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ecotoxicity of a reservoir is proposed.
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policy is undertaken.
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management policy over its ecotoxicity.
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A landscape ecotoxicology approachwas used to assess the spatial distribution of copper in the recent bottom sed-
iment (surficial sediment) of a Brazilian subtropical reservoir (theGuarapiranga reservoir) and its potential ecotox-
icological impacts on the reservoir ecosystem and the local society. We discuss the policies and procedures that
have been employed for the management of this reservoir over the past four decades. Spatial heterogeneity in
the reservoir was evaluated by means of sampling design and statistical analysis based on kriging spatial interpo-
lation. The sediment copper concentrations have been converted into qualitative categories in order to interpret
the reservoir quality and the impacts of management policies. This conversion followed the Canadian Water
Framework Directive (WFD) ecotoxicological concentration levels approach, employing sediment quality guide-
lines (SQGs). The SQG valueswere applied as the copper concentration thresholds for quantitative-qualitative con-
version of data for the surficial sediment of the Guarapiranga. The SQGs usedwere as follows: a) interim sediment
quality guideline (ISQG), b) probable effect level (PEL), and c) regional reference value (RRV). The quantitative re-
sults showed that the spatial distribution of copper in the recent bottomsediment reflected the reservoir'smanage-
ment policy and the copper application protocol, and that the copper concentrations varied considerably, ranging
from virtually-zero to in excess of 3 gcopper/kgds. The qualitative results demonstrated that the recent bottom sed-
imentwas predominantly in a bad or very bad condition, and could therefore have impacts on the local society and
the ecosystem. It could be concluded that the management policy for this reservoir wasmainly determined by the
desire to minimize short-term costs, disregarding long-term socioeconomic and environmental consequences.
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1. Introduction

The eutrophication of water sources is a serious problem in many
regions worldwide, requiring the urgent attention of researchers and
environmental managers (Margalef et al., 1976; Vallentyne, 1978;
UNEP-IETC, 2001; Pelley, 2016; Qin et al., 2013; Azevedo et al., 2015;
Beghelli et al., 2015; Vidović et al., 2015). Caused by excessive concen-
trations of nitrogen and phosphorus in the aquatic ecosystem, eutrophi-
cation can result in public health issues and ecological alterations
including massive blooms of phytoplankton and cyanobacteria (Rast
et al., 1989; Correll, 1998; Jiang et al., 2010).

Cyanobacteria are amajor socioeconomic problemdue to the release
of toxins and taste-and-odor compounds into lakes, reservoirs, and riv-
ers, leading to significant economic and public health issues, especially
where water bodies are used for drinking water supply, recreational
purposes, and/or cultural and socioeconomic services (Graham et al.,
2008). Due to the significant impacts of harmful algal and bacterial
blooms (including cyanobacteria, thermotolerant coliforms, and other
pathogenic bacteria), these phenomena require the adoption of direct
control or mitigation measures (Thornton et al., 1996; Raloff, 2002;
Beaulieu et al., 2005).

The occurrence of cyanobacterial blooms constrains the recreational
use and socioeconomic potential of many water bodies in countries of
all continents across the globe (Codd et al., 2005). These last authors de-
noted that several countries over the world have or still are suffering
from the eutrophication: a) in South Africa, the eutrophication has se-
vere impacts on health, society, and the economy; b) Netherlands and
Norway have experienced increasing loss of recreational water use dur-
ing the summer months, due to eutrophication; c) in Europe and Ocea-
nia there have been other temporary closures of water bodies for
recreational activities, with consequent losses in terms of amenity and
the local economy, despite themonitoring of cyanobacteria populations
and cyanotoxins, and the implementation of recreational safety guide-
lines and procedures.

In order to control and/or mitigate water resources eutrophication,
several countries have produced limnological guidelines, management
protocols, and environmental quality reports, which vary in terms of
the type of action, the environmental issues assessed, and the manage-
ment procedures adopted (Macdonald et al., 2000). A few countries
(such as Brazil) have implemented water management policies based
on microcystin concentrations in the water body (Codd et al., 2005;
Brasil, 2011).

In some countries (especially the developed ones), the use of copper
sulfate (CuSO4·5H2O) as an algicide was abolished a long time ago
(Codd et al., 2005). However, in Brazil, it is still one of the commonest
methods used to control cyanobacteria. In the case of the Guarapiranga
reservoir in São Paulo state, massive amounts of copper sulfate have
been used since 1979 (Mancuso, 1987), with the reservoir sometimes
receiving 350 tons of copper sulfate in only one year (CETESB, 2009).
Nonetheless, there has been no evidence of improvement in the water
quality of this reservoir (CETESB, 2013).

The use of copper sulfate to prevent algal growth and “clean” the
water body has led to several intoxications of livestock due to the re-
lease of cyanobacterial toxins through membrane cell rupture (Yoo et
al., 1995). A case of severe intoxication of humans has also been report-
ed after treatment of water used for human consumption with copper
sulfate (Byth, 1980; Bourke et al., 1983). Elsewhere, a massive fish kill
of N6 tons occurred after treatment of an algal bloom with copper sul-
fate in Kezar Lake, New Hampshire, USA (Sawyer et al., 1968). In Nova
Scotian lakes, there have been observed effective local fish, plankton
and bottom fauna kill due to copper sulfate application (Smith, 1939).

According to SMITH (1939), copper sulfate is toxic to diatoms, dino-
flagellates, chlorophytes, and cyanobacteria. Copper sulfate inhibits
photosynthesis and cell division, hinders nitrogen and phosphorus up-
take, reduces the photosynthetic pigments in the cells, affects plasma
membrane permeability, deceases cell motility, alters the distributions
of proteins, lipids, and fatty acids within the cells, and even results in
membrane cell rupture (Wehr and Sheath, 2003).

Copper sulfate application is considered a risky water management
method compared to other alternatives, once: a) it causes membrane
cell rupture, and specifically for the case of cyanobacteria, it enhances
the cyanotoxines release into the water (EPA, 2014, 2016); b) it is po-
tentially toxic to humans both in ion (Cu2+) and full molecule states
(CuSO4) (Holtzman et al., 1966; Singh and Singh, 1968; Krieger, 2001;
Saravu et al., 2007; Sinkovic et al., 2008). Direct contact and exposure
to copper sulfate in the air can lead to skin thickness increase and
green coloration of the skin, teeth, and hair. In the respiratory system,
chronic exposure leads to nasal inflammation, septum perforation, and
ulceration. Copper may cause hepatotoxicity, and loss of fertility has
been observed in laboratory animals (Pedrozo, 2003). In adults, emetic
copper sulfate dosages range from 0.25 to 0.5 g (as Cu). Intake of water
or food containing 25mg(Cu)/L has been reported to cause acute gastro-
enteritis, while a dose of 250mg(Cu)/kg/day can lead to hepatic necrosis
in higher animals (Barceloux, 1999). Repeated oral doses of copper sul-
fatewere found to affect the liver, stomach, and kidneys in rats (Bartram
et al., 1999).

Fortunately, copper sulfate tends to precipitate in limnological envi-
ronments, becoming fixed in the sediment (John and Leventhal, 1995;
Smith, 2007; Nordstrom et al., 1999; Beghelli et al., 2015; CETESB,
2012, 2013, 2015). Nevertheless, even low levels of copper sulfate or
ionic copper can be lethal to fish and microorganisms, which are highly
sensitive to the metal, with mortality of microorganisms at levels typi-
cally around 1.0 mg/L, while trout, carp, catfish, and ornamental gold-
fish present mortality at copper concentrations of around 0.5 mg/L
(CETESB, 2003). Nonetheless, reports as Korosi and Smol (2012) denote
that copper sulfate not only alters the aquatic food webs, but it also im-
poses a resilience to the system, inhibiting the ecosystem to recover to
its previews state prior to the algicide applications.

Several factors affect the toxicity of dissolved copper in water. Cop-
per toxicity decreases with increasing water hardness, due to the com-
petition between calcium and copper for absorption sites on biological
surfaces (WHO, 1998). Under certain conditions of pH and carbonate
concentration, most of the aqueous copper Cu (II) becomes complexed,
reducing its reactivity (WHO, 1998; Barceloux, 1999). Only a small por-
tion of the copper remains in the aqueous state, while another portion is
adsorbed by suspended particles or is complexed by carbonates and hy-
droxides. In aqueous environments such as reservoirs and lakes, the
largest portion of the copper remains attached to organic compounds
including humic and fulvic acids (Pedrozo, 2003), which can hinder
the evaluation of potential ecotoxicological effects.

Despite the ecotoxicological and human health implications of cop-
per sulfate, it offers an easy and relatively inexpensive technique for
water body management, producing a rapid environmental response
(Padovesi-Fonseca and Philomeno, 2004; Kansole and Lin, 2017). Nev-
ertheless, the use of copper sulfate is not the only option for water qual-
ity management (Beaulieu et al., 2005; Huh and Ahn, 2017). Other
effective methods for the control of algae and cyanobacteria include
the use of hydrogen peroxide, which is associated with fewer long-
term ecotoxicological impacts (Matthijs et al., 2012; Bauzá et al., 2014;
Lürling et al., 2014).

The São Paulo State agency responsible for basic sanitation (SABESP)
has used hydrogen peroxide for algal control, obtaining strong and pos-
itive environmental responses (Caleffi, 2000; CETESB, 2008; SABESP,
2011b). Many other possible techniques avoid the use of algicides:
flushing, destratification, hypolimnetic aeration, epilimnetic mixing,
metalimneticmixing, and layer aeration are just someof these other op-
tions available (Straškraba and Tundisi, 1999).

One specific type of eutrophication prevention method for water
bodies is full sewage collection and treatment (Hassler, 1969;
Golterman et al., 1983). Since the sewage is fully treated, passing
through tertiary and in some cases quaternary processes, the residual
phosphorus and nitrogen level is minimal, compared to in natura
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sewage. This strategy can be short term expensive (Wood et al., 2015),
although the results are direct and effective in the long term, and it
can also mitigate other potential health issues, hence providing cost
savings.

Given the substantial socioeconomic and ecological impacts due to
copper resuspension and dissolution at the Guarapiranga reservoir,
there is a need to develop effective strategies for the management of
this water body, considering the risks associated with continuous algi-
cide applications. In turn, this requires efficient environmental evalua-
tion. Although a variety of techniques can be used for classification of
water quality, a common difficulty relates to the spatial heterogeneity
of water resources. Single-site and local ecotoxicological evaluations
are widely reported, but the interpretation of large-scale spatial vari-
ability has received less attention. A growing scientific area, which fo-
cuses precisely on this issue, is landscape ecotoxicology (Cairns and
Niederlehner, 1996; Focks, 2014). Despite still being an emerging scien-
tific area, certain methodological approaches have been developed that
help to overcome the difficulties associatedwith spatially-resolved eco-
toxicological evaluations.

Thiswork describes a landscape ecotoxicology approach designed to
assist in the assessment of Brazilianwatermanagement procedures and
policies. The specific objectives were as follows: a) Development of a
method to evaluate current levels of copper and its horizontal heteroge-
neity in surficial sediments of Brazilian reservoirs, employing the
Guarapiranga reservoir as a model environment; b) Qualitative evalua-
tion of the condition of this environment after a long period of copper
sulfate application, using the Water Framework Directive approach
(Contaminated Sediment Standing Team, 2003; Macdonald et al.,
2000); c) Identification of potential hazardous ecotoxicological scenari-
os for this reservoir; d) Evaluation of an alternative treatment process
for this reservoir.

Since the eutrophication of water sources is still a problem world-
wide, and the use of copper sulfate for its management is a common
procedure, an overall aim of this work is to discuss the management
policies adopted for tropical reservoirs and their ecotoxicological impli-
cations.We hypothesize that: (i) Copper sulfate application is inefficient
and expensive in the long term, while management strategies such as
sewage treatment plant (STP) implementation, sewage network con-
struction (SNC), and full sewage system installation provide cheaper so-
lutions; (ii) Copper sulfate application imposes much greater
ecotoxicological pressure on the environment, compared to the sewage
treatment option.

In order to address hypothesis (i), we estimated operational costs
based on recent official reports and scientific publications. For hypothe-
sis (ii), we developed and applied a landscape ecotoxicological model
inserted in a geographic information system (GIS) based on the Water
Framework Directive and Regional Reference Value concepts. In order
to implement the landscape ecotoxicological model, empirical field
data were acquired for the surficial sediment of a Brazilian tropical res-
ervoir (the Guarapiranga reservoir) that has experienced long-term
copper sulfate application (over 40 years). The surficial sediment was
selected for implementation of the landscape ecotoxicological model
for two main reasons. Firstly, the sediment compartment accumulates
metals to amuch greater extent than thewater column, sometimes act-
ing as a pollutant sink and at other times as a source of contaminants
(Silva, 2013b; Förstner andWittmann, 1981; Shafie et al., 2013). There-
fore, the sediment presents a significant ecotoxicological risk, since con-
taminants can becomebioavailable to the ecosystem (von der Ohe et al.,
2009; Silva, 2008). Secondly, the sediment provides a better spatially-
resolved record of possible historical contamination events in reservoirs
(Varol and Şen, 2012), hence facilitating estimates of operational costs.

2. Study area

The Guarapiranga reservoir is located in a sub-basin of the Alto Tietê
in São Paulo State, Brazil (Fig. 1). Its mean coordinates are 23° 43′ S and
46° 32′ W (WGS-84). It is under a tropical climate and is nearly 742 m
above sea level. Its maximum volume is 194 × 106 m3 (Melchor et al.,
1975) and it covers an area of 34 km2 (Silva, 2008).

Maier (1985) describes the Guarapiranga as being a polymictic res-
ervoir. Its retention time ranges between 110 and 143 days (CETESB,
1992, Beyruth, 1996) and its outflow is around 14 m3/s (SABESP,
2014). It has maximum and mean depths of 13 and 6 m, respectively
(Kleerekoper, 1939; Maier and Takino, 1985), so it is therefore de-
scribed as a small reservoir (Straškraba and TUNDISI, 2000).

The Guarapiranga reservoir began operating in 1908, with damming
of the Guarapiranga River for electricity generation (Emae, 2007). Since
1928, this reservoir has been an important source of water supplied to
the São Paulo metropolitan region (known as the RMSP).

In the 1960s, with increasing water demand by the RMSP, the
Capivari river was diverted to the Embu-Guaçu river, one of the main
tributaries of the Guarapiranga reservoir, enhancing the water supply
to the RMSP by a further 1000 L/s (Whately and Cunha, 2005). In
2000, another diversion was required in order to supply the RMSP's
water needs. Therefore, the Taquacetuba branch of the Billings complex
was diverted to the Parelheiros river, finally discharging into the
Guarapiranga reservoir. This newwater diversion enhanced the outflow
by another 2000–4000 L/s.

Although the Guarapiranga is considered a shallow reservoir and is
smaller than the world's 50 largest reservoirs by volume (Sperling,
1999), it now produces around 14,000 L/s of water, supplying nearly
3.7 million inhabitants (approximately 20% of the RMSP population)
(Whately and Cunha, 2005).

TheGuarapiranga basin is used formany anthropic purposes, includ-
ing sand and kaolin mining, aquatic sports, and agriculture, with indus-
trial installations in the eastern, northern, and northwestern sub-basins
(Pompêo et al., 2013; Queiroz, 2014; Schunk, 2013). In the west, the
basin is dominated by unauthorized housing (favelas) and a small
park (Parque do Guarapiranga), with significant vegetation coverage
(Eiger et al., 2012).

The water quality of the Guarapiranga has steadily worsened since
1970, due to the effects of sewage and diffuse pollution discharges in
the basin (Whately and Cunha, 2005). In the early 1980s, algal blooms
became an important issue affecting water treatment and energy pro-
duction (due to clogging of the turbines of the hydroelectric plant)
(Beyruth, 1996). Since then, the Guarapiranga has remained eutrophic
(Caleffi, 2000), and since 1976 copper sulfate has been the main re-
source used to control algal blooms (Caleffi, 2000). Zagatto (1995) re-
ported that copper sulfate was applied on an almost daily basis (≈4
ton/day), and only recently has copper sulfate been substituted by hy-
drogen peroxide as the main management procedure for control of
the algal blooms, especially in relation to cyanobacteria blooms
(Caleffi, 2000; CETESB, 2008).

3. Materials and methods

3.1. Landscape delimitation (reservoir margin) and bathymetric data

In order to assess the surficial sediment of the Guarapiranga reser-
voir, the recent bottom sedimentwasfirst delimited, followed by gener-
ation of a digital elevation model (DEM) of the bottom terrain of the
reservoir.

The first procedure involved delimiting the free water surface of the
reservoir, ignoring surface algal patches, inlets, and sandbanks. The sed-
iment surface was considered as the landscape with ecotoxicological
relevance, or ecotoxicologial landscape unit (ELU). The ecotoxicological
landscape concept has been applied elsewhere, but without proper def-
inition (Cairns and Niederlehner, 1996; Feist et al., 2011; Souza and
Wasserman, 2015).

In the ELU approach, the spatial definition of the sediment sampling
points must be coherent with ecotoxicological concepts, in order to sat-
isfy two basic ecotoxicological conditions: a) avoidance of using



Fig. 1. A) Study Area (Reservoir Guarapiranga – São Paulo, Brazil); B) Reservoir Guarapiranga's tributaries and respective abbreviations.
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recently exposed soil/sediment that has experienced interrupted con-
tact with the aquatic biota and could interfere in the spatial analysis;
b) avoidance of using sediment recently exposed to air, resulting in ox-
idation,water loss, and altered ecotoxicological effects in the biota (Vaz,
1996; Melo et al., 2006). Sediment and bathymetric sampling should
therefore be restricted to those areas where sediment has been fully
and continuously connected to the water column, excluding shallow
or near-shore locations. In the present case, the study focused only on
the sedim\ent that satisfied these ecotoxicological conditions.

In order to ensure that both of the above conditions were satisfied,
the sediment sampling design and delimitation of the ELU margins
had to be strictly structured. Themargins delimited the ecotoxicological
effects on the local limnological biota caused by the contaminated sed-
iment. As the reservoir margin was extensive, with a strongly dendritic
Fig. 2. Images are relative to 2010March 09. Bathymetric sample transect in grey. Reservoir bor
ALOS; and B) Sediment sampling points (on the right).
form, it was obtained by visual vectorization based on the ALOS satellite
georeferenced image for 9th March 2010, when the water level of the
reservoir was at 735.64 m above sea level. The ALOS spatial definition
is almost 10 m2, which was considered sufficient for the visual
vectorization of the reservoir margin, and the satellite image was
georeferenced using a subsample of the bathymetric data points.

Visual vectorizationwas selected because the Guarapiranga reservoir
is shallow and is extensively covered by surface macrophytes (Lage,
2013), hindering automatic classification and spatial vectorization
methods (Dekker et al., 2005; Fornes et al., 2006; Su et al., 2014).

The bathymetric samplingwas performed on 29th and 30th July 2015,
using a zigzag track that enabled better assessment of the entire reservoir
(Fig. 2A). The datawere collectedwith a Garmin Fishfinder GPSmap 421S
instrument attached to a datalogger and were georeferenced using the
der is in Black. A) Bathymetric campaign relative to July 29–30, 2015 (on the left). Satellite
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WGS-84 datumwith the UTM 23S projection. This bathymetric sampling
method followed the procedures described previously (Danton and
Bilhalva, 2013; Resck et al., 2007), maintaining a mean vessel speed of
17 km/h in order to reduce misreading due to water turbulence. The
Fishfinder bathymetric probewas selected due to its low cost, easy instal-
lation and operation, and ability to acquire large quantities of data
(Danton and Bilhalva, 2013).

Subsequently, the bathymetric and margin data were used for
modeling the reservoir bottom and the copper levels. This modeling re-
quired a bathymetric standardization in order to improve comparison
with data for other reservoirs and environments, with conversion of
the bathymetric data to altimetric data using Eq. (1). This equation re-
quires knowledge of the reservoir water level on the day of acquisition
of the satellite data, together with the bathymetric data. Thewater level
on 9th March 2010 was 735.64 m (Empresa Metropolitana de Águas e
Energia S.A. - EMAE).

Altimetry ið Þ ¼ RW jð Þ–Depth sampled from point ið Þ ð1Þ

Altimetry(i): Altimetry of point (i)
RWC(j): Reservoir water level for day (j)
Depth of point (i): Point (i) of projected UTM coordinates (X and Y)
The next step was the construction of the digital elevation model

(DEM) derived from the interpolation of the 22,165 bathymetric points.
The triangulated irregular network (TIN) model based on the Delaunay
criterion (empty circumcircle principle),where the circle circumscribing
any triangle contains no other data points except the three defining it,
was identified as themost suitable interpolator for the task. Thismethod
ensures use of the observed minima and maxima in bathymetric field
surveys and is highly effective for dense and well-gridded samples,
enabling easy incorporation of discontinuities and structural features
of the landscape. It is easy to interpret, is well established as a common
interpolator in SIG software packages, and permits dynamic visualiza-
tion analyses (Mitas and Mitasova, 1999; Sárközy, 1998; Sutton et al.,
2009).

After the DEMmap had been generated, the Sextant QGIS exten-
sion was used to obtain the first order partial derivation maps for
the north-south (dY) and east-west (dX) directions, as described
by Sá (2014). This allowed the acquisition of the partial slopes (dY
and dX) for each cell of the matrix (the Guarapiranga reservoir sed-
iment surface). Employing the criteria described by Horn (1981), a
script was used in the calculator field of the QGIS software, consid-
ering the cosine of each partial first order derivation. As the DEM
map projection kept the original formatting (UTM 23-S), with me-
ters as distance units, this script allowed the computer to calculate
the real surface area of each cell of the matrix, resulting in the RSS
map.
Table 1
Sediment qualitative coloring rules for RGB system.
The general equation for obtaining the real surface area is shown
below (Eq. (2)), extracted from Horn (1981).

RSS ¼ X ið Þ=cosine dxð Þ� � � Y ið Þ=cosine dyð Þ� � ð2Þ

X: Cell east-west axis dimension: ALOS satellite X(i) definition =
10 m

Y: Cell north-south axis dimension: ALOS satellite Y(i) definition =
10 m

In the next step, the QGIS spatial analysis procedure was applied,
which overlaps shape and matrix layers in order to calculate the total
sum, standard deviation, number of cells, andmaximum andminimum
values of the matrix map, summarized in the shapefile. These values
were then transferred to Excel v. 2013 software for further statistical
analysis and graph generation.
3.2. Sediment sample and copper concentration assessments

The surficial sediment was designated as the system component of
ecotoxicological interest for this research, for two main reasons. Firstly,
this compartment accumulates metals to a much greater extent than
the water column (Silva, 2013b; Förstner and Wittmann, 1981; Shafie
et al., 2013), resulting in a greater ecotoxicologial threat, should a toxic
metal become bioavailable to the ecosystem (von der Ohe et al., 2009;
Silva, 2008). Secondly, the sediment provides a better historical record
of previous contamination events and their spatial patter (Varol and
Şen, 2012).

The sediment field data acquisition was performed on a single day
(6th May 2015), hence minimizing possible internal variations in the
reservoir (Golterman et al., 1983; Ford, 1990; Thornton et al., 1996;
Esteves, 1998). The sampling points were distributed throughout the
ELU of the reservoir in order to better assess the spatial variation. Each
sediment sampling point was georeferenced (WGS-84 with UTM 23S)
for later insertion in the GIS environment.

The sediment was collected with a 400 cm2 Lenz type sampler
(Carvalho, 1994). Assessment wasmade of the first 4 cm of the surficial
sediment, corresponding to the past 11 years of copper sulfate applica-
tion (Silva, 2013a; Campagnoli, 2002). The sediment samples were pre-
served in a cold and dark environment until analyzed. The sampling
design followed the procedure of Schropp et al. (1990).

In the laboratory, the sediment samples were dried to constant
weight at 50 °C and were then powdered using a glass mortar and pes-
tle. Copper concentrations were determined using the USEPA pseudo-
total sediment digestion Method 3050B (USEPA, 1996). The analyses
were performed using a flame atomic absorption spectrometer
(Thermo Scientific, S Series, AA).



Fig. 3. Altimetric map. Maximum Depth point: red dot. Affluent in blue dots (names and
abbreviations in Fig.1A).
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3.3. Copper spatial interpolation and spatial analysis

In order to understand the spatial distribution of copper throughout
theGuarapiranga ELU, a kriging interpolationmethodwas implemented
using Geovisual v. 5.0 software, following the procedure of Yamamoto
and Landim (2015). This technique has been used in other similar stud-
ies (Smal, 2015; Batista, 2011; Alcantara, 2008; Burgos-León et al.,
2012), and it has been shown to be an excellent tool for spatial analysis
(Cressie, 1993; Camargo et al., 1999, 2001; Machado et al., 2004).
Table 2
Guarapiranga's morphometric parameters.

Nome This
researcha

Nishimura
(2012)

Mozeto et al. (2001)

Total planar area (km2) 24.85 34d –
Sediment surface area (km2) 29.71 – –
Perimeter (km) 93.268 85d –
Total planar basin area (km2) – 639e –
Maximum depth (meters) 13.5
Mean depth (meters) 5.72 7f –
Ratio area/perimeter 0.266 0.4 –
Working volume (hm3) 160.09g – 191.6c

Maximo maximorum volume

a Water level (altimetry value) of 735.64 m (based on the ALOS satellite imagery data – 09/
b EMAE - Empresa Metropolitana de Águas e Energia S.A.
c Water level unknown.
d (CETESB, 1991, apud Nishimura, 2012).
e (Whately and Cunha, 2006, apud Nishimura, 2012).
f (CETESB, 2002, apud Nishimura, 2012).
g Volume derived from the trapezoid equation for a 732.25 m water level.
h Maximummaximorum= 737.60 m (altimetry of the water level).
i No water level indication by the author.
j No description of the type of area (real or planar), water level or the volume equation ado
k Appliable water storage level – water level of 736.62 m.
l Water level of 734.98 m.
3.4. Copper stock assessment

For assessment of the copper stock for the entire ELU, themean cop-
per concentration extracted from the kriging interpolation method
([Cu])as used in Eq. (3), enabling evaluation of the amount of copper
present in the surficial sediment of the Guarapiranga reservoir
(Stock(Cu)).

Stock :
FS
Kv

� SRS � h
� �

− Wmð Þ
� �

� Cu½ � � 10−3 ð3Þ

FS: Fresh sediment mass (kg)
h Mean penetration of the Petersen sediment sampler (m)
[Cu] Mean copper concentration for the entire reservoir, extracted

from the copper kriging (kg(copper)/kg(dry weight))
kv = Constant volume (1.2 ∗ 10−4 m3 of fresh sediment)
RSS: Real sediment surface (m2 of fresh sediment)
Wm: Mean water mass present in the sediment samples (kg of

water)
MMCSS: Copper stock (ton of copper)
3.5. Qualitative copper concentration analysis

The next step was to qualitatively evaluate the condition of the res-
ervoir sediment. This evaluation employed the following sediment
quality guidelines (SQGs): a) the Water Framework Directive (WFD),
the interim sediment quality guidelines (ISQGs) and the probable effect
levels (PELs) (Canadian Council of Ministers of the Environment, 1999;
USEPA, 2005); and b) the regional reference value (RRV) of the Bacia do
Alto Tietê (NASCIMENTO, 2003).

The first approach (WFD) allowed the classification of the reservoir
in portions according to the associated potential ecotoxicological risk.
The RRV approach enabled evaluation of the impacts of anthropogenic
activities. The SQGs are linearly structured in order to provide a classifi-
cation index capable of delimiting the different zones of a reservoir ac-
cording to their effective ecotoxicological potential. This index
considers five distinct classes, following the criteria of Cardoso-Silva
(2013b) (Table 1).
EMAEb Oliveira et al.
(2013)

Andrade et al.
(2013)

CETESB (2002) Kleerekoper
(1939)

33.91j 26.63 27.78l 33j 35j

–
631 636.96

13
5.83j 7j 5.7
–
191.6k 194i

197.6h

03/2010).

pted in the article.



Fig. 4.A)Copper Experimental semivariogram. Spheric spatial distribution. 140° azimuth. Lag=500m. Angular tolerance=30. Sill= 1,9. Distance to sill=4800m. B)Angular variability
graph. Blue and red axis represents the azimuthal axis of major and minor spatial variability respectively.
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4. Results and discussion

4.1. Bathymetric survey

The bathymetric survey resulted in a total of 18,599 points (shown
by the grey line in Fig. 2). The margin vectorization added a further
3488 points (black line in Fig. 2A). Bathymetric data were also acquired
for the sediment sampling points (78 points) (Fig. 2B). Therefore, the
modeling and interpolation of the sediment surface of the Guarapiranga
reservoir employed a total of 22,165 reference points.
4.2. Altimetry and morphometry

After obtaining the altimetry map, analysis was made of the bathy-
metric pattern, especially considering the maximum and minimum
depths. Disregarding the ELU margins (0 m deep), the bathymetric
values varied from 0.5 m to 13.5 m at the deepest point (red dot in
Fig. 3). The regions of greatest depthwere in the central body of the res-
ervoir, despite the general sedimentation pattern described by Sperling
(1999).

The volumetric data for the reservoir, obtained using the Surfer v.
5.0 software, are shown in Table 2. The other morphometric param-
eters were obtained using the Quantum GIS v. 2.14.1 software. Using
the equation of the trapezoid, the reservoir volume was estimated to
be 160.09 hm3. Mozeto et al. (2001) and the Company “Empresa
Metropolitana de Águas e Energia S.A.” - EMAE (no data) found sig-
nificantly higher values, although no descriptions were provided of
the bathymetric surveys, water levels, or methodological procedures
adopted. In this reservoir, the sedimentation rate can greatly influ-
ence the volume (Campagnoli, 2002; Guimarães, 2011; Simões et
al., 2012).
Table 3
Copper Kriging parameters and values.

Parameters Kriging values

[Cu]: g(Copper)/kg(dry sediment)

Median 1,11
Global standard deviation 1.147
Minimal median deviation 0.399
Maximum median deviation 1.227
Minimal concentration 0.002
Maximum concentration 2.952
Azimuth 225°
Sample effort 78 sites
Kriging grid size 195 × 195 m
The RSS of the Guarapiranga reservoir was estimated to be
29.71 km2, which was lower than found in previous decades, due to
shrinking of the margins as a result of sediment clogging (Campagnoli,
2002; Silva, 2005).

4.3. Sediment copper evaluation

4.3.1. Quantitative copper status
Fig. 4A presents the experimental semivariogram for copper in the

Guarapiranga sediment, structured on a spherical distribution basis.
The results showed substantial spatial correlation, with a strong sill
and primary and secondary stationarity, as described by Yamamoto
and Landim (2015). The semivariogram presented a large relative
Fig. 5. Graphical representation of spatial copper concentration in the Guarapiranga's
Reservoir sediment.



Table 4
Comparison of copper concentration in different Brazilian reservoirs – units in mg/kg(dry sediment).

References Reservoir Minimum Maximum Sample mean Sample SD Krig mean Krig SD

This research (samples from 2015) Guarapirangaa 0 3011.99 1241.64 1135.62 1111.00 1146.67
Pompêo et al. (2013) Guarapirangaa 29.2 2902.4 1157.2 1125.6 – –
Padial (2008) - 5/10/2006 Guarapirangaa 27.55 2970.8 1157.23 1014.50 – –
Padial (2008) - 27/04/2007 Guarapirangaa 64.18 3154.06 1089.70 894.82 – –
Rosa et al. (capítulo 15. 2015) Itupararangab 4 28.8 14.56 6.78 – –
Mariani; Pompêo, (2008) Braço Rio Grandea 8.2 3582.6 1644.1 1067.9 – –
Bonai et al. (2009) Itác 151.6 233.95 179.86 22.61 – –
Silva (2013b) Paiva Castroa 4.35 109.98 77.20 35.08 – –

SD: Mean Standard Deviation.
Sample mean and SD: the Mean Standard Deviation and the mean concentrations obtained by the sample efforts.
Krig mean and SD: the Mean and the Mean Standard Deviation concentrations obtained by the kriging effort.

a Reservoir with copper sulfate application (Pompêo et al., 2015).
b Reservoir of reference (no apparent copper sulfate application) – (SILVA, 2012; Pompêo et al., 2015).
c Reservoir with severe pig and poultry farming activities, but no copper sulfate application (BONAI et al., 2009).
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nugget effect (RNE = Co/Sill) of 0.029 (Tong et al., 2015), indicative
of low spatial variability (Dasselaar et al., 1999). It can also be seen
(Fig. 4B) that the copper presented isotropy. This was surprising, since
themetalwas derived from a diffuse source andwas also liable to resus-
pension and dissolution (Pompêo et al., 2015).

The existence of copper resuspension and dissolution, as in the case
of the Guarapiranga reservoir, can lead to impacts on both the ecosys-
tem and human society (USEPA, 2016). Therefore, considering the
amounts of copper present in the Guarapiranga and other Brazilian res-
ervoirs with similarmanagement practices, current policies are likely to
result in problems of contamination and difficulty in water treatment.

The kriging interpolation resulted in the values shown in Table 3.
The median values were subsequently used to estimate the copper
stock. Fig. 5 shows the copper distribution throughout the ELU, with
the highest copper concentrations located closer to the dam (north-
wards). Themeridional portion of the reservoir also presented high cop-
per concentrations in the sediment. The areas of lowest copper
concentrationwere located southwards, distant from the dam. This cop-
per spatial pattern was in general agreement with the results obtained
by Pompêo et al. (2013). However, Pompêo et al. found aminimum cop-
per concentration of 9.2mg(copper)/kg(dry sediment) in this reservoir, while
the minimum copper concentration observed in the present work was
at least 10-fold higher. Another difference was the location of the
highest copper concentration. Pompêo et al. found that this region
was closer to the dam, while in the present case it was in the central
zone of the reservoir.

The differences described above lead to two hypotheses: a) the cop-
per may not be totally fixed in the reservoir sediment and could there-
fore be liable to dissolution and dispersion throughout the water body,
with subsequent sedimentation or incorporation in the foodweb; b) the
copper present in the sediment may be resuspended back to the water
column, undergo hydraulic transport through the reservoir, and
Table 5
Copper sulfate application and copper in sediment concentration relationship for different wat

Country Water body Copper concentration in
sediments (mg Cu/kg
sediment)

Surface area (km2) T
(

Max Min Mean

BR Guarapiranga 3012b 0b 1242b 24.85b 7
USA Halla 1088 370 919 2.24 8
USA Budda 1593 93 943 0.90 1
USA Sissetona 398 183 300 0.57 6
USA Georgea 286 179 233 0.34 3
USA Ambera 173 151 162 0.73 9

a Data from Hanson and Stefan (1984).
b Data from this research.
c Data from Caleffi (2000).
potentially enter the water supply system, as observed in other reser-
voirs subject to the same algicide management practice (Hanson and
Stefan, 1984). In either case, the situation is of major concern and re-
quires further analysis.

Table 4 shows the evolution of the copper concentrations during the
course of different studies of the same reservoir, from which it can be
seen that the values have increased over the years, hence providing a
further indication that the copper could represent a potential toxicolog-
ical risk to humans.

The reference (minimum) copper concentration observed in the
Guarapiranga reservoir sediment differed from the value reported by
Nascimento (2003). This suggests that the copper carried in by the res-
ervoir tributaries did not become strongly fixed in the upper regions of
the reservoir basin and was therefore conveyed to the meridional re-
gion, where the lower hydrological forces allowed its deposition. This
possibility should be investigated further in future studies.

Table 5 presents sediment copper concentrations for different water
bodies under the same type of algicide management. In terms of the
total amount of copper applied per unit area (tons of Cu per km2), the
Guarapiranga reservoir has the third highest input, with the value
only being lower than for the Hall and Buddy reservoirs due to its larger
surface area. In terms of the total amount of copper applied per water
body, the Guarapiranga reservoir showed the highest value. Its sedi-
ment copper concentration is now so high that it is comparable to levels
in mining reject pools (Bai et al., 2011; Ashraf et al., 2012; Chen et al.,
2013; Gharibreza et al., 2013).

Hanson and Stefan (1984) also found copper concentrations in
water samples that suggested copper sulfate did not become strongly
fixed in the sediment. The presence of copper was identified at different
points of thewater supply system, in waters of Monona lake, laboratory
tapwater, and thewater distribution system,where the copper concen-
tration was 0.02 mg/L. These findings suggested that the water
er bodies with different periods of copper management.

otal copper applied
tons of Cu/km2)

Total years of
application

Total copper applied
(ton Cu/reservoir)

Difference (log)

5.451b 43c 1874.98b –
2.158 17 184.20 1.01
64.876 17 148.16 1.10
0.302 17 34.16 1.74
0.599 17 10.40 2.26
.639 17 7.02 2.43



Fig. 6. Guarapiranga's sediment quality. Islands are in white.
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treatment plants were unable to fully eliminate copper from the water
distribution system. The copper deposited in thewater supply reservoir
could be resuspended back to the water column, hence possibly con-
taminating the water supply system and presenting a risk to the com-
munity. Mozeto and Zagatto (2006) also reported that dissolved
copper could be found in the water column close to regions of substan-
tial copper sulfate inputs. In the case of the Guarapiranga reservoir, the
regionwith the highest sediment copper concentrationwas close to the
extraction point used by SABESP to supply the RMSP (Fig. 5), increasing
the potential risk to the population. Effler et al. (1980) found that in sev-
eral systems that received large dosages of copper sulfate, the Cu2+ con-
centration remained elevated for up to several weeks, increasing the
risk of copper contamination of water supplied from water bodies
such as the Fairmont lakes or the Guarapiranga reservoir.

4.3.2. Qualitative copper status
The ELU sediment conditions for the Guarapiranga reservoir are

shown in Fig. 6. Fig. 7 illustrates the proportions of the ELU quality
Fig. 7. Guarapiranga's ELU quality class coverage (percentage).
classes, with 89% of the ELU area being above the ISQG, 52% above the
PEL, and 44% 10-fold greater than the PEL, in agreement with previous
reports (CETESB, 2013; Pompêo et al., 2013). The northern region of
the reservoir, closer to the SABESP water collection system, showed
theworst sediment quality (Fig. 6) and therefore presented the greatest
toxicological risk, as discussed elsewhere (Mozeto and Zagatto, 2006;
Hanson and Stefan, 1984).

These values clearly showed that the sediment of the Guarapiranga
reservoir contained copper concentrations that greatly exceeded the
values stipulated by the Contaminated Sediment Standing Team
(2003), developed byMacDonald et al. (2000), with only 25% of the sur-
face area showing values below the ISQG. Thiswas indicative of a poten-
tial threat to the ecosystem (EXTOXNET, 1994).

The same type of algal management policy is employed for other
water bodies worldwide. In lakes of Minnesota, prolonged copper sulfate
application resulted in various ecological alterations (Hanson and Stefan,
1984), some of which have been observed in the Guarapiranga reservoir.
These include increased algal mortality and dissolved oxygen depletion
(CETESB, 2013), enhanced phosphorus recycling and availability (Silva
et al., 2013), and copper sulfate tolerance by algae (Beghelli et al., 2015;
EXTOXNET, 1994; Mancuso, 1987; Raman and Cook, 1988). There has
also been a shift in community species from chlorophytes to
cyanobacteria (Effler et al., 1980; Mcknight, 1981; Silva, 2013a).

The Guarapiranga contains high levels of cyanobacteria cells in its
water (CETESB, 2009), and there has been no indication of any improve-
ment, despite the application of copper during several decades (CETESB,
2013). The application of copper in the Guarapiranga reservoir has
therefore been ineffective. Furthermore, periodic applications can
cause a series of side effects, including copper accumulation in the sed-
iment (Arslan et al., 2010), leading to contamination of the water
(ATKINSON et al., 2007) and changes in the composition and natural
abundances of the different species of the ecosystem (Havens, 1994;
Le Jeune et al., 2006; Santoro et al., 2009). There can be contamination
of the water supply system (Hanson and Stefan, 1984; Mozeto and
Zagatto, 2006) and potential bioaccumulation problems (Chiba et al.,
2011; Yousafzai et al., 2012).

As previously described, the high copper concentration in the
Guarapiranga sediment is due not only to the quantity of copper sulfate
applied, but also to the long period of its application for palliative con-
trol of cyanobacteria and macrophytes by the company responsible for
water quality.

Table 6 provides a comparison of the amounts of copper sulfate ap-
plied to different Brazilian subtropical reservoirs under SABESP man-
agement. Based on a price of R$11.60 for 1 kg of copper sulfate
(SABESP, 2011a), the cost of the 1761 tons of copper sulfate
pentahydrate applied to the Jundiaí, Guarapiranga, and Taiçupeba reser-
voirs, considering only the years 2005–2008 is R$20.43million (around
US$ 6.45 million, at current exchange rates) (Table 6).

Calculation was made of the sediment copper stock in the
Guarapiranga reservoir. Using the kriging method, [Cu] 1.11 ∗ 10−-

3 kg(Cu)/kg(dry sediment); from the sediment sampling, FS = 0.105(kg of

fresh sediment), Kv = 1.2 ∗ 10−4
(m
3

of fresh sediment), h 0.04 (meters of fresh sedi-

ment), and Wm = 81.20 ∗ 10−3
(kg of water); from the bathymetric survey

and interpolation, RSS = 29,708,055.19(m2 of fresh sediment). Insertion of
these values in the Stock equation resulted in a value of
1158.85 ton(copper), corresponding to eleven years of copper sulfate ap-
plication. Extrapolation to a period of 43 years of constant copper appli-
cation gave a value of 4530.05 tons of copper applied to the
Guarapiranga reservoir.

Comparison of the 11 year stock value with the value stated in the
SABESP copper sulfate application report revealed that our model
overestimated the amount applied by around 46.94%. This difference
could be due to factors including the copper interpolation method, the
bathymetric interpolation method, the reservoir margin delimitation,
the reservoir landscape sedimentation rate, the diffuse copper input
coming in from the Guarapiranga's watershed and the sediment water



Table 6
Annual copper sulfate application in the Jundiaí, Guarapiranga and Braço Rio Grande
(Billings) reservoirs for the years of 2006, 2007 e 2008.

Reservoirs Tons of copper applied per yeara

2005 2006 2007 2008 2011

Jundiaí b20 42
Guarapiranga 49 350 440 350 363
Rio Grande 150 360 34
Taiçupeba 123

a Values extracted from CETESB (2011).
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component. Nevertheless, our stock estimate suggests that an enor-
mous amount of copper was applied during the past 43 years.

An attempt was made to estimate the overall cost associated with
the acquisition, storage, preservation, transport, and application of
4530.05 tons of copper (17,794.03 tons of copper sulfate pentahydrate)
during the past 43 years (at present values in US$). Based on the cost for
a ton of this algicide (Table 7), and excluding the costs of handling and
application at the reservoir, the estimated cost was US$56,550,901.16.
The total cost for the acquisition, shipping, storage, handling, and appli-
cation of the algicide would be even higher. In an attempt to include
other costs that were not accounted for, a safety coefficient of two
timeswas applied to the equation. As a result, our estimated cost of cop-
per sulfate application solely to the Guarapiranga reservoir is nearly
US$113 million.

The overall cost of phytoplankton control at the Guarapiranga reser-
voir should not be restricted solely to copper sulfate application, since
50% hydrogen peroxide has also been employed for the same purpose,
especially after 1993 (Rocha, 1999). Fig. 8 illustrates the evolution of hy-
drogen peroxide application in the reservoir. In 2008 alone, application
was made of 620 tons of hydrogen peroxide, in addition to 350 tons of
copper sulfate (CETESB, 2009).

The overall cost of the algicides was estimated based on their usage
rates reported by CETESB (2009, 2011, with an annual mean consump-
tion of 641.48 tons of hydrogen peroxide for theGuarapiranga reservoir.
According to Companhia Paulista de Obras e Serviços (CPOS, 2015), the
bulk-shipping cost of hydrogen peroxide (including transportation and
discharge) is around US$0.33 per kilogram. Based on the 23 years of
continuous hydrogen peroxide application at the reservoir, the total es-
timated cost is US$3,880,503.15. Applying the same safety coefficient
used above, our estimation suggests that almost US$7.761 million
have already been disbursed solely for hydrogen peroxide application
to the Guarapiranga reservoir. Considering the costs of both hydrogen
peroxide and copper sulfate, a total of nearly 120.9 million dollars has
been spent on algae control at a single reservoir of São Paulo State.

In order to address our initial hypothesis, we also estimated the costs
associated with a full water treatment program. Three main aspects
were considered: a) sewage treatment plant (STP) installation, opera-
tional, and management costs in Brazil; b) the plant lot size and its
price (US$/m2); and c) costs of construction and commissioning of the
plant. Assessment of these issues is very important for implementation
of full sewage treatment, and the costs can vary greatly (Sampaio and
Gonçalves, 1999; Lima, 2011; Pacheco, 2011). Factors to consider in-
clude the location of the proposed installation, the type of soil, the to-
pography, the extent of the sewage system, the population density,
and the type of equipment installed. In the present case, the estimated
costs were for the construction and implementation of a sewage
Table 7
Estimates of thefinancial costs relative to the sulfate copper algicide acquisition, conservation, tr

Reference Acquisition + shipping + discharge of 1 to

SABESP (Pregão 58749/10, 2011)a $3662.77

a SABESP: Companhia de Saneamento Básico do Estado de São Paulo.
treatment plant suitable for 800,000 inhabitants, estimated to be the
population of the reservoir basin (Whately and Cunha, 2005).

The STP of Barueri (a municipality in São Paulo State) serves around
4.4million inhabitants, with a treated sewage flow of 8177 L/s (SABESP,
2016). According to Sampaio and Gonçalves (1999), the running cost of
theBarueri STP is aroundUS$261,233.97 permonth,which is equivalent
to a per capita sewage treatment cost of US$0.0594 permonth. Based on
these values, the cost of an STP to serve the 800,000 inhabitants of the
Guarapiranga basin would be US$47,497.09 per month. Over a period
of 43 years of sewage management and treatment, the total cost
would be around US$24,508,496.09.

For construction of the Guarapiranga STP, a worst-case scenario was
assumed, with no existing sewage network. Therefore, a value of
US$16,000,000.00 was allowed for construction of the sewage collec-
tors, interceptors, and connection systems required for all habitations
in the Guarapiranga basin (Lima, 2011).

Pacheco (2011) estimated a total per capita cost of US$54.79 for im-
plementation of an STP. Therefore, the cost for such a system in the
Guarapiranga basin would be US$43,835,616.44.

The cost of land suitable for STP construction can vary widely. Ac-
cording to São Paulo State real estate agencies (using an internet
search), prices in theGuarapiranga basin are no lower thanUS$2.74mil-
lion for areas ranging from 50,000 to 100,000 m2.

Summation of the costs described above, including a period of
43 years of STP operation and the STP and sewage network construction
costs, results in an estimated value of US$98 million for full sewage
treatment in the Guarapiranga basin. Taking into consideration possible
difficulties and additional non-itemized expenses associated with 100%
sewage treatment for almost 1 million inhabitants in the Guarapiranga
basin, it is reasonable to assume a total cost of US$87.08 million.

Based on the above estimates, it can be seen that the sum already
spent for the control of algae in the Guarapiranga reservoir over
43 years is 28% higher than the cost of full sewage treatment in the
drainage basin. Therefore, even ignoring possible losses of ecosystem
services due to the use of algicides, the data suggest that the construc-
tion of a domestic sewage treatment facility would be both cheaper
andmore likely to solve the urgent problemof reservoir eutrophication.
If the loss of ecosystem services is included (due to phytoplankton
blooms and intensive algicide application), the sewage treatment
plant option becomes even more financially viable. This argument is
strengthened by the current need for further and continuous algicide
applications, as a never-ending palliative measure. The use of algicide
should be restricted to occasional events of sudden algal blooms or inef-
fectiveness of otherwater treatment strategies (ECC, 2000;Henriques et
al., 2000; Pio et al., 2000, Pio and Henriques, 2000; Inag, 2006; Moss,
2008; Cardoso-Silva et al., 2013). Otherwise, the goal of zero untreated
sewage discharge will never be achieved (Pompêo et al., 2015).

Another problem faced by public agencies and management plan-
ners is the increase of cyanobacteria density in reservoirs treated with
copper sulfate, as a community response (adaptation) to the algicide
(Mancuso, 1987; Raman and Cook, 1988; EXTOXNET, 1994). Examples
of such cases can be seen for the Jundiaí, Guarapiranga, and Rio Grande
(Billings) reservoirs, which all receive intense applications of copper
sulfate but still present high densities of phytoplankton in their waters
(CETESB, 2009; Moschini-Carlos et al., 2009; Beghelli et al., 2015). It is
therefore clear that current Brazilian water quality management policy
is not effective in the long term, with algicides losing their effectiveness
in the control of algae and cyanobacteria, and it is expected that even
ansportation and its application. Values estimated for a Tonof pentahydrate sulfate copper.

n of copper sulfate Real/dollar quotation Quotation data:

3.167 18:00 of 05/13/16



Fig. 8. Copper sulfate and hydrogen peroxide algicide application rates per reservoir for the year of 2011 (data of SABESP - Companhia de Saneamento Básico do Estado de São Paulo),
modified of CETESB (Companhia Ambiental do Estado de São Paulo, 2011).
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greater quantities of algicide will be required over the next years, lead-
ing to further socioeconomic and environmental issues.

This work evaluates the current Guarapiranga reservoir manage-
ment policy and its cost to the local economy. We also provide a com-
parison between the current management policy and an STP option.
While this may not necessarily be the best solution, our results show
how the Brazilian government could reevaluate its water management
policy, without major socioeconomic impacts. Mention should be
made here of two other water treatment and management techniques,
in order to demonstrate the existence of other options. Hanson (1981)
studied the cost-benefit of algal control in water treatment plants. It
was found that it was more cost-effective to treat algal effects in the
plant itself, rather than to treat the water resources with copper sulfate
(Hanson and Stefan, 1984). In another study, Beaulieu et al. (2005) in-
vestigated the application of clay for the control of harmful algal blooms,
with excellent results considering the cost of application and the effec-
tiveness of the treatment. Such discoveries may well cause other coun-
tries to change their management methods, perhaps leading to a
worldwide reservoir recovery. Nevertheless, it seems that Brazilian
water management companies tend to focus on short-termwater man-
agement techniques, without considering possible ecosystem service
losses and without performing long-term cost-effect analyses in their
management strategies.

5. Conclusions

The development of new quality evaluation models provides an im-
portantway to improve the understanding andmanagement of increas-
ingly anthropized ecosystems. In this work, evaluation is made of the
applicability of geostatistics and ecotoxicological techniques as tools
for water body management.

Ecotoxicological analysis showed that the copper concentration in
the Guarapiranga reservoir sediment followed an irregular spatial dis-
tribution, with strong zonation, indicating different ecotoxicological
quality conditions. There was evidence to suggest that the copper was
not completely inert and attached to the sediment, but could potentially
be solubilized and dispersed, hence enhancing ecotoxicological effects
in the ecosystem and society (directly and indirectly).

Assessment was made of the total costs associated with the current
policy for control of algae and cyanobacteria in a Brazilian tropical reser-
voir, and comparison was made with the cost of implementation of full
domestic sewage treatment in the basin of the reservoir. This analysis
revealed that: a) the total amount already spent on palliative methods
for algal control in the Guarapiranga reservoir has already exceeded
the amount required for effective long-term control by sewage treat-
ment; b) the current management policy results in potential ecotoxico-
logical risks to the ecosystem and to society, without genuinely
improving the water quality of the reservoir; c) the current São Paulo
State water management policy is mainly structured considering
short-term financial costs, without adopting middle-term or long-
term strategies, especially in relation to human health, ecosystem re-
covery, and restoration costs.
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