesticides, nutrients
and metals) entering into the reservoir due to surface run-off from
roads, street surfaces, green areas and industrial facilities, together
with sewage discharges, outflows from wastewater treatment plants,
and aerial deposition of substances originated from vehicle exhaust
and industrial emissions (including acidic compounds and metals)
(Hall and Ellis, 1985; Ellis and Mitchell, 2006; de Morais and
Guandique, 2015).

The presence and environmental effects of regulated substances and
EPs in freshwater ecosystems have beenwidely studied (Pal et al., 2010;
Murray et al., 2010), but there is less information available concerning
their presence and behavior in reservoirs and their potential effects on
organisms in these systems (Petrovic et al., 2011). Recent studies have
provided information on the presence of regulated pollutants and EPs
in the waters of several reservoirs (Palma et al., 2010; Félix–Cañedo et
al., 2013; Yan et al., 2014; Wang et al., 2015; González-González et al.,
2014; Martinez and Peñuela, 2013; Xue et al., 2005; You et al., 2015;
Xu et al., 2011) and other authors have provided evidence of potential
effects on organisms living in reservoirs (González-González et al.,
2014; Huerta et al., 2013b; Pérez et al., 2010; Palma et al., 2010), but in-
formation on the potential impacts of these substances in freshwater
reservoirs remain poorly understood.

In many countries, the monitoring of reservoirs by water agencies
mainly focuses on the control of eutrophication but the analysis of
other regulated substances and EPs is often not included or is not exten-
sive (Begliutti et al., 2007; Hering et al., 2010; Petrovic et al., 2011;
Molozzi et al., 2012; Cunha et al., 2013). For example, the European
Water Framework Directive (WFD; ECC, 2000) provides guidance on
parameters to be monitored in lakes and reservoirs (mainly nutrients
and other basic indicators of trophic state and water quality), but the
analysis of many chemical substances is not mandatory.

However, maximum preservation of chemical and biological quality
(theminor deviation from the chemical water quality and the biological
community that would be expected under conditions of minimal an-
thropogenic impact) is essential to ensure economic, cultural, and recre-
ational benefits of these systems (Turner andDaily, 2008;Molozzi et al.,
2012). For example, urban freshwater reservoirs can provide refuges for
threatened fauna in urban landscapes (Clements et al., 2006) or allow
economic activities such as aquaculture or fishing (Tundisi et al.,
2008) when environmental quality is good. On the other hand, poor en-
vironmental quality, such as high levels of nutrients (N and P), leads to
changes in the structure and function of the ecosystem, with negative
ecological and economic consequences in freshwater reservoirs
(Smith et al., 1999; Moschini-Carlos et al., 2009; Azevedo et al., 2015a,
b). Therefore, a good knowledge on chemical profiles of freshwater res-
ervoirs and risks of EPs and substances no commonly included in mon-
itoring programs will contribute to a better preservation of these
resources.

The objectives of this exploratory study were: (a) to determine the
concentrations of some pesticides and emerging organic pollutants
(EPs) such as pharmaceuticals, illicit drugs, and endocrine disrupting
compounds present in an urban reservoir (and scarcely studied before),
as well as to analyze common water quality parameters; (b) to identify
their possible spatial distributions; and (c) to quantify the risks of the
pesticides and EPs in terms of the protection of aquatic life and the
safeguarding of pre-treatment raw water for drinking use.

In Brazil, the biological and chemical qualities of many reservoirs in
the vicinity of urban areas are highly impacted by inflows of untreated
wastewater containing these complex mixtures of pollutants (Mariani
and Pompêo, 2008; Cardoso-Silva et al., 2016), leading to widespread
eutrophication of the water bodies and pollution by organic and inor-
ganic pollutants (Braga et al., 2006; Fontana et al., 2014; Bucci et al.,
2015; Souza Beghelli et al., 2016). For this purpose, the Guarapiranga
reservoir was used as an example of a multi-stressed urban reservoir
in a regionwith a tropical climate. Several different impacts have dimin-
ished the chemical and biological quality of this reservoir (CETESB,
2014, 2015).

2. Materials and methods

2.1. Study site

The Guarapiranga Reservoir is an urban reservoir in the Metropoli-
tan Region of São Paulo (MRSP, State of São Paulo, Brazil) (Fig. 1), situ-
ated in the southern area of the city (23° 43′ S; 46° 32′ W; 742 m
above sea level). The reservoir lies in a sub-basin of the Alto Tietê
Basin, with a drainage area of 631 km2. It was constructed in 1906 for
electricity production and is now used for water supply. It is currently
the second most important public water supply reservoir in the region,
supplying two million people in one of the world's largest urban areas
(Fontana et al., 2014). The reservoir is impacted by deforestation, soil
erosion, and unregulated settlements (favelas). Urbanized (regular and
irregular settlements) areas account for 16.9% of the sub-basin.



Fig. 1. General overview of the Metropolitan Region of São Paulo and the Guarapiranga reservoir, indicating the locations of sampling areas A, B, and C. Images adapted from Santos et al.
(2015), Faustino et al. (2016) and Google Maps, © 2016 CNES/Astrium, Digital Globe © 2016 Google.
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Agriculture suppose a 4.3%, green areas (such as parks, gardens, waste
ground or unmanaged green areas but under anthropic influence) sup-
pose a 30%. The area used for other anthropic purposes (roads, industry,
mining activities, landfills…) is 8.1% (Whately and Cunha, 2006). Pollu-
tion inputs to the reservoir aremainly due to runoff from crop, industri-
al, and urban areas, as well as untreated and treated industrial and
domestic effluents (Whately and Cunha, 2006; Cardoso-Silva, 2008;
Pompêo et al., 2013). In some of the municipalities and neighborhoods
within the Guarapiranga catchment, rates of wastewater collection
and treatment are below 50% (CETESB, 2015; SEADE, 2015), resulting
in discharges of untreated sewage into rivers and other water bodies
that drain into the Guarapiranga. Due to these long-term inputs of un-
treated wastewater, the reservoir has been classified as eutrophic
since 1960, but can now be considered hyper-eutrophic (Beyruth,
2000; CETESB, 2014). Biological indices indicate impairment of the bio-
logical communities in the reservoir (CETESB, 2015).
Three sampling areas in the reservoir were selected in order to cover
different possible degrees of pollution (Fig. 1). Area Awas located at the
Embu-Guaçú River tributary, in a region considered less polluted, with
less urban pressure but affected by transportation infrastructures and
presence of patches of natural vegetation and agricultural soil. Area B
was at the Parelheiros River tributary, wherewater fromanother pollut-
ed reservoir (the Billings Reservoir) enters the Guarapiranga. This area
is surrounded by favelas and patches of natural vegetation and agricul-
tural soil. Area C was situated near the dam, close to the water extrac-
tion point and their shores are densely urbanized by favelas, second
residences and yacht clubs.

2.2. Sampling methods

Two sampling campaigns were performed, in February 2014 (rainy
season) and in October 2014 (dry season). It should be noted that

Image of Fig. 1


Table 1
Selected LC-MS/MS experimental parameters for each compound.

Compounds
Precursor ion
(m/z)

Product ion
(m/z)

Collision energy
(eV)

ESI
mode

Caffeine 195.1 138.1
110.1
69.1

15
20
30

(+)

Diclofenac 296
294

251.9
249.9

5
5

(−)

17α-ethinylestradiol 295 144.9
158.9
143.0

30
30
40

(−)

17β-estradiol 271.1 183.0
144.9
143.0

35
30
40

(−)

Estriol 287.1 170.9
144.9
143.0

30
35
40

(−)

Estrone 269.1 144.9
143.0
182.9

30
40
35

(−)

Progesterone 315.3 109.1
97.2
79.2

15
25
30

(+)

Testosterone 289.3 109.1
97.1
79.1

20
30
5

(+)

Triclosan 289.0
287.0

37.1
35.1

5
5

(−)

Bisphenol A 227 132.9
210.9

25
30

(−)

Cocaine 304.1 182.1
105.0
82.1

15
30
30

(+)

Benzoylecgonine 290.1 168.0
105.1
82.2

15
30
30

(+)

Ametryn 228.2 186.1
158.1
138.1

15
20
20

(+)

Atrazine 216.2 174.1
103.9

15
15

(+)

Simazine 202.0 124.0
132.1
104.0

15
15
25

(+)

Azoxystrobin 404.2 372.0
344.1

5
20

(+)

Picoxystrobin 368.2 145.0
205.0

25
5

(+)

Pyraclostrobin 388.0 163.3
194.1

10
20

(+)

Trifloxystrobin 409.2 186.2
145.2
206.2

10
15
40

(+)

Bromacil 261.0 205.2
188.0

10
25

(+)

Carbendazim 192.1 160.1
132.1
105.1

5
30
35

(+)

Clomazone 240.1 200.3 1 (+)
Difenoconazole 406.2 251.1

338.0
25
15

(+)

Epoxyconazole 330.1 121.2
101.2

20
35

(+)

Tebuconazole 308.2 70.0
124.9

20
30

(+)

Hexythiazox 353.0 271.0
228.1
194.1

5
10
15

(+)

Imidacloprid 256.0 208.9
175.1

10
15

(+)

Fipronil 435.0 250.0
330.0

25
25

(−)

Chlorpyrifos 350.0 97.0
198.0
124.9

25
20
25

(+)

Profenofos 373.0 97.0
223.2

35
35

(+)

Table 1 (continued)

Compounds
Precursor ion
(m/z)

Product ion
(m/z)

Collision energy
(eV)

ESI
mode

305.0 10
Malathion 331.0 127.0

99.1
1
15

(+)
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2014 was an exceptionally dry year. Three sampling areas in the reser-
voir were selected. In each area, three sampling points were selected,
separated by 100–200 m and between 50 and 200 m distant from the
margins of the reservoir. A boat was used for sample collection. The co-
ordinates of each sampling point were recorded using a GPS (Datum
WGS 84, Table 1 SM).

At each sampling point, the conductivity, pH, temperature, and dis-
solved oxygen concentration were measured with a Horiba U-5000
probe at depths of 0.1, 0.5, 1.0, and 1.5 m, and at the bottom. A hand-
held sonar (Echotest II, Plastimo) was used to determine the maximum
depth. Water transparency was measured with a Secchi disk (30 cm
diameter).

A plastic hosewas used to obtain integrated samples of water for the
analysis of nutrients (nitrite, nitrate, ammonium, and total phospho-
rus), total suspended solids (TSS), and chlorophyll (Chl. a). Briefly the
extreme of a ballasted hose is submersed and water from the entire
water columnenters into the hose. Once filled, both extremes are closed
and the hose is raised up (see Paggi et al., 2001 and references therein).
The depth of thewater column sampledwith the hose depended on the
maximum depth at the sampling point (0.5 m when the maximum
depth was b5 m, 3 m when the depth was N5 but b10 m). The hose
was repeatedly launcheduntil obtaining 5 L ofwater,whichwere stored
in a plastic bottle and kept inside a cool bag until the return to the
laboratory.

For analysis of the emerging and regulated pollutants, 1 L of water
was sampled at 0.5 m in amber glass bottles that had been previously
cleaned using (in order) tap water, detergent, ultrapure water, metha-
nol, and acetone. Finally, bottles were calcinated, at 400 °C for 4 h
(Montagner et al., 2014a).

All thewater sampleswere stored in thedark in a cooler, until arrival
at the laboratory. Once in the laboratory, the samples used for nutrients
analysis were frozen until analysis (for b2 weeks), while the samples
used for the analysis of pesticides, illicit drugs, hormones, and pharma-
ceuticals were stored in a fridge until solid phase extraction (SPE) was
performed on the next day.

2.3. Analytical methods

For the analysis of chlorophyll, known volumes of water (0.5 to 1 L
depending on the sample) were filtered through glass fiber filters
(Whatman GF/C, 47 mm diameter, 0.6–0.7 μm). The filters were then
frozen and stored in the dark. Posteriorly, the filters were ground in a
mortar with 90% acetone and the extracts were poured into centrifuge
tubes and stored overnight in a fridge in the dark. On the following
day, the samples were centrifuged at 6000 rpm for 30min, the superna-
tantwas poured in a spectrophotometer cuvette, and the absorbances at
665 and 750 nm were measured using a spectrophotometer. The con-
centration of Chl. a was calculated as described by Lorenzen (1967)
and Jeffrey and Humphrey (1975).

The TSS contentswere determined in the laboratory. 500ml ofwater
were filtered through a glass fiber filter (Whatman GF/C, 47 mm diam-
eter, 0.6–0.7 μm). The filter was dried at 80 °C to constant weight, and
TSS was calculated as the weight difference between the dry filter
after filtering and the clean filter.

Colorimetric methods employing a spectrophotometer (B572,
Micronal) were used for the analysis of nitrite (NO2

−) and nitrate
(NO3

−) (Mackereth et al., 1978), ammonium (NH4
+) (Koroleff, 1976),

and total phosphorus (total P) (Valderrama, 1981).
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Concentrations of 31 organic compounds were determined, includ-
ing pharmaceuticals, illicit drugs, endocrine disrupting compounds
(EDCs), and pesticides.Water samples were previously filtered through
a 1.2 μm glass fiber filter (Schleicher & Schuell) and were then concen-
trated by SPE extraction (OASIS HLB cartridge,Waters), usingmethanol,
acetonitrile, and water for cartridge conditioning and elution of the tar-
get compounds. The analytical standards and reagents were all reagent
grade (≥98.8% from Sigma-Aldrich or Supelco). Chemical analysis was
performed by liquid chromatography-tandem mass spectrometry (LC-
MS/MS), using an Agilent 1200 Series LC system coupled to an Agilent
6410 Triple Quad mass spectrometer equipped with an electrospray
ionization source (ESI), operated in both negative and positive mode,
as described by Montagner et al. (2014a) (Table 1).

The degree of trophic alteration in the system was determined by
calculation of the trophic state index (TSI) for each sampling point and
season, based on Toledo et al. (1983) and considering the concentra-
tions of P and Chl. a.

The values obtained for pH, conductivity, TSS, Chl. a, NO2
−, NO3

−,
NH4

+, and total P were compared with the Brazilian Environmental
Quality Standards (EQS) described in CONAMA Resolution 357 for
Class I water bodies (CONAMA, 2005), in order to determine the degree
of noncompliance of the reservoir.

2.4. Risk assessment

The literature and/or webpage's of official environmental agencies
were searched in order to compile a list of published PNEC values for
the emerging pollutants analyzed in this study (Table 2). Aquatic organ-
isms of different phylum and end points based on reproduction,mortal-
ity and physiological responses were selected. The lowest value found
for each compound was chosen to maximize the protective threshold
(see bibliography on Table 2 and Table 3 SM). Risk assessment was per-
formed for each site and season, using calculations based on risk quo-
tients (RQs). RQs essentially constitute an index for quantification of
the environmental risk of chemicals, and involve comparison of the en-
vironmental concentrations of pollutants with the concentrations that
should ensure an absence of adverse effects on target organisms,
based on empirical data (Isidori et al., 2005). The RQ of a particular sub-
stancewas calculated by dividing themaximumenvironmental concen-
tration (MEC) by the predicted no-effect concentration (PNEC). The
highest value found was compared to the lowest PNEC value, for a
worst-case scenario evaluation. We consider existence of ecotoxicolog-
ical riskwhenRQs ≥ 1, in this case environmental concentration is above
the PNEC value and, therefore, risk of adverse effects is supposed.

The risk for rawwater from the reservoir to humans, before entering
in the drinking water treatment facilities, was assessed by comparing
the water quality criteria available in the literature with the environ-
mental concentrations (Table 3). This was only performed for site C,
where water was extracted for transfer to a water treatment plant sup-
plying drinking water to 6 million inhabitants of the MRSP. In this case
we consider existence of risk when environmental concentration is
above the water quality criteria.

2.5. Statistical analysis

Data were treated using principal component analysis (PCA) in
order to identify possible temporal or spatial patterns among the sam-
pling points. PCA is frequently used in exploratory environmental stud-
ies, since it enables complex datasets to be transformed into forms that
can bemore easily interpreted. Using PCA, patterns of similarity among
the sampling points could be identified, reflecting the geographical and
temporal distributions of the pollutants.

The physical and chemical data were grouped into two different cat-
egories: (a) general indicators of anthropogenic pollution and alteration
(parameters providing information on levels of nutrients and other lim-
nological indicators), and (b) EPs and pesticides. For each category, PCA
was performed using the data obtained for all the sampling points in
both sampling campaigns. One PCA procedure was performed with
the data for pH, conductivity, TSS, Chl. a, and the concentrations of ni-
trite, nitrate, ammonium, and total P. These variables were used as gen-
eral indicators of anthropogenic pollution and alteration (Palma et al.,
2014a) and are routinely included in monitoring programs for water
quality in reservoirs (ECC, 2000; CETESB, 2015). The other PCA proce-
dure employed the concentrations of the pesticides, illicit drugs, EDCs,
and pharmaceuticals; these parameters are not normally included
(Petrovic et al., 2011). The purpose of analyzing the data separately
was to permit clear detection of possible different behaviors (in time
and space) of the groups of parameters.

In the case of the EPs and pesticides, the values obtained for some of
the compounds analyzed were below the LOQs, and only those com-
pounds with at least one value for a sampling point above the LOQ
were included in the statistical analysis. In this case, values below the
LOQ were considered as LOQ/2 (ECC, 2009). Due to the differences in
the units andmagnitudes of the included variables, the data were trans-
formed using log(x + 1), followed by the scaling of each variable using
xi − min.var/max.var − min.var, where xi is the value of a variable for a
sample, andmax.var andmin.var are themaximum andminimumvalues
found for the variable (García-Reiriz et al., 2014).

Based on the results obtained in the initial PCAwith the EPs and pes-
ticides, two new PCA procedures were then performed, considering the
data from the two sampling campaigns separately.

Since the numbers of replicates were not equal in all areas and some
variables did not show homogeneity of variances (tested using Levene's
test), Welch's ANOVA and the Games-Howell post-hoc test were per-
formed to determine the existence of differences among the areas. In
addition, Spearman correlation coefficients were used to assess possible
relationships among the common indicators of human impact (pH, con-
ductivity, TSS, Chl. a, NO2

−, NO3
−, NH4

+, and total P) and the concentra-
tions of the EPs and pesticides.

The PCA procedures were performed with the PAST 3 statistical
package, and SPSS 13.0 was used for the correlation analyses and the
ANOVA and post-hoc tests.

3. Results

3.1. Physical and chemical parameters

3.1.1. General indicators
In the first campaign, it was only possible to sample two points in

area C, due to climatological constraints. Fig. 2 provides a comparison
of themean values of the different parameters for each area and season.
Table 2 SM provides the raw data, with integrated values for the first
meter of the water columns.

In the first sampling campaign (Feb. 2014), pH, conductivity, Chl. a,
total P, and NO3

− showed significant differences among the areas
(p b 0.05, Welch's ANOVA test); the post-hoc test revealed significant
differences between area A and the other two areas for pH, conductivity,
and Chl. a (p b 0.05), and between areas A and C for total P and NO3

−

(p b 0.05). In the second sampling campaign (Oct. 2014), pH, conductiv-
ity, TSS, Chl. a, and NO3

− showed significant differences between the
areas (p b 0.05, Welch's ANOVA test); the post-hoc test showed signifi-
cant differences between areas A and C for pH; between area A and the
other two areas for conductivity, TSS, and Chl. a; and between area C
and the other two areas for NO3

− (p b 0.05).
In both seasons, the concentration of total P exceeded the Brazilian

Standards limit value (Resolution 357; CONAMA, 2005). In both periods,
the Chl. a values exceeded the Resolution 357 benchmark in areas B and
C. The pH values (from 5.54 to 5.75) were below the Resolution 357
benchmark in area A in the first campaign. In both sampling periods,
the conductivity in area A showed low values, compared to the other
areas, with values of 48 ± 1.15 and 47 ± 4.16 μS cm−1 in the first and
second campaigns, respectively (mean values for the 3 sampling



Table 2
Environmental concentrations, in ng L−1, of the selected compounds in the Guarapiranga reservoir, type of substance and frequency.

Compound CAS number Type of substance and chemical group

February 2014
(ng L−1)

October 2014
(ng L−1)

Frequency
(positive/total)

LOQ A1 A2 A3 B1 B2 B3 C1 C2 C3 LOQ A1 A2 A3 B1 B2 B3 C1 C2 C3 A B C

Caffeine [58–08-2] Stimulant alkaloid 4.0 MD 44 53 22 17 130 146 53 MD 5.8 362 300 336 4726 1870 1290 244 273 477 5/5 6/6 5/5
Diclofenac [15,307–86-5] Pharmaceutical, non-steroidal anti-inflammatory

drug
14 MD b14 MD 14 b14 0/5 0/6 0/5

Cocaine [50-36-2] Illicit drug 2.5 MD 3 4 4 7 12 3 3 MD 65 b65 2/5 3/6 2/5
Benzoylecgonine [519-09-5] Illicit drug metabolite (cocaine) 4.3 MD 15 17 53 108 179 18 15 MD 1.5 10 9.2 9.2 121 55 37 4.3 4.4 3.2 5/5 6/6 5/5
17α-ethinylestradiol [57-63-6] Pharmaceutical, xenoestrogen 40 MD b40 MD 58 b58 0/5 0/6 0/5
17β-estradiol [50-28-2] Pharmaceutical/natural hormone, estrogen 36 MD b36 MD 29 b29 0/5 0/6 0/5
Estriol [50-27-1] Metabolie 37 MD b37 MD 46 b46 0/5 0/6 0/5
Estrone [53-16-7] Metabolie 13 MD b13 MD 11 b11 0/5 0/6 0/5
Progesterone [57-83-0] Pharmaceutical/natural hormone, progestrogen 1 MD b1 MD 4.8 b4.8 0/5 0/6 0/5
Testosterone [58-22-0] Pharmaceutical/natural hormone, androgen 0.9 MD b0.9 MD 2.1 b2.1 0/5 0/6 0/5
Triclosan [3380-34-5] Antibacterial and antifungal agent 22 MD b22 MD 21 b21 0/5 0/6 0/5
Bisphenol A [80-05-7] Plasticizer 33 MD 113 147 174 345 156 299 119 MD 10 b10 16 b10 30 12 10 20 16 17 3/5 6/6 5/5
Ametryn [834-12-8] Triazine herbicide 0.5 MD 0.9 1.0 1.1 1.1 b0.5 1.0 0.9 MD 1 b1 2/5 2/6 2/5
Atrazine [1912-24-9] Triazine herbicide 0.9 MD 1.0 1.0 1.9 2.4 1.0 1.3 1.1 MD 1.1 b1.1 2/5 3/6 2/5
Simazine [122-34-9] Triazine herbicide 0.6 MD b0.6 MD 1.3 b1.3 0/5 0/6 0/5
Azoxystrobin [131860-33-8] Strobilurin fungicide 0.5 MD b0.5 1.1 b0.5 b0.5 b0.5 1.1 b0.5 MD 1.2 b1.2 1/5 0/6 1/5
Picoxystrobin [117428-22-5] Uracil herbicide 0.4 MD b0.4 MD 1.1 b1.1 0/5 0/6 0/5
Pyraclostrobin [175013-18-0] Strobilurin type-methoxyacrylate fungicide 0.6 MD b0.6 MD 1.8 b1.8 0/5 0/6 0/5
Trifloxystrobin [141517-21-7] Strobilurin fungicide 1.1 MD b1.1 MD 3.2 b3.2 0/5 0/6 0/5
Bromacil [314-40-9] Uracil herbicide 0.6 MD b0.6 MD 4.0 b4.0 0/5 0/6 0/5
Carbendazim [10605-21-7] Benzimidazole fungicide 1.5 MD 12 19 101 87 9.0 67 16 MD 1.2 16 15 15 160 162 124 33 34 20 5/5 6/6 5/5
Clomazone [81777-89-1] Isoxazolidinone herbicide 1.0 MD b1.0 MD 0.8 b0.8 0/5 0/6 0/6
Difenoconazole [119446-68-3] Triazole fungicide 0.6 MD b0.6 MD 0.9 b0.9 0/5 0/6 0/5
Epoxyconazole [133855-98-8] Triazole fungicide 0.6 MD 0.7 0.7 0.7 0.8 b0.6 0.8 b0.6 MD 1.4 b

1.4
b

1.4
b

1.4
b1.4 b1.4 b1.4 b

1.4
b

1.4
b

1.4
2/5 2/6 1/5

Tebuconazole [107534-96-3] Triazole fungicide 0.9 MD 1.1 1.1 1.2 1.3 0.9 1.3 1.0 MD 1 b1 2/5 3/6 2/5
Hexythiazox [78587-05-0] Carboxamide acaricide 1.8 MD b1.8 MD NA 0/5 0/6 0/5
Imidacloprid [138261-41-3] Neonicotinoid insecticide, veterinary drug 0.7 MD 1.3 1.6 b0.7 b0.7 b0.7 b0.7 b0.7 MD 2.1 2.6 2.4 3.0 b2.1 b2.1 b2.1 b

2.1
b

2.1
b

2.1
5/5 0/6 0/5

Fipronil [120068-37-3] Phenylpyrazole insecticide, veterinary drug 6 MD b6 MD 1.1 1.3 1.3 1.3 2.0 1.6 1.5 1.4 1.4 1.5 3/5 3/6 3/5
Chlorpyrifos [2921-88-2] Organophospate insecticide 2.3 MD b2.3 MD NA 0/5 0/6 0/5
Profenofos [41,198-08-7] Organophospate insecticide 15.1 MD b15.1 MD NA 0/5 0/6 0/5
Malathion [121-75-5] Organophospate insecticide, veterinary drug 1.1 MD b1.1 MD NA 0/5 0/6 0/5

Legend: (−) value not found in the literature; (MD) missing datum; (LOQ) limit of quantification; (NA) not analyzed.
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Table 3
DrinkingWater Criteria (DWC) and concentrations and frequency of detection for EPs and pesticides in area C for both sampling campaigns.

Compound CAS number
DWC
(ng L−1)

February 2014
(ng L−1)

October 2014
(ng L−1)

Frequency
positive/totalLOQ C1 C2 C3 LOQ C1 C2 C3

Caffeine [58-08-2] – 4.0 146 53 MD 5.8 244 273 477 5/5
Diclofenac [15307-86-5] – 14 b14 b14 MD 14 b14 b14 b14 0/5
Cocaine [50-36-2] – 2.5 3 3 MD 65 b65 b65 b65 2/5
Benzoylecgonine [519-09-5] – 4.3 18 15 MD 1.5 4.3 4.4 3.2 5/5
17α-ethinylestradiol [57-63-6] – 40 b40 b40 MD 58 b58 b58 b58 0/5
17β-estradiol [50-28-2] 3.8a 36 b36 b36 MD 29 b29 b29 b29 0/5
Estriol [50-27-1] – 37 b37 b37 MD 46 b46 b46 b46 0/5
Estrone [53-16-7] – 13 b13 b13 MD 11 b11 b11 bb11 0/5
Progesterone [57-83-0] 333a 1 b1 b1 MD 4.8 b4.8 b4.8 b4.8 0/5
Testosterone [58-22-0] 11a 0.9 b0.9 b0.9 MD 2.1 b2.1 b2.1 b2.1 0/5
Triclosan [3380-34-5] 2,000,000b 22 b22 b22 MD 21 b21 b21 b21 0/5
Bisphenol A [80-05-7] – 33 299 199 MD 10 20 16 17 5/5
Ametryn [834-12-8] 400,000b 0.5 1.0 0.9 MD 1 b1 b1 b1 2/5
Atrazine [1912-24-9] 2000c 0.9 1.3 1.1 MD 1.1 b1.1 b1.1 b1.1 2/5
Simazine [122-34-9] 2000d 0.6 b0.6 b0.6 MD 1.3 b1.3 b1.3 b1.3 0/5
Azoxystrobin [131860-33-8] 100,000b 0.5 1.1 b0.5 MD 1.2 b1.2 b1.2 b1.2 1/5
Picoxystrobin [117428-22-5] 260,000e 0.4 b0.4 b0.4 MD 1.1 b1.1 b1.1 b1.1 0/5
Pyraclostrobin [175013-18-0] 240,000e 0.6 b0.6 b0.6 MD 1.8 b1.8 b1.8 b1.8 0/5
Trifloxystrobin [141517-21-7] 180,000e 1.1 b1.1 b1.1 MD 3.2 b3.2 b3.2 b3.2 0/5
Bromacil [314-40-9] 400,000f 0.6 b0.6 b0.6 MD 4.0 b4.0 b4.0 b4.0 0/5
Carbendazim [10605-21-7] 120,000c 1.5 67 16 MD 1.2 33 34 20 5/5
Clomazone [81777-89-1] 200,000b 1.0 b1.0 b1.0 MD 0.8 b0.8 b0.8 b0.8 0/5
Difenoconazole [119446-68-3] 3,600,000e 0.6 b0.6 b0.6 MD 0.9 b0.9 b0.9 b0.9 0/5
Epoxyconazole [133855-98-8] 18,000e 0.6 0.8 b0.6 MD 1.4 b1.4 b1.4 b1.4 1/5
Tebuconazole [107534-96-3] 180,000c 0.9 1.3 1.0 MD 1 b1 b1 b1 2/5
Hexythiazox [78587-05-0] – 1.8 b1.8 b1.8 MD NA 0/5
Imidacloprid [138261-41-3] 300,000e 0.7 b0.7 b0.7 MD 2.1 b2.1 b2.1 b2.1 5/5
Fipronil [120068-37-3] 1000b 6 b6 b6 MD 1.1 1.4 1.4 1.5 3/5
Chlorpyrifos [2921-88-2] − 2.3 b2.3 b2.3 MD NA 0/5
Profenofos [41198-08-7] – 15.1 b15.1 b15.1 MD NA 0/5
Malathion [121-75-5] 190,000g 1.1 b1.1 b1.1 MD NA 0/5

Legend: (−) value not found in the literature; (MD) missing datum; (LOQ) limit of quantification; (DWC) drinking water criteria; (NA) not analyzed.
Source of DWC values:

a Brand et al. (2013).
b de A. Umbuzeiro (2012).
c Brasilian Ministry of Health (2011).
d WHO (2011).
e Barbosa et al. (2015).
f New Zealand Ministry of Health, 2008.
g Health Canada, 2014.
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points). In the second campaign, area A showed the lowest mean TSS
value (2.46 ± 0.7 mg L−1) and area B the highest (9.6 ± 1.6 mg L−1).
Area B showed the highest total P and NH4

+ concentrations in both sea-
sons, with values of 165.70 and 628.93 μg L−1 in the first and second
campaigns, respectively, in the case of total P, and values of 650.39
and 2330.43 μg L−1 in the first and second campaigns, respectively, in
the case of NH4

+, although the differences between the areas were not
significant. The lowest concentrations of NO2

− and NO3
− were found in

area A, in both seasons, while the highest levels of NO3
− were found in

area C, with mean values of 615.27 ± 4.94 and 1129.74 ± 234.44 μg
L−1 in the first and second sampling campaigns, respectively. In both
seasons, the mean concentration of Chl. a in area A (6.75 ± 1.5 μg L−1

in the first campaign and 5.06 ± 1.12 μg L−1 in the second campaign)
was one order of magnitude lower than in areas B and C. Areas B and
C showed similar concentrations of Chl. a in the rainy season (27.5 ±
5.71 and 24.67 ± 0.05 μg L−1, respectively), while in the dry season
the concentration of Chl. a in area B approximately doubled (65.21 ±
11.54 μg L−1).

Oxygen concentration was not included in the analysis. Values ob-
tained during the second sampling campaign were not reliable, proba-
bly due to probe failure for this parameter during the fieldwork.

The TSI at the sampling points ranged from mesoeutrophic to
hypereutrophic, according to the classification described by Toledo et
al. (1983). The points situated in area Aweremesoeutrophic in both pe-
riods, while the points in area B were classified as eutrophic in the first
sampling campaign (Feb. 2014, rainy season) and hypereutrophic in the
second campaign (Oct. 2014, dry season). The points in area C were al-
ways classified as eutrophic. These data suggested the existence of a nu-
trient enrichment gradient in the reservoir, with area B being a hotspot.

3.1.2. Emerging pollutants and pesticides
In thefirst campaign (Feb. 2014, rainy season), one sample fromarea

A was lost and it was not possible to analyze the concentrations of the
pesticides and EPs. A total of 31 EPs and pesticides were detected in
the Guarapiranga Reservoir in the first sampling campaign (Feb. 2014,
rainy season), and 27 in the second (Oct. 2014, dry season, when the
pesticides hexythiazox, chlorpyrifos, profenofos, and malathion were
not analyzed). The concentrations of the compounds ranged from 0.6
ng L−1 to 4700 ng L−1 (Table 2), depending on the period and location.
Cocaine, atrazine, ametryn, azoxystrobin, epoxiconazole, and
tebuconazole were only quantified in the rainy season. Diclofenac and
fipronil were only quantified in the dry season. In the case of diclofenac,
only one point in area B showed a concentration above the LOQ.
Bisphenol A (BPA), caffeine, the cocaine metabolite benzoylecgonine,
and the pesticides carbendazim and imidacloprid were all quantified
in both periods. In the case of imidacloprid, the concentrations were
only above the LOQ in both periods in area A. Consequently, more com-
pounds were quantified in the first campaign (11) than in the second
campaign (7).

The EPs showed no significant differences between the sampling
points in the first campaign, but significant differences were detected
in the second period for bencoylecgonine, carbendazim, and



Fig. 2. Means and standard deviations for the common water quality parameters, according to location and sampling season.
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imidacloprid (p b 0.05, Welch's ANOVA). The post-hoc test discriminat-
ed between areas A and C for bencoylecgonine, between area B and the
other two areas for carbendazim, and between area A and the other two
areas for imidacloprid (p b 0.05). In the case of imidacloprid, Levene's
test did not confirm homogeneity of variances and it was not possible
to perform the Welch's ANOVA procedure because at least one group
had zero variance.

Depending on season and area, the compounds with the highest
concentrations were (in order) caffeine, BPA, benzoylecgonine, and
carbendazim. Caffeine was the compound with the highest concentra-
tions, especially in the dry season (concentrations range from 244 to
4700 ng L−1) and in area B (4700 ng L−1 at one point). In the case of
BPA, the concentrations in all areas in the first period (rainy season),
with values from 113 to 345 ng L−1, were one order of magnitude
higher than in the dry season. In both seasons, benzoylecgonine showed
higher concentrations in area B, compared to the other areas (mean
values of 113.33 ± 63.2 ng L−1 in the first campaign and 71 ± 44.22
ng L−1 in the second campaign), although the differences were not sig-
nificant. Concentrations of the fungicide carbendazimwere significantly
higher in area B in the dry season in comparison with the other areas
(mean values of 65.66 ± 49.57 ng L−1 in the first campaign and
148 ± 21.38 ng L−1 in the second campaign).

3.2. Principal component analysis and correlations

The PCA results obtained using the general indicators of anthropo-
genic pollution and alteration are shown in Fig. 3. The first two compo-
nents explained 83.52% of the total variance. The analyses suggested a
gradient of pollution from area A to area C, without any seasonal trends.
PC1 (57.57%) discriminated between points in area A andpoints in areas
B and C. Areas B and C showed high values for nutrients, Chl. a, and con-
ductivity. Area C was associated with increased pH and high concentra-
tions of nitrites and nitrates, while area B showed high values for P, Chl.
a, TSS, conductivity, and ammonium.
Fig. 3. PCA using data for the comm
Fig. 4 shows the PCA results obtained using the data for the EPs and
pesticides. In the first instance, the data for the two sampling periods
were analyzed together. The two first axes explained 84.19% of the var-
iance. PC1 (69.9%) separated points of the first sampling campaign from
those of the second period, indicating the existence of a seasonal trend.
PC2 (14.29%) separated the points of area B from the rest of the points,
suggesting a possible pollution gradient and highlighting area B as a
possible hotspot. Given these results, PCA was then performed using
the EP and pesticide data for the first and second sampling campaigns
separately.

Using the emerging pollutant and pesticide data from the first cam-
paign, in the rainy season, PC1 and PC2 explained 71.31% of the variance
(Fig. 5). The distribution of the sampling points in the 2D representation
showed no clear spatial trends. Although PC2 seemed to discriminate
the points situated in area B from the remaining points, points from
areas A and Cweremixed. The points in area Bwere thosemost affected
by high concentrations of illicit drugs, pesticides, and endocrine dis-
rupters, while the other locations were mainly influenced by the pres-
ence of pesticides.

In the PCA using the data for the emerging pollutants and pesticides
from the second campaign in the dry season (Fig. 6), PC1 and PC2 ex-
plained 87.91% of the variance. In this case, the sampling points were
grouped according to the different areas in the 2D representation, sug-
gesting the existence of spatial trends in the pollutant concentrations.
Area A was affected by the presence of the insecticide imidacloprid.
Area B was influenced by higher concentrations of a range of pollutants
(pesticides, pharmaceuticals, illicit drugs, and endocrine disrupters). Fi-
nally, area C was affected by the presence of BPA.

Significant correlations were obtained between the EPs and the
common indicators of human pollution (Table 4). The compound
imidacloprid was most highly (negatively) correlated with pH, conduc-
tivity, Chl. a, total P, nitrite, and nitrate, followed by benzoylecgonine,
which was positively correlated with conductivity, total P, and
ammonium.
on water quality parameters.

Image of Fig. 3


Fig. 4. PCA using data for the EPs and pesticides from both sampling campaigns.

1316 J.C. López-Doval et al. / Science of the Total Environment 575 (2017) 1307–1324
3.3. Risk assessment

Fig. 7 presents the ranges of concentrations obtained for the most
critical compounds, together with the corresponding PNECs reported
Fig. 5. PCA using data for the EPs and pesticides fro
in the literature. BPA showed risk in all three areas in both sampling pe-
riods. Carbendazim and imidacloprid showed risk after the dry season
in areas A and B, respectively. Caffeine showed values very close to
risk in area B after the dry season. For some hormones (17-α-
m the first sampling campaign (rainy season).

Image of Fig. 4
Image of Fig. 5


Fig. 6. PCA using data for the EPs and pesticides from the second sampling campaign (dry season).
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ethinylestradiol, 17-β-estradiol, and estrone), risk assessment was not
possible because the LOQs of the applied analytical methods were
higher than the lowest PNEC. No risks were observed for the other EPs
analyzed in this study.

Published drinking water criteria were found for 3 of the 6 hor-
mones, triclosan, and 16 of the 19 pesticides. No risks to human health
were observed in the raw water from the reservoir for the compounds
analyzed in this study (Table 3).

4. Discussion

4.1. General indicators, EPs, and pesticides: spatial distributions and
relationships

Our exploratory study demonstrated the presence of pesticides and
EPs in the reservoir. High levels of nutrients and Chl. a in the period
studied were found. The nutrients and TSI showed gradients in the res-
ervoir, with clearly defined spatial distributions. Such behaviorwas only
obvious for the pesticides and EPs in the dry season. The pesticides and
EPs therefore exhibited seasonal behavior in the period studied, with
Table 4
Significant correlations between pesticides and EPs and common descriptors of human pollutio
as μS/cm. TSS are concentrations of Total Suspended Solids expressed inmg L−1. Chl. a, total P, N
μg L−1.

T pH Cond

BPA 0.511
Cocaine
Benzoylecgonine 0.709 0.609
Caffeine
Carbendazim 0.598
Imidacloprid −0.614 −0.545 −0.626
Atrazine
Fipronil 0.975
their concentrations and distributions varying according to the sam-
pling period.

Some of the municipalities and neighborhoods within the
Guarapiranga catchment have poor wastewater collection and treat-
ment and b50% of thewastewater produced in the catchment is collect-
ed and treated, (CETESB, 2015; SEADE, 2015), resulting in sewage
reaching the rivers and other water bodies that drain into the
Guarapiranga. For this reason, levels of total P and Chl. a are high and
the reservoir has been classified as eutrophic since 1960, although it
can now be considered hypereutrophic (Beyruth, 2000; CETESB,
2014), as supported by the values obtained in our study for Chl. a,
total P, and TSI.

The common water quality parameters showed a general pattern
that suggested the existence of different areas as a function of the
level of impact. The PCA using these indicators (Fig. 3) clearly distin-
guished the sampling points in the specific areas defined previously
(A, B, and C), for both sampling campaigns. On the other hand, as can
be seen in Fig. 2, some parameters showed high variabilitywithin a spe-
cific region, indicative of spatial heterogeneity, despite the fact that the
sampling points were relatively close to each other (100–200 m).
n. Spearman's correlations significant below the 0.05. Cond. means conductivity measured
O2, NH4, are the concentrations of chlorophyll a, total phosphorus, nitrite and ammonia in

TSS Chl. a Total P NO2 NH4

0.527
0.767
0.562 0.823
0.502

0.825 0.511 0.599
−0.667

0.927 0.889
0.949 0.838

Image of Fig. 6


Fig. 7. Risk quotients for the most critical compounds. The bars represent the ranges of environmental concentrations of each compound in the two sampling campaigns. The lines
represent the ranges of PNEC values found in the literature for caffeine (Dulio et al., 2013; Komori et al., 2013), bisphenol A (Moltmann et al., 2007; Dulio et al., 2013; Swiss Centre for
Applied Ecotoxicology, 2015), carbendazim (Dulio et al., 2013; Wenzel et al., 2014; Swiss Centre for Applied Ecotoxicology, 2015), and imidacloprid (Dulio et al., 2013; Wenzel et al.,
2014; Carvalho et al., 2014).
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The existence of different compartments or regions in this reservoir
has been described previously by Cardoso-Silva (2008), based on the
concentrations of dissolved metals and general indicators of pollution,
as well as by Pompêo et al. (2013), based on sediment quality.
Cardoso-Silva (2008) identified six different regions in the reservoir
during the dry season, and four during the rainy season. Areas A, B
and C were clearly distinguished, together with additional areas not
studied in the present work. Palma et al. (2014a) reported different
compartments in a Portuguese reservoir after considering the presence
of pollutants in water and sediments. The observed pattern was attrib-
uted to the presence of points of diffuse pollution and the entry of nutri-
ents and metals into the reservoir.

Area A, whichwas a priori considered less impacted because the low
urban pressure, was influenced by inflows from the Embú-Guaçú River,
themain natural tributary of the reservoir, therefore the hydrodynamics
and biological processes reflected lotic characteristics. This area showed
the lowest values for nutrients, Chl. a, ammonium, pH, and conductivity,
and could be consideredmesoeutrophic, based on the concentrations of
Chl. a and total P, confirming its initial classification as a less polluted
area. The values obtained for TSS in the dry season were the lowest re-
corded in this study, although in the rainy season the values were sim-
ilar to those found in area B, possibly due to increased flow and run-off
of particulate material from the surrounding areas (natural vegetation
and crop fields) as well as regions upstream.

Area B showed the highest values for some of the common indica-
tors of human alteration. This area receives water from the Billings res-
ervoir (Shiromoto et al., 2005), water flows from the Billings in the
Parelheiros stream, which is also impacted by untreated domestic sew-
age from human settlements (Andrade, 2005). This polluted reservoir
and sewage from these settlements contribute to the introduction of
P, N, and Chl a into the Guarapiranga system (Sendacz et al., 2005;
Matsuzaki, 2007; Cardoso-Silva, 2008; Nishimura et al., 2014). These
features provide an explanation for the high concentrations of total P
and Chl. a, especially during the dry season when the water volume de-
creased while the inputs of nutrients from urban activity and sewage
remained constant. Consequently, the TSI indicated eutrophic condi-
tions in the rainy season and hypereutrophic conditions in the dry
season.

Higher conductivity valueswere obtained in area B, compared to the
other two areas indicating pollution form sewage (Marcé et al., 2008).
The concentrations of TSS in area B were also higher than at the other
points, with the exception of values obtained in area A in the rainy sea-
son. The TSS values could be explained by the inflows of particulatema-
terial (organic and inorganic) from the Billings reservoir, algal
production, and contributions from run-off and sewage. The high inputs
of particulate material, including organic N, could explain the levels of
ammonium in this area, whichwere the highest of the three areas stud-
ied and likely originated from themetabolization of dissolved or partic-
ulate organic nitrogen.

Area C could be considered as lentic and themain water body of the
reservoir. The theoretical retention time of this area is 180 days
(Gemelgo et al., 2008), but depending on operational requirements
the retention time can be lower (Occhipinti, 1973; Beyruth, 2000). Dur-
ing the present study, the retention times were 92 days in February and
75 days in September (CETESB, 2015). The sampling points in this area
were close to the dam and the water extraction point for water supply
and drainage outflow. Area C was eutrophic in both seasons and was
characterized by the highest concentrations of NO3

−, while the concen-
trations of NO2

− were similar to those found in area B. The high concen-
trations of NO3

−, relative to the other areas, could be a consequence of

Image of Fig. 7
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the nitrification of the NH4
+ inputs from area B, or the inputs of organic

material due to run-off from the highly urbanized margins of area C.
When the concentrations of EPs and pesticides were analyzed using

PCA, no clear spatial trends were observed using the combined data for
the two campaigns, in contrast to the results obtained using the com-
mon indicators of water quality. However, there were indications of a
seasonal trend. When PCA was applied separately to the data from the
different sampling campaigns, there was clear grouping of the sampling
points in the different areas for the dry season, but not for the rainy sea-
son (Figs. 5 and 6). For the rainy season, the sampling points of areas A
and C appeared intermixed in the graph, suggesting similar characteris-
tics in bothwater bodies. Thiswas supported by the results of theWelch
ANOVA test indicating that there were no significant differences be-
tween the areas. In contrast, the sampling points from area B showed
greater distances among them, suggesting low homogeneity in this
area, and were separated from the points of areas A and C.

A possible explanation for these findings could lie in the hydrological
behavior of the reservoir in the rainy season and the existence of inputs
from diffuse sources in the surrounding areas. Following data from the
Sao Paulo's water agency, the main outflow was assumed to be water
extraction to supply the water treatment facilities (in area C, SABESP,
2015). During the rainy season, the inflows ofwater from the tributaries
and the Billings reservoir (SABESP, 2015), uncontrolledwastewater dis-
charges, aswell as runoff from the catchment (mainly associated to reg-
ulated and irregular urban areas), could enhance the hydrodynamics of
the reservoir, with water forced to flow throughout the drainage chan-
nels of the basin, from the head to the dam and explaining the slightly
greater homogeneity in the pollutant distributions, as well as the in-
creased presence of pesticides and EPs in the water.

In the presentwork, the highest concentrations of pesticides and EPs
were found in the rainy season, with some compounds (cocaine, atra-
zine, ametryn, azoxytrobin, epoxiconazole, and tebuconazole) only
being detected or quantified in that period. In tropical and subtropical
regions, high rainfall can increase nonpoint pollution from urban or ag-
ricultural areas (Qin et al., 2010). You et al. (2015) reported increases in
the total concentrations of EPs after rainy periods in a tropical catch-
ment in Singapore, which were attributed to leaks from sewer pipes
and runoff from land surfaces.

On the contrary, in the dry season, region Bwas a hotspot in terms of
the concentrations of the EPs and the only significant input of water to
the system was from the Billings reservoir, in this area (SABESP,
2015). Pollutant concentrations could be increased by lower precipita-
tion, by constant inputs of untreated wastewater from the human set-
tlements in this area and water from the Billings reservoir (the
presence of EPs in this reservoir has been described previously;
Almeida and Weber, 2005) and a smaller water volume in this branch
during this period (51.8% of the Guarapiranga capacity, SABESP, 2015).

The compound found at highest concentrations was caffeine, with
levels comparable to those measured in polluted rivers in São Paulo
State (Montagner and Jardim, 2011; de Sousa et al., 2014; Sodré et al.,
2010a,b) and Europe (Kuzmanović et al., 2015a). In the dry season,
the concentration of the anti-inflammatory drug diclofenac in area B
was similar to levels found in reservoirs affected by urban sewage in
Mexico (Félix–Cañedo et al., 2013). Seasonal trendsmight be associated
with varying patterns of consumption and morbidity, as reported else-
where for diclofenac (Yan et al., 2014; Osorio et al., 2012). Montagner
and Jardim (2011) observed significant increases in the concentrations
of caffeine and diclofenac in rivers in São Paulo State during the dry pe-
riod. In the case of caffeine, this pattern was different to those observed
for other tropical reservoirs, where its concentration was associated
with rain episodes (You et al., 2015).

The concentrations of BPA were notably higher at all points in the
rainy season, compared to the dry season. In the rainy season, BPA levels
were similar to, or higher than, values for other polluted reservoirs in
Brazil and elsewhere (Sodré et al., 2010a; Wang et al., 2015; You et al.,
2015). Teuten et al. (2009) suggested the incorrect disposal of plastics
and their release into the environment as a source of BPA and other
compounds. BPA can be released from plastic materials into water, es-
pecially at high temperatures (Sajiki and Yonekubo, 2003). In our
study, the sampling points with higher concentrations of BPA were sit-
uated in areas B and C (the areas with higher urban soil coverage), even
in the dry season. Inefficient collection of urbanwaste and incorrect dis-
posal results in the presence of plastic material in the reservoir in the
formof plastic bottles and other plastic waste in these regions (personal
observation).

Benzoylecgonine showed clear temporal and spatial trends, with the
highest concentrations in area B in both seasons. The presence of co-
caine and benzoylecgonine in European rivers has been attributed to
consumption of this drug (Mendoza et al., 2014). Cocainewas not quan-
tified in the dry season, due to the higher LOQ, compared to the rainy
season; therefore, seasonal trends can't be assessed for the current
study. However, seasonal trends in the concentrations of cocaine and
its metabolite were observed in European rivers (Mendoza et al.,
2014; Huerta-Fontela et al., 2008; Mari et al., 2009), which could have
been due to degradation of the compounds by solar irradiation
(Mendoza et al., 2014) or microbial activity.

Seasonal trends were also observed for the pesticides. These trends
could be related to climatology and seasonal activities in small crop
areas, farms and the control of pests in urban areas and gardens situated
along the margins and in other areas near the reservoir. Carbendazim
was the fungicide found at the highest concentrations, and was quanti-
fied at all the sampling points. This compound is widely used in agricul-
ture and veterinary medicine as a fungicide and anthelmintic drug
(Davidse, 1987). The highest concentrationswere found in area B, espe-
cially in the dry season, with the values exceeding the mean concentra-
tion (82 ng L−1) found in several rivers in São Paulo State (Montagner et
al., 2014b).

Imidacloprid, a neonicotinoid insecticide used in both domestic and
agricultural applications, was detected in the reservoir in both seasons,
with slightly higher concentrations in the dry season, but was only
quantified in area A, the less urbanized area but with presence of
small farms and horticultural crops. Atrazine, tebuconazole,
epoxiconazole, and ametryn were detected in all regions at concentra-
tions close to the LOQs, but were only quantified in the rainy season.
This suggested inputs due to runoff from adjacent areas, as observed
for other pesticides (Haith, 2010; Thuyet et al., 2012). In contrast, the in-
secticide fipronil was quantified in all areas at similar low concentra-
tions, but only during the dry season, maybe because this insecticide is
more related to domestic use againstmosquitoes, cockroaches, termites
and other pests that appearsmainly in the dry season and the treatment
of turfs and ornamental plants.

The EDCs were detected in both sampling periods, at concentrations
below the LOQs (Table 2). However, the LOQs achieved in this study
were higher than those reported in other studies of reservoirs in Brazil
and elsewhere (Sodré et al., 2010a,b; Wang et al., 2015; You et al.,
2015), so the presence of these compounds in the Guarapiranga reser-
voir could not be either confirmed or ruled out. The EDC estrone was
found previously in other reservoirs in São Paulo State (Sodré et al.,
2010a,b) at 12 ng L−1, a concentration lower than reported for a pollut-
ed reservoir in China (Wang et al., 2015).

Only 5 of the 13 EPs andpesticides showed correlationswith some of
the common water quality indicators (Table 4). Imidacloprid showed
negative correlations with most of them. Caffeine, a substance used as
an indicator of sewage pollution (You et al., 2015; Montagner et al.,
2014b; Buerge et al., 2003) did not show any significant correlations
with the commonwater quality parameters. PCA and correlation analy-
sis suggested that the two groups of variables were influenced by differ-
ent factors, and that these factors varied according to the sampling
period. Therefore, the concentrations of the EPs and pesticides provided
different and additional information on water quality in the reservoir
and possible sources of pollution. Previous studies have suggested that
indicators of eutrophication do not always provide information on the
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existence of other environmental pressures such as pollution by EPs or
other chemicals. Huerta et al. (2013a) reported a positive correlation
between trophic levels and the concentrations of antibiotics in several
reservoirs in Catalonia, while residues of the psychiatric drug carbamaz-
epinewere found in tissues offishes collected in a Catalan reservoir con-
sidered oligotrophic and with good ecological and chemical status
(Huerta et al., 2013b). Similarly, Montagner et al. (2014c) detected tri-
closan and caffeine at sampling points classified as possessing good
water quality, according to the São Paulo State Environmental Agency
criteria (CETESB, 2014), indicating pollution by EPs. Therefore, while
nutrient enrichment remains a risk factor for chemical and biological
quality in freshwater reservoirs (Smith and Schindler, 2009), EPs and
other unregulated pollutants can also impair chemical quality in these
systems (Pérez et al., 2010; Palma et al., 2010). The concentration of caf-
feine has been correlated with estrogenic activity and the presence of
other EPs (Buerge et al., 2003; Montagner et al., 2014b), suggesting
that the routine analysis of this compound in monitoring programs
might provide an inexpensive and reliable indication of the presence
of unregulated pollutants in freshwater bodies. The São Paulo State En-
vironmental Agency recently included the determination of caffeine as a
parameter formonitoring inwater bodies (CETESB, 2015) being thefirst
Brazilian agency doing it.

The fluxes, hydrodynamics, and total volume of the reservoir influ-
enced the observed patterns in the presence and concentrations of
both groups of variables, although the differences could also be affected
by other factors such as assimilation by organisms, biodegradation, and
photodegradation, among other chemical and physical processes (Gurr
and Reinhard, 2006; Acuña et al., 2015). However, not all substances
have the same photo- and biodegradation (or bioassimilation) patterns,
due to their different molecular structures, and their distributions in a
reservoir are a function of their individual half-lives and transport due
to flow. For example, Tixier et al. (2003) calculated half-lives exceeding
8 days for different pharmaceuticals in a European lake. On the contrary,
the availability of nutrients in the water column and through the differ-
ent compartments of a reservoir is strongly dependent on biological
processes involving nutrient cycling and metabolization by organisms,
which can cause faster disappearance of nutrients and the formation
of gradients from sources of nutrient pollution to areas that are less im-
pacted (Ensign and Doyle, 2006).

4.2. Risk assessment

When substances not commonly included in monitoring programs
(such as EPs and pesticides) are included in water analysis, unexpected
toxicological risks in water bodies can be revealed, as has been demon-
strated in several studies (Ginebreda et al., 2010; Moschet et al., 2014;
Palma et al., 2014b; and Kuzmanović et al., 2015a,b).

Although no risk to human health in raw water from the reservoir
was observed, carbendazim, imidacloprid, and BPA showed risks to
the biota. In one season, the concentrations of caffeine were very close
to the PNEC value, according to the RQ criterion. However, these results
are based on certain assumptions. The values used for calculation of the
PNECs were based on toxicity tests under controlled conditions using
model organisms or systems (see Table 3 SM). In the case of natural
freshwater ecosystems, it is necessary to consider that (a) chemical sub-
stances are not present in isolation, but in complex mixtures, enabling
synergistic or antagonistic interactions (De Zwart and Posthuma,
2005; Carvalho et al., 2014); (b) the adverse effects of chemical pollut-
ants may depend on the prevailing environmental (trophic state, tem-
perature, conductivity, solar irradiation, dissolved organic carbon,
amongst others) and biological conditions (parasitism, predation, inva-
sive species amongst others) (Holmstrup et al., 2010; Fischer et al.,
2013); (c) chronic exposure at low concentrations is a more realistic
scenario than acute short-term exposure (Calow and Forbes, 2003;
Eggen et al., 2004); (d) natural populations and communities can have
different sensitivities according to genetic background or species
composition (Bickham et al., 2000; Clements and Rohr, 2009); (e) little
information exists on the sensitivity of tropical freshwater organisms;
therefore, these organisms may not be adequately represented, by the
standard aquatic test species from other climatic regions (Kwok et al.,
2007).

In studies using experimental or natural communities, carbendazim
and imidacloprid have shown different toxicological thresholds. Effects
of imidacloprid at concentrations in the range of 10 ng L−1 onmacroin-
vertebrate communities have been suggested for European rivers (Van
Dijk et al., 2013). In contrast, experiments in a tropical region with out-
door microcosms composed of zooplankton, phytoplankton, and ben-
thic macroinvertebrates resulted in NOEC values for the community of
3.3 μg L−1 (carbendazim) and 0.6 μg L−1 (imidacloprid) after 2 weeks
of exposure (Daam et al., 2009), with insects being the most sensitive
organisms (Posthuma-Doodeman, 2008).

BPAwas one of the substances found at higher concentrations in the
Guarapiranga reservoir. This compound has been described as a poten-
tial EDC (Rubin, 2011) and Wright-Walters et al. (2011) reviewed the
literature on the effects of BPA on several freshwater organisms. In
this review was found effective concentrations in the range of ng to
mg L−1 and effects on reproduction, growth and survival.

Caffeinewas the substance detected at highest concentrations in the
reservoir. Considering the values reported by Komori et al. (2013)
(Table 2), there was the potential for adverse effects on biota in area B
during the dry season (RQ = 0.91). Other studies have used PNEC
values lower than the value used in our study.

The possible harmful effects of illicit drugs in ecosystems have been
highlighted in recent reviews by Rosi-Marshall et al. (2015) and Pal et
al. (2013), which also point out the need for more studies of the pres-
ence of these substances and their potential effects. Cocaine and its me-
tabolite benzoylecgonine were the other two substances quantified in
significant concentrations in the Guarapiranga reservoir. No PNECs
were found for these substances in the literature, and few data have
been published. Experimental studies found that at concentrations of
40 ng L−1, cocaine caused cytotoxicity in zebra mussel after 72 h of ex-
posure under experimental conditions (Binelli et al., 2012). At 500 ng
L−1, the metabolite induced the same response after 11 days of expo-
sure, while evidence of alterations in antioxidant enzyme activities
was observed at the same concentration after 4 days of exposure
(Parolini et al., 2013). In the case of fish (European eel, Anguilla anguil-
la), sublethal effects such as histological alterations, changes in the en-
docrine system, and accumulation in tissues were observed after
exposure to 20 ng L−1 of cocaine for 30 days (Capaldo et al., 2012;
Gay et al., 2013, 2015). Further information is needed concerning the ef-
fects of these substances in other groups of organisms, but the concen-
trations reported to cause effects were in the same order of magnitude
of those found in area B of the Guarapiranga reservoir (12 ng L−1 for co-
caine and 179 ng L−1 for benzoylecgonine).

The data cited suggest potential for the substances analyzed in the
Guarapiranga reservoir to impair freshwater organisms, at the concen-
trations detected, but more information on the effects of these sub-
stances on autochthonous species and communities under natural
conditions is needed in order to obtain a satisfactory risk assessment.
Despite the possible risks associated with some of the substances stud-
ied, the routine bioassays performed during 2014 by the São Paulo State
Environmental Agency (CETESB), using water from the reservoir (areas
B and C), did not show any toxicological responses in the cladoceran
Ceriodaphnia dubia, even for area B (Parelheiros). However, mutagenic
activity (using the Ames' test) was detected once in that year
(CETESB, 2015). The use of bioassays is an excellent way to detect the
toxicological effects of chemical mixtures (Bonada et al., 2006). Howev-
er, the absence of chronic or acute toxicological effects on cladocerans
does not exclude the possibility of other kinds of impairments at
lower levels of biological organization (as suggested by the presence
of mutagenic effects), or effects in native organisms with longer life cy-
cles under chronic exposure (such as fishes). In the latter case,
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organisms that are chronically exposed can be valuable indicators of
sublethal effects and the bioaccumulation of different toxic substances
has been demonstrated before (Benejam et al., 2010; Suárez-Serrano
et al., 2010; Faria et al., 2010a,b; González-González et al., 2014).
Santos et al. (2004) detected histological damage in the liver of
Oreochromis niloticus cultured in the Guarapiranga reservoir, which
was attributed to the presence of toxic substances in the water of the
reservoir.

The evaluation of the presence and concentrations of the EPs and
pesticides in the Guarapiranga reservoir, with assessment of the poten-
tial risks, constitutes a first step in understanding the impacts of these
pollutants in the reservoir. Further research concerning the real effects
on the ecosystem should include community analysis, the use of bio-
markers (understood as any measurable molecular, cellular, histologi-
cal, physiological, or behavioral response; Depledge, 1994), in situ
bioassays, and bioassays with other test organisms (Faria et al., 2010a,
b; Rivetti et al., 2015).

5. Conclusions

Although long-term monitoring is necessary to confirm that the re-
sults obtained in our study represent a consistent pattern, the findings
provide valuable information for the purposes of water management
and risk assessment. The data indicated that in Guarapiranga, EPs and
pesticides did not always present the same behavior as the common in-
dicators of human impact. The presence and concentrations of the EPs
and pesticides showed different patterns, depending on the sampling
season. Possible explanations included seasonal changes in the water
volume in the reservoir, as well as in rain frequency and intensity,
which affected the inputs of pollution from diffuse sources and altered
the flows and hydrodynamics in the reservoir. Biological, physical, and
chemical processes caused differential rates of degradation or elimina-
tion of nutrients and other pollutants in the reservoir. In addition, po-
tential risks were identified for substances not currently included in
São Paulo Statemonitoring programs or statutory regulations. The find-
ings could be of interest to watermanagers and policy makers, and help
to improve monitoring programs and policies for the protection of
freshwater organisms and resources.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2016.09.210.
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