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Water Quality In Brazil

Adalberto Luis Val, Carlos E. de M. Bicudo, Denise de C. Bicudo, Diego Guimaraes Florencio Pujoni, Fernando Rosado
Spilki, Ina de Souza Nogueira, lvanildo Hespanhol, José Almir Cirilo, José Galizia Tundisi, Pedro Val, Ricardo Hirata,
Sandra Maria Feliciano de Oliveira e Azevedo, Silvio Crestana and Virginia S.T. Ciminelli

1. The Water Quality In Brazil: Historical Perspective

Industrial development, urbanization, and agricultural activities in the last 50 years contrib-
uted extensively to the complex and delicate situation of water quality in Brazil. The histor-
ical process of water quality degradation somewhat followed the worldwide path described
in Tundisi et al. (2015) and was clearly described in Bicudo & Bicudo (2017). First, the in-
dustrial development produced effluents with heavy metals, dissolved organic substances,
and other toxic materials. Accelerated urbanization after the year 1950 together with inade-
quate wastewater treatment contributed to the accumulation of organic matter and the eu-
trophication of rivers, reservoirs, and lakes. The extensive agricultural activities, the heavy
application of pesticides and herbicides, and the uncontrolled use of fertilizers, especially in
regions of widespread sugar cane and soy bean plantation, also contributed to water quali-
ty degradation. Today, eutrophication is one of the major environmental problems in Brazil
with enormous economic, ecological, and human health consequences.

Mineral exploitation of iron, gold, and other metals is another cause for the degradation
of the water quality in several regions of Brazil. Arsenic, mercury, and lead are all typical
contaminants that may be related to this activity. Mozetto et al. (2003) described how metals
and nutrients are weakly bound in sediments of the Tieté River (Sdo Paulo) and what this
would cause to human health. In the last few years, floods, large disasters such as the Doce
River contamination by a tailing dam failure, and other intense discharge of toxic substanc-
es aggravated the picture of the water quality degradation. Deforestation activities all over
the country, including removal of riparian vegetation also affect water quality of water bod-
ies and contribute to deterioration. Urban rivers and reservoirs are environments of partic-
ularly high impact on water quality due to increasing exploitation.
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Consequences of this large-scale process are
very relevant. First, the economy of municipali-
ties and states are negatively impacted. Second,
the impact on human health is also not totally un-
derstood yet. Deteriorated water quality results in
high costs for water treatment to provide adequate
drinking water to the human population. Deterio-
ration of biodiversity is yet another consequence of
low water quality and environmental disasters af-
fecting rivers, reservoirs or lakes. Due to this sce-
nario, few watersheds of Brazil can be considered
pristine. Therefore, the restoration of water quality
in Brazil, the protection of the few pristine water-
sheds left, and the enforcement of environmental
laws are some of the important actions necessary
to promote better life quality, reduce risks and vul-
nerability to water security and promote econom-
ic growth. It is fundamental to monitor all regions
consistently with the maintenance of permanent
and public databases to support public policies.

In this volume, we outline the current state of
water quality in all regions of Brazil including some
of the main challenges for surface and groundwater.
Furthermore, we present some specific challenges,
such as the emerging risks of pesticides, herbicides,
hormones, and climate change. Lastly, we discuss
the economic implications of water quality degra-
dation and make some remarks about the reduction
of water vulnerability in Brazil.

2. Water Quality: North Region

In the Amazon everything is great and diverse. The
extensive watershed originates in the Peruvian An-
des, specifically in the Nevado Mismi, and spreads
across all the countries of northern South America,
covering an area of seven million square kilome-
ters. The Amazonas River, the main water course,
reaches the Atlantic Ocean after flowing for 6,992
km, where it discharges 20% of all the fresh water
that reaches all marine environments of the world.
This volume of water is five times greater than that
of the Congo River (Africa) and 12 times than that
of the Mississippi River (United States of Ameri-
ca). Each small space is unique in the Amazon. This
holds true for water too. It was the German lim-

nologist Harald Sioli who initially described the
three basic water types of the Amazon: the white
waters of the Solimées/Amazonas river; the black
waters of the Negro River; and the clear waters of
the Tapajds (Sioli, 1950). These distinctions are not
just based on color, but mainly on physicochemical
and biological characteristics. The white, or rath-
er muddy, waters of the Solimdes-Amazonas Riv-
er have a near neutral pH, a large amount of sus-
pended sand from the Andes and riverbanks, low
concentration of dissolved organic carbon (DOC),
and higher nutrients relative to other water bodies
of the Amazon. Black water rivers (i.e. Negro Riv-
er) differ in that they show an acid pH ranging from
3.2 to 5, high levels of DOC, and very low levels of
sodium, potassium, and calcium. The clear waters
(i.e. Tapajos River) have a pH between 6 and 7, low
levels of DOC, sodium, potassium, calcium, and high
transparency (Furch, 1984).

A remarkable feature of the Amazon basin is the
seasonal variation of river water levels, appropri-
ately called flood pulses (Junk et al.,, 1989). In the
banks of Manaus, the level of the Negro River can
vary more than 15 m between low and high-wa-
ter seasons. Other environmental parameters also
show diurnal, seasonal, and even geographic vari-
ation, influenced by the interaction with the var-
ious environmental characteristics, such as the
dissolved oxygen level. Of course, these different
characteristics impose challenges of all orders of
aquatic organisms. In the case of fish, for example,
a broad set of adaptations at all levels of the biolog-
ical organization has been developed throughout
the evolutionary process, so that they can cope with
environments that exhibit significant variation in
oxygen availability over short periods of time (Val
& Almeida, 1995; Val, 1995; Val et al., 2015). Similar-
ly, fish from the Negro River can maintain ionic ho-
meostasis despite the acidity and ion poor charac-
teristics of their environment (Gonzalez et al., 2002;
Wood et al., 2014). Today it is known that DOC has
arelevant role in this process (Duarte et al., 2016).

There is still much to be said about the adapta-
tions and abilities of the aquatic biota of the Ama-
zon. However, many aquatic organisms are already
facing challenges posed by man-made environmen-
tal changes. We highlight here, very briefly, three of
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these challenges. First, the presence of metals from
mining in several bodies of water in the region,
which endanger several species of fish that are very
sensitive to these metals, such as copper (Crémazy
et al,, 2016; Duarte et al., 2009). Second, the effect
of climate change on aquatic environments, making
them warmer, more acidic and with less dissolved
oxygen, conditions that represent an intensifica-
tion of the challenges that many aquatic organisms
of the Amazon already face (Oliveira & Val, 2017).
Third, the urban impact on the rivers that cross the
cities, when they receive a vast amount of new chem-
ical compounds and debris that represent new chal-
lenges for the aquatic biota. In this case, two groups
of compounds are worth mentioning: plastics and
leachate from landfills. Lastly, while on the one hand
a great challenge to expand what we know about the
pristine Amazonian aquatic environment is needed,
on the other hand there is also a gigantic and urgent
need for robust information to reduce the anthropic
impacts of all orders on the unique aquatic environ-
ments that occur in the Amazon.

3. Water Quality: Northeast Region

In order to contextualize the issue of water quality
in the Brazilian Northeast, the distinction between
hydrochemical quality and quantity of surface wa-
ter and groundwater must be highlighted. Consid-
ering the surface water issue, Northeastern Brazil
contains only 3% of Brazilian water and has only
two perennial large rivers, the Sao Francisco, which
concentrates 63% of the Northeast water, and the
Parnaiba, with 15%. All other somewhat large rivers
are intermittent, i.e. they only flow in the rainy sea-
son. In the coastal region, perennial rivers of small
extension are present and are of great importance
to water supply for the population and productive
activities, chiefly since the majority of the popula-
tion and industrial production is concentrated up
to 150 km from the coastline. In this range closer
to the coastline, the biggest problem for river wa-
ter quality is pollution from domestic sewage and
solid waste, particularly along rivers and canals
that flow through cities. Although important sew-
age treatment programs have been partially imple-
mented in the region, especially in the larger urban
centers, the economic crisis that began in 2014 and

which still affects public policies in the country has
decreased the effort to expand the treatment of do-
mestic sewage. The result is that sewage collection
is in most Northeastern cities less than 40% of the
volume produced, and effective treatment of sew-
age in major cities, with few exceptions, is below
30%. The issue of solid waste pollution from rivers
and canals that cross the poorest regions of the cit-
ies is alarming; the deficiency of waste collection
services and the lack of environmental awareness
of the riverine population transform these small
watercourses into floating solid waste reservoirs.
Diffuse industrial pollution is another cause for
concern as industrial clusters such as garment pro-
duction growing in areas close to temporary rivers
that receive high net waste from production.

Upstream of urban centers and still considering
the wettest regions of the Northeast, water quali-
ty is usually satisfactory, although there are prob-
lems in some rivers resulting from contamination
by agricultural activities (i.e. sugarcane). In the re-
gion crossed by the Sdo Francisco River, despite a
relatively higher level of sewage treatment in the
main cities compared to other parts of the North-
east, eventual algae proliferation accidents have
occurred, damaging the water supply of the cit-
ies. It must be considered in this case the presence
of many irrigation systems along the river, whose
drainage systems can affect water quality.

Concerning groundwater formations, the wa-
ter stored in sedimentary aquifers are generally of
good quality in all aspects. In coastal sedimentary
aquifers there is a risk of salinization in many wells
as a consequence of high exploitation or vertical in-
filtration in poorly sealed wells. On the other hand,
water quality is greatly impaired by the high con-
centration of salts in the so-called fissure aquifers
in which water percolates between rock fractures.
Alarmingly, these salts dominate more than 80% of
the region.

4. Water Quality: Central-West Region

The Central-West region of Brazil contains springs
of five hydrographic regions (Amazon, Paraguay,
Araguaia-Tocantins, Parana and Sdo Francisco). Be-
sides supplying the Central-West and all the other
regions in Brazil, these hydrographic regions also
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contribute to Paraguay and Argentina. This is the
second least populated region, where pristine wa-
ters can be found in different locations such as the
Formoso River basin in the state of Mato Grosso do
Sul (municipalities of Bonito, Jardim, and Bodoque-
na) and the Federal District (Aguas Emendadas Eco-
logical Station). Also, in different places of the Goias
state (especially in the Chapada dos Veadeiros Park
region) and Mato Grosso (Poconé) (Tundisi & Mat-
sumura-Tundisi, 2011; Cunha-Santino & Bianchini Jr.,
2008; 0’Sullivan & Reynolds, 2004). As in the North
region, waters can be classified in some types de-
scribed below.

Thermal waters occur due to natural geother-
mal gradients in the Earth’s crust (Goias, 2006).
Thermal localities exist in Mato Grosso (Barra do
Garga, Rondonépolis, Juscimeira, Primavera do Les-
te and Santo Antdnio do Leverger cities) and Goias,
the latter being the state with the greatest number
of hot springs in Brazil. Thermal springs originate
through different aquifers (Araxa, Paranoa, Serra
Geral, Serra da Mesa, Aquidauana, Cristalino No-
roeste and Guarani). There are 19 natural upwell-
ing sources in the state classified as isothermal
(36-38°C) and hyperthermal (> 38°C) springs. The
largest hot water complex in the country is concen-
trated in the Caldas Novas and Rio Quente munici-
palities (Goias, 2006), but thermal upwellings also
exist in Chapada dos Veadeiros Park, Lagoa Santa,
and Goias city. Quente River (Goias) is the largest
hyperthermal river in the country and runs through
a Cerrado region.

Acidic or black waters are composed of dis-
solved acids of plant origin with a brownish color
and pH < 6. They are registered in different locali-
ties of all Central-West Brazil states. Specifically, the
Chapada dos Veadeiros Park presents an extensive
area covered by acidic water rivers, among which
the Negro River in the state of Mato Grosso do Sul
and Suia-mixu River in the state of Mato Grosso. Salt
and brackish waters are recorded in the Pantanal
(Santos & Sant’Anna, 2010; Barbiero et al. 2008), in
the northeast region of Goids (Bambui aquifer that
promotes brackish springs, Goias, 2006). These wa-
ters originate in the soil containing these water
bodies. Muddy or brown waters are recorded for
most of the rivers that run through latosol regions.
In Central-West Brazil, the most common type is the
ferruginous latosol (Resck, 1991). Waters flowing in

this region contains a great amount of iron. During
the rainy period, most of the rivers become muddy
due to erosion and deforestation.

The region also has a great groundwater re-
serve. The Guarani Aquifer expands through south,
southeast, and central-west regions and contrib-
utes to the water supply of a significant portion of
the watersheds in the southern Central-West re-
gion. Several springs originate from this ground-
water system and are exploited for irrigation and
public supply. One can also observe cave lakes that
are common at the north of Goias and south of Mato
Grosso do Sul states.

Aquatic environments in Central Brazil are im-
portant and attractive for tourism and recreation
(water sports, waterfalls, pristine lagoons, rivers
with rapids). Unfortunately, they are experiencing
serious erosion problems, silting, construction of
waterways and hydropower plants, and water piv-
ots as well as water pollution (rural and urban). The
most damaging of all has been the advance of agri-
cultural and agribusiness frontiers that began with
government projects in the 1970s (Miziara, 2006;
Rodrigues & Miziara, 2008) and was intensified in
the first decade of the 21st Century, promoting in-
tense deforestation, especially in Goids and Mato
Grosso do Sul states. The lack of sanitation and wa-
ter treatment also contributed for the serious mis-
characterization of the watersheds that changed to
meet population growth, agricultural, industrial,
and commercial supplies.

Currently, there are about 700 hydropower
plant (HPP) reservoirs and/or small HPP that mod-
ifies the rivers morphology, the water quality, and/
or the type of water. The most modified river is the
Tocantins with eight reservoirs of various shapes in
its course, the largest one being in the state of Goias
(Serra da Mesa Reservoir). The only river not yet
fragmented is the Araguaia due to its origin. This
river is the largest in central Brazil (Valente et al.,
2013) and borders the states Mato Grosso and Goias.
There also is the Mato Grosso’s Pantanal, the larg-
est continuous wetland on the planet. Nonetheless,
some of the rivers that flow into this ecosystem are
under some sort of impact (i.e. livestock, deforesta-
tion, and gold-mining) that affect their water quality.

Another process of extreme importance is the
climate impacts, which have been increasing in the
last 10 years. Seasons have changed to the point of
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producing excessive rains and extreme droughts.
These conditions lead to processes of large floods
and rivers that once were perennial and now dry
up during the drought period. For example, in 2017
only in Goias, more than 15 rivers had total or par-
tial absence of water in their beds, damaging the
aquatic biota and the public supply.

Water is an excellent indicator of environmen-
tal quality since it is directly influenced by the wa-
ter regime to which the ecosystems are subjected.
Furthermore, volume and flow are also affected by
deforestation which is being intensified by climate
change (Coe et al., 2011). Currently, the concept for
sustainable water use in the Central-West Brazil
is still anthropocentric and harmful (ie. numer-
ous reservoirs and licensed grants) (Tundisi, 2002;
2014), thus conceptualizing water sustainability in
an environmental sense is necessary. Together with
the intensive use of water comes the concept of vir-
tual water (Tundisi, 2014), which is used because of
its presence in the final product of the food produc-
tion process, which is ultimately exported to other
regions of the country and to the world. This con-
cept is well applied in a region whose economy is
based on agriculture and livestock production, and
water is therefore fundamental for its economic de-
velopment. Investigation of water quality in Brazil
abides by specific legislation by the National Envi-
ronmental Council (CONAMA, 357; Brasil, 2005), by
the National Water Resources Policy (Brasil, 1997),
and by an integrated water resource management
system (ANA, 2005). In the Central-West region, ap-
plication of these laws is still precarious and rais-
es many conflicts such as the indiscriminate use of
water and lobby of the agribusiness companies. The
only legislation effectively applied focuses on pub-
lic supply (Consolidation Ordinance, 5/2017; Brasil,
2017). As highlighted here, there are different types
of water in the Central-West region and their mul-
tiple uses lead to a complex scenario with strong
human interference. It cannot be denied that wa-
ter supports sustainable development in the Cen-
tral-West region.

5. Water Quality: Southeast Region

The southeast of Brazil is the most populated and
urbanized area of the country with about 120 mil-

lion people. Water quality is affected mainly by the
lack of waste water treatment, the discharge of fer-
tilizers from agriculture and effluents of industrial
plants, and the contamination of groundwater.

Although the southeast treats a large volume
of sewage it is not sufficient for a complete clean-
ing up of surface waters. About 40 % of sewage is
still discharged without any treatment in continen-
tal water bodies such as rivers, reservoirs, coast-
al lagoons, and coastal regions. As a consequence,
blooms of cyanobacteria are frequent in the inland
and coastal waters. Eutrophication of reservoirs in
Sdo Paulo State, for example is very frequent, even
a permanent feature in some cases (Tundisi 2018,
in press).

Several diffuse sources of water quality degra-
dation also originate in abandoned solid waste res-
idues. These diffuse impacts affect not only surface
waters but also underground waters. Deforestation
of vegetation mosaics and riparian forests is anoth-
er main cause of degradation, increasing discharge
of pesticides, herbicides, fertilizers to rivers and res-
ervoirs impairing water quality and increasing the
cost of water treatment for potable uses. (Tundisi &
Matsumura-Tundisi, 2010; Tundisi et al., 2015).

Contamination of groundwater in the south-
east is an additional impact on water quality. Part of
the southeast region uses water resources from the
Guarani Aquifer. These resources are used by sev-
eral small to midsized towns (50.000 to 200.000 in-
habitants) as source of public supply of water.

Protection of water quality in the region would
therefore include recovery of vegetation in the wa-
tersheds, restoration of riparian forests, treatment
of 100% of wastewater, and reduction of the open
air solid-waste sites in order to avoid contamina-
tion of surface and groundwater. Integrated man-
agement of watersheds with a systemic vision,
strong environmental education of the population,
and capacity building of managers are some of the
fundamental steps in the recovery and conserva-
tion of water quality. Also, strong conservation
measures in existing pristine waters could be an ex-
cellent tool to maintain a scientific information ba-
sis on the original water quality in the Southeast.
Preparation of water quality management for re-
covery and conservation is also essential to adapt
to climatic change (Jorgensen, Tundisi, Matsumu-
ra-Tundisi, 2013).
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6. Water Quality: South Region

The Southern region of Brazil consists of three
states, namely Parana, Santa Catarina and Rio
Grande do Sul. The region is occupied by approx-
imately 28 million inhabitants and the climate is
primarily subtropical. Industrial activity occurs in
large urban centers of the sector, the most frequent
being associated with the metal-mechanic industry,
clothing, footwear, and food. The vast plains are oc-
cupied by large plantations of soybeans, rice, maize,
and cattle ranching, whereas the rural mountain-
ous regions are occupied by small farms involved
in dairy, swine, and poultry production chains. Ed-
ucational and income levels are usually above the
Brazilian average, although great disparities exist.
Paradoxically, the South is often noted for its high
human development indicators but is also facing
deeper problems regarding water quality which is
being impacted by many different pollution sourc-
es. Water resources are impacted by the excessive
use of agrochemicals, supplementary nutrients (N
and P) applied to crops, and industrial effluents
from a variety of sources, including metals and oth-
er wastes. In the latter case, there are significant
cases of contamination by organic solvents and oth-
ers from processing industries, such as tanneries
and paper mills, many times leading to shortening
of water supply. However, the greatest impact on
water bodies is related to deficits in environmen-
tal sanitation: although almost 90% of the popula-
tion receives treated water, up to 30% of the total
domestic sewage is not treated before being dis-
charged onto rivers and lakes. These statistics are
even more serious considering that only the state of
Parana has 70% of the treated sewage in its major
cities, while only 10% of the sewage is treated be-
fore it is released to the rivers in the states of Santa
Catarina and Rio Grande do Sul.

This situation of contamination and losses
in water quality is even aggravated by several so-
cio-economic and institutional issues that came
along with the economic crisis of the last decades
by the state governments within this region. The
western areas of Parana and Santa Catarina states,
on the border with Paraguay and Argentina, are im-
pacted by industrial swine manure as well as do-
mestic sewage. The large metropolitan areas of the
region, especially Floriandpolis and Porto Alegre,

are highly impacted by low levels of sewage treat-
ment and a consequent increase in costs related to
water treatment and waterborne diseases. In the
case of Floriandpolis, losses in water quality repre-
sent a constant threat to the tourism economic ac-
tivity; the beaches of the city are often closed due
to inadequate disposal of untreated debris lead-
ing to risks for recreational use. In the city of Porto
Alegre, Lake Guaiba, the main reservoir of drinking
water in the city, is impacted annually by large al-
gae blooms, resulting from the disposal of untreat-
ed sewage from the city itself and its hydrographic
basin, which comprises more 5 million inhabitants
along all the rivers draining into the lake. The larg-
er cities in the region, those with more than 200
thousand inhabitants, often report more than 6,000
cases of gastroenteritis per year, this being one as-
pect of the severe impact of water contamination
in public health. The whole picture is further ham-
pered by the industrial contamination already men-
tioned. The municipalities in the Brazil-Uruguay
border (most of them crossed by the Uruguay Riv-
er) are often impacted by no sewage treatment and
lack of funds to increase their sewage treatment
infrastructure.

In addition to these water quality problems,
there are also periodic droughts, especially in the
summer months, which threaten the water security
of large areas of Southern Brazil. Inefficient man-
agement of multiple uses of water has already gen-
erated conflicts, especially between the urban pop-
ulation and the agrarian sector, aggravated at times
of scarcity. This is worsened by a problematic man-
agement and surveillance system. The structure of
environmental monitoring, especially in the state of
Rio Grande do Sul is largely depleted. The current
inspection bodies do not have the financial resourc-
es and sufficient staff to carry out their activities.

7- The Water Quality Of Brazilian
Groundwater Resource

Groundwater plays an essential role in public wa-
ter supply in Brazil. According to the National Wa-
ter Agency (ANA, 2010), half of the country’s munic-
ipalities is totally (39%) or partially (13%) supplied
by aquifers, with a high predominance in small and
medium-sized cities. In private water supply, the
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importance is even more significant, since it has
been used to alleviate the severe problems of lack
of water of the public system, which is recurrent in
almost every Brazilian city, or even a low-cost water
alternative. Unfortunately, there is no estimate on
this exploitation and local studies have shown that
this value is considerably higher than the percep-
tion of society and government. This importance is
well exemplified in the Metropolitan Region of Sao
Paulo where public water supply is only 1%, but
12,000 private wells (60% illegal) extracting about
10 m® s*, provide water for 20% of the population.
This "hidden statistic” is one of the causes of the
government's low attention, including the lack of
initiatives to protect the quality of aquifers.

The lithological, tectonic, and climatic charac-
teristics of Brazil create excellent conditions for
good groundwater quality and mostly naturally po-
table. Except for high salinity observed in fractured
aquifers of the northeastern semi-arid region, natu-
ral geochemical anomalies of toxic substances such
as F, Cr, and Ba are very limited in area. However,
Fe and Mg have a more extensive occurrence and
are generally associated with unconfined sedimen-
tary aquifers. In terms of anthropogenic contami-
nant sources, the situation is more complex and de-
serves more attention by the government. Nitrate
is the single contaminant with a more significant
presence in Brazilian aquifers. In urban areas it is
almost ubiquitous. This reflects the lack of sewage
networks, which only covers 50% of the urban pop-
ulation in the regions where these systems exist,
due to the lack of maintenance or age. The problem
is not worse because the contamination has been
restricted to the shallower portions of the aquifer
(usually down to a depth of some tens of meters),
also allowing the use of its water in the deeper parts.

Other contaminants in urban areas are petro-
leum-derived liquid fuels from leaks and poor oper-
ation of service stations. Studies by CETESB (2009)
in the state of Sdo Paulo have shown that more than
50% of these installations had leaks reaching the
aquifers; however, the plume had limited dimen-
sions and impacts. Chlorinated solvents and heavy
metals are products that are quite common in in-
dustry and are responsible for the most massive
and most complex plumes of aquifer contamination
in the country. The high toxicity and large volume of
product handled by the industry and even disposed

of in open dumps and landfills have made these
compounds a new and real concern in urban aqui-
fers, especially when present in free phase (pure
product) reaching complex aquifers such as frac-
tured ones (Hirata et al., 2015).

There is no information on the situation of
groundwater degradation in urban areas. Although
Brazil has been a major agricultural producer, there
is a real risk of aquifer degradation involving ni-
trogen fertilizers and some agrochemicals, mainly
herbicides and some insecticides. The lack of moni-
toring networks in critical areas and the deficiency
of systematic studies still compromise the under-
standing of the real situation on water quality. The
scarcity of planning and control of territorial occu-
pation in Brazilian municipalities has also contrib-
uted to increase the problem of aquifer degradation.

8. Water Quality And Human Health

Safe and adequate water supply is a key resource
for social and economic development validated by
many international organizations like the World
Health Organization (WHO), the United Nations Ed-
ucational, Scientific and Cultural Organization (UN-
ESCO), the United Nations Environment Programme
(UNEP) and and the Food and Agriculture Organi-
zation of the United Nations (FAO). The United Na-
tions General Assembly and the United Nations Hu-
man Rights Council recognized in 2010 the human
right for safe water and sanitation with a strong
participation of Brazilian government (Heller, 2015).
However, the WHO & UNICEF (2017) report recently
pointed out that only 71% of the global population
(5.2 billion people) is supplied with a safe drinking
water service available when needed and free from
contamination. Therefore, 29% of the global popu-
lation (2 billion people) still does not have access to
this service. Data showed that only 65% of the pop-
ulation in Latin America uses safe drinking water.
Sanitation service data are more critical. Only 39%
of the global population (2.9 billion people) uses a
safe, managed sanitation service (ie. excreta safe-
ly disposed of ‘in situ’ or treated off-site). For Latin
America this percentage drops to 22%, the smallest
value among all regions analyzed.

Human health is both directly and indirectly
impacted by the water quality. Outbreaks of wa-
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terborne diseases (cholera and infections as lepto-
spirosis and viruses) common in urban areas may
occur as a result of contaminated or inadequate
water supply, sometimes affecting thousands of
people and causing many deaths. Outbreaks of vec-
tor-borne diseases such as malaria and dengue fe-
ver, mosquitoes and intermediate hosts (snails)
that harbor the worm that causes schistosomiasis
can also occur. Globally, there are nearly 1.7 billion
cases of childhood diarrheal disease every year.
This disease remains as one of the leading causes of
child mortality and morbidity in the world, killing
around 525,000 five-year-old and younger per year.
However, a significant proportion of the diarrheal
disease can be prevented through safe drinking wa-
ter and adequate sanitation and hygiene (WHO &
UNICEF 2017).

Besides this classical scenario of hazards re-
lated with water quality, other impacts on human
health through unsafe water use may arise from
natural toxic agents (e.g. biological toxins, such as
those from cyanobacteria and arsenic) or from an-
thropogenic sources (pesticides, pharmaceutical
compounds or other chemical contaminants). In-
direct impact is also related with water availabil-
ity in food production. For example, agricultural
productivity is tied to food security consequences
in regions where severe droughts or flooding are
frequent.

Considering water availability as the first step
to guarantee safe drinking water and sanitation
services, knowledge that Brazil has 12% of the
world’s water availability leads to a false concept
of a wealthy water supply for different services as
human consumption, agricultural and industrial
use, recreation, and energy production. As report-
ed in this document, there are important regional
disparities. While the North region reaches 68.5%
of national water storage with 6.8% of Brazilian
population, water availability for human use in the
Northeast region is only 3.3% for 28.9% of the Bra-
zilian population. In the most populated and devel-
oped region of Brazil (ie. Southeast), only 6% of
Brazil’s water availability supplies the highest per-
centage of Brazilian population (42.7%) (Augusto et
al,, 2012). On average, 83.3% of Brazilian people is
supplied with safe drinking water, but the dispari-
ties are great. In the Southeast region, this percent-
age is 91.24% and in the North region, only 55.38%

(SNIS 2016). It is important to point out that 34 mil-
lion Brazilians still do not have access to drinking
water pipelines in their houses. Recent data on san-
itation service reinforces this regional discrepancy.
On average, 51.92% of the population has access to
sanitation facilities connected to a sewer system
from which only 44.92% of wastewater is treated.
At the North region only 10.45% of wastewater is
connected to a sewer net, while this service covers
78.57% in the Southeast region (SNIS, 2016).

The link between poverty and occurrence of wa-
terborne diseases is very notorious. Population that
lacks these services is predominantly located in the
peripheral areas of urban centers and in areas of in-
formal urbanization, which indicates the need for
adopting integrated programs for urban develop-
ment. This picture is in accordance to some public
health data. In 2013, 340 thousand people were hos-
pitalized with gastrointestinal infections. If 100% of
the population had access to sewage system there
would be a reduction, in absolute terms, of 74.600
hospitalizations, 56% of which would occur in the
Northeast region (Instituto Trata Brasil-DATASUS,
2014). Among waterborne diseases, diarrhea is the
most frequently registered. Diseases related to fae-
cal-oral transmission as diarrhea, enteric fever and
hepatitis A were responsible for 87% of the hospi-
talizations caused by inadequate sanitation service
from 2000 to 2013.

Water resources contamination including
drinking water supplies by human excreta remains
a major human health concern. In contrast, the
importance of toxic natural microorganisms and
their toxins as cyanobacteria/cyanotoxins and tox-
ic compounds, such as heavy metals and synthet-
ic organic contaminants, has only emerged in the
last half of the XX century. This concern is connect-
ed to the recognition of artificial eutrophication as
a developing problem since the 1950s. Human-led
increased eutrophication in fresh and coastal wa-
ter has caused enrichment of nutrients and other
pollutant. It has become much more widespread in
some regions where the advance rates of agricul-
ture, industry, and urbanization has experienced
rapid increase, but without being followed by an
improvement in wastewater treatment. This arti-
ficial eutrophication affects water quality, includ-
ing higher incidence of microalgae and cyanobac-
teria blooms, and has negative consequences to

110



m
I

WATER QUALITY IN THE AMERICAS | BRAZIL

the efficiency and cost of water treatment. In Bra-
zil, bloom occurrence is intensified by the fact that
most aquatic ecosystems have the necessary char-
acteristics for an intense growth of cyanobacteria
throughout the year.

Cyanobacteria cannot be considered pathogen-
ic microorganisms in the classical sense because al-
though several strains of different species can pro-
duce bioactive and toxic secondary metabolites for
mammalians, a large part of these compounds will
only be released into water after the cyanobacterial
cell lysis. The quality of water may be more com-
promised by the presence of dissolved cyanotoxins
than by viable forms of cyanobacterial cells, which
could potentially be removed during the conven-
tional water treatment. However, this procedure
may lead to rupture of the cells of these microor-
ganisms due to the chemicals used during the treat-
ment process. Cyanobacteria are also often asso-
ciated with the production of compounds that are
responsible for taste and odor in drinking water. Al-
though these compounds cannot be considered as
toxic as the cyanotoxins, their presence concerns
health authorities given that such compounds fre-
quently result in rejection of the potable water by
the population, which in turn leads them to seek
alternative sources of water supply. Aquatic envi-
ronments located in areas of strong anthropogen-
ic impact had a high dominance of cyanobacteria
and occurrence of blooms. Potentially toxic species
of cyanobacteria have been identified in at least 11
out of 26 Brazilian states, the majority of these re-
cords coming from multiple use reservoirs (Azeve-
do, 2005). In some cases, the cyanobacterial bloom
can disappear from the reservoir before health au-
thorities consider them a human health risk. This
happens because the authorities may be unaware of
the potential damages resulting from cyanobacteria
blooms and therefore they assume that the conven-
tional water treatment system is capable of remov-
ing any potential problem.

Water contamination by heavy metals and syn-
thetic organic compounds as pesticides or pharma-
ceutical drugs occur due to the inadequate waste-
water discharge into aquatic environments. Only
recently human exposure to certain heavy metals,
such as methyl mercury (MeHg), cadmium (Cd), and
lead (Pb) was considered a health risk. Aquatic sys-
tems are particularly sensitive to synthetic organ-

ic pollutants due to their chemical characteristics,
which may favor bioaccumulation along the aquat-
ic food chain. Reservoirs are more susceptible to
contamination by metals and other pollutants be-
cause of their mobilization from flooded soils. One
important potential consequence of damming is the
intensification in the production of methyl mercury,
associated to the anaerobic degradation of organ-
ic matter. In tropical reservoirs, the Hg methylation
process is favored by the high water temperature
that favors the intensified microbiotic activity and
the reducing conditions in the hypolimnium (Con-
falonieri et al., 2010).

It is also important to consider that water avail-
ability in Brazil largely depends on the weather.
Climate change studies have already indicated a
reduction in the amount of rain in the North and
Northeast regions of the country of up to 20% by
the end of the XXI Century (Marengo, 2008). Chang-
es in weather and climatic patterns are affecting
human health by increasing morbidity, mortality,
disabilities, and by the emergence of diseases in
previously non-endemic regions. Multiple factors
are associated with the region’s vulnerability to cli-
mate change, water quality and sanitation services.
It is well known that water scarcity in the Northeast
region affects health of the population, and most
of the health problems derive from socio-environ-
mental processes caused by drought. Outbreaks of
vector and waterborne diseases can be triggered by
extreme events. There is some good epidemiologi-
cal evidence of human health risk linked to climate
variability. Most of that evidence comes from ma-
laria studies. The number of cases of malaria has in-
creased in urban and rural Amazonian area under-
going large environmental changes. El Nifio drives
malaria outbreaks and linkages between ENSO and
malaria is also reported for Amazonia (Oki & Kanae,
2006, Field et al, 2014). The link between malaria
and El Nifio is due, in part, to the increasing amount
of surface water providing breeding sites for mos-
quitoes. Unlike malaria, dengue fever (DF) is most-
ly an urban disease whose vector is also affected
by climate. In Rio de Janeiro, a 1°C increase in the
monthly minimum temperature led to 45% increase
of DF in the subsequent month, while a 10-millime-
ter rise in precipitation led to a 6% increase in DF in
the following month (Gomes et al., 2012). Schistoso-
miasis (SCH) is endemic in rural and peripheral ur-
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banized regions of Brazil. It is highly likely that SCH
will increase in a warmer climate. Hantaviruses as
well have their prevalence increased due to El Nifio
and climate change events. Also, incidence of viscer-
al leishmaniosis has increased in Brazil in associa-
tion to El Nifio and deforestation (Field et al., 2014).

The data discussed here shows that the relation-
ship between water and health conditions is usual-
ly very complex and mediated by several factors of
physical-geographical, socio-environmental, eco-
nomic, and cultural nature. Indeed, all sectors of the
development nexus are interlinked through water.
The growth of population and economic activities
are linked to water availability and use in agricul-
ture, industry, energy consumption, and domestic
purposes. These factors contribute to an increasing
demand on the local and regional water supplies.
These forces are rapidly accelerating, often with un-
predictable changes that represent new uncertain-
ties for water managers, which poses an increas-
ing risk for public health. At the same time, climate
change is generating new uncertainties regarding
freshwater supplies and to the multiple sectors of
water use. As water availability becomes more un-
certain, society will become more vulnerable to a
wide range of risks associated with inadequate wa-
ter supply, including hunger and thirst, high rates
of disease and death, loss of productivity and eco-
nomic crises, and degraded ecosystems. Therefore,
these challenges require an urgent implementation
of policies that will be able to serve as a tool for
monitoring the access and use of good-quality and
its relations with health indicators.

9. Water Quality And Economic Impact

Identifying and estimating the significance of im-
pact on water quality is of relevance to policy mak-
ers seeking to promote sustainable water resources
management and wider economic development. A
failure to account for externality effects leads to a
misallocation of resources to an inappropriate mix
of land uses and inappropriate management of in-
dividual parcels of land (Moxey, 2012). The econom-
ics of clean water is strictly related to its different
uses and shall be valued accordingly for: agricultur-
al irrigation, industry, households, water-based rec-
reation (fish, wildlife habitat and navigation), wa-

ter load dilution, hydroelectric power generation,
conservation of biodiversity, and health. In Brazil,
a whole set of problems resulting from the inten-
sification of human activities such as urbanization,
industrialization, agriculture, and energy produc-
tion leads to economic impacts of major propor-
tions not yet properly measured but certainly very
significant (Tundisi et al., 2015). For example, wa-
ter treatment for potable water production is ex-
tremely expensive. About US$ 60.00 to US$ 90.00
is required for the production of 1,000 m?® of drink-
ing water from degraded sources. Instead, the cost
to treat pristine and uncontaminated waters may
reach a maximum of US$ 3.00 (Tundisi & Matsumu-
ra-Tundisi, 2010). However, there are other exter-
nalities’ effects: hospitalizations due to waterborne
diseases as well number of hours lost in school due
to absence; number of hours of work lost due to ill-
ness from contaminated water or intoxication by
toxic substances.

Recreation, tourism, public supplies are threat-
ened by eutrophication and silting, which rep-
resents the impact of nitrogen and phosphorus on
untreated sewage and soil erosion. Between 30 and
40 percent of the world’s food comes from the irri-
gated 16 percent of the total cultivated land; around
one-fifth of the total value of fish production comes
from freshwater aquaculture; and current global
livestock drinking-water requirements are 60 bil-
lion liters per day (forecasts estimate an increase of
0.4 billion liters per year). In Brazil, only 5.4 million
hectares are under irrigation considering its poten-
tial of 29.6 million hectares. Runoff, soil loss, and
leaching of chemicals are particularly of great con-
cern considering the tropical climate with its high
intensity rainfalls in areas under fragile soils and
inadequate management practices.

Regarding chemical contamination of water
from non-point pollution sources such as the agri-
culture ones, the Brazilian market for pesticides is
in the world’s top level. The industry of pesticides
accounted for US$ 9.71 billion dollars, according to
2012 data, referring to 823,226 tons of commercial
product and 346,583 tons of active ingredient added
to a total of 29.53 million tons of fertilizers. In ad-
dition, the impact of climate change, demography,
land use and the impact of new and emerging con-
taminants on surface and groundwater must also
be considered. These pollutants are the result of the
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addition of drugs, cosmetics, antibiotics, hormones,
nanomaterials, paints and coatings dissolved in riv-
er waters, dams and groundwater and constitute
the most recent threat to human health, biodiversi-
ty, and ecosystem functioning (Boxall, 2012).

Reliable water resources database to promote
recovery and conservation policies (ex. water and
nutrients reuse) is a must. Economic assessment
of water pollution must be prioritized. Finally, ad-
vanced technologies as big data, robotics, internet
of things, and 3-D manufacturing is making real the
integration of urban, rural, and industrial spaces
and societal activities. Predictive models and sim-
ulations using big data tools shall be exploited to
promote intelligent and long-term water quality
management.

10. Water Quality And Surrogate
Variables: The Alto Tieté River Basin

Several plans and studies have recently been made
to critically evaluate the drinking water supply in
Brazil. Among them, there are different security
plans for water supply in Brazil and international-
ly (SUS, 2012; Bensousson et al., 2012; PAHO/WHO,
2012; BRAZIL, 2014). Even though these publications
outline good proposals, they did not consider fun-
damental aspects of normalization, criteria for wa-
ter treatment, and the traditional Brazilian opera-
tional procedures adopted by water companies. So,
the Ordinance MS-2914/2011 was based on foreign
standards or from the WHO Guidelines, without be-
ing adapted to social, technical, and public health of
Brazilian conditions.

The evolution of guidelines and standards re-
lated to public health are not based only on epide-
miological and toxicological studies. Technological
development, socioeconomic, cultural, and hygiene
practices as well as public sensitivity and percep-
tion play an imperative role on stablishing guide-
lines for quality criteria to ensure health protection
of consumers (Hespanhol & Prost, 1994). The work
done by WHO is divided in two phases. The first
phase is the preparation of WHO Guidelines, which
are done based on a risk-benefit approach by the
Collaborating Centers of WHO (all of them situated
in industrialized countries), according to their spe-
cialty on one or several variables. These guidelines

specify maximum concentrations of various bioac-
tive substances in drinking water by considering a
minimum or tolerable reference risk (risk equal to
10°® of developing the disease in 70 years). The sec-
ond phase, risk management, is to assist developing
countries in the preparation of their own national
standards and regulations considering their spe-
cific environmental, social, economic, and cultural
conditions. However, excessively restrict consider-
ations and policies may endanger public health by
not allowing their effective application due to eco-
nomic reasons.

In relation to traditional procedures within
water companies, many industrialized countries
recycle filtered backwash waters into the water
treatment plant with previous treatment to avoid
bacteria, protozoa (mainly Cryptosporidium sp.),
solids and organic matter to return to the plant. In
Brazil, on the other hand, filter’s backwash waters
are recycled to the plant without treatment. This
generate a build up of those pollutants in the plant,
jeopardizing the production of safe water. This and
other practices lead to severe problems in pub-
lic water supply. For example, during the drought
that affected Sdo Paulo in 2015 (Kelman, 2015), wa-
ter distribution companies adopted the emergen-
cy measure of stopping the water distribution to
some sectors of the city in a time span ranging from
a few hours to a couple of days. When water dis-
tribution is interrupted and users continue to draw
water from the network it causes negative pressure
inside pipes and, due to precarious conditions (e.g.
cracks), external matter is sucked inside the tubes.
When the water distribution restarts, a huge mass
of pollutants is delivered to users. Therefore, in-
termittent supply operation should be officially
forbidden.

The Metropolitan Region of Sao Paulo (MRSP)
comprises the city of Sdo Paulo and 38 adjacent cit-
ies. The whole areais 700 m above sealevel and most
of it is situated in the Alto Tieté river basin (upper
Tieté River basin). Currently, the population size is
about 21 million people and is estimated to reach
25 million by 2025. Surface water from superficial
reservoirs for drinking supply (Cantareira, Guarapi-
ranga, Alto Tieté, etc.) totals 74 m® s*. Adding anoth-
ertom?3s of ground water, the overall available wa-
ter is around 84 m? s™. About 80% of this water (67
m? s™) becomes raw wastewater. Since the installed
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capacity of wastewater treatment is only 18 m? s7,
the difference of 49 m® s is discharged without any
treatment into the waterways (i.e. rivers and res-
ervoirs). This critical situation will become worse
when the transposition of new waters from other
water bodies (i.e. Sdo Lourengo River, Paraiba do
Sul Reservoir, Billings Reservoir, Taiagupeba, Itatin-
ga-Jundiai, Guaid, Juquia-Santa Rita and Itapanhat)
bring an additional 20 m® s of water to the MRSP.
Considering water losses between 20% to 80% as
change from water to wastewater, this operation
will generate an extra 13 m? s of raw wastewater.

Several attempts were made to control water
pollution in this river basin. As early as 1953, a plan
involving the construction of six wastewater treat-
ment plants at secondary level was proposed by the
city of Sdo Paulo. Since then, many other plans were
proposed, however, only in the late 1980s and early
1990s, did the construction of the SANEGRAN Proj-
ect take place. This project included, among oth-
er features, a wastewater plant with a treatment
capacity of 63m?® s™. With exception of the SANE-
GRAM Project, none of the other projects were
accomplished.

In the mid 70’s, a state law in Sao Paulo (State
Law n® 997, 1976) required industries to discharge
wastewater into the public sewer network whenev-
er possible. The organic load of 370,000 kg BOD d*
at the outlet of the process was reduced to 150,000
kg BOD d* in September 1994, and the inorganic
load from 4,700 to 1,600 kg d* (Figure 1; BOD - Bio-
logical Oxygen Demand). This program was abrupt-
ly ended by September 1994.

In September 1991, the State Government
launched the Tieté Project and the STAR (Sistema
de Tratamento de Aguas Residuérias or Treatment
System for Raw Wastewater) to clean up the rivers
and reservoirs of the Metropolitan Sao Paulo (Fig-
ure 2).

The plans for drinking water are essential for
making the direct potable reuse a reality. Direct po-
table reuse should consider multiple complemen-
tary barriers for water treatment, such as ultra-
filtration, double pass reverse osmosis, advanced
oxidative process, active carbon, and disinfection.
This would make it possible to produce high quality
water free from organic and inorganic matter, en-
docrine disruptors, pharmaceutical pollutants, and
nanoparticles. The creation of technical groups to

Figure 1. Reduction of industrial loads between 1991 and 1994
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study, discuss, and elaborate regulations and stan-
dards for water quality is strongly recommended.
These studies must be supported by scientists, mi-
crobiologists, epidemiologists, toxicologists, biol-
ogists, and environmental engineers from Brazil
and abroad to produce regulation under Brazilian
conditions and not only the biased viewpoint from
specialists from water companies and from entities
for health and environmental regulation. In addi-
tion, if decision makers do not consider the source
control, the quality of water produced by conven-
tional systems will degrade even faster. This is why
source control must be mandatory in all water qual-
ity plans.
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A new generation for regulations is present-
ed focusing on a new paradigm to reformulate the
conventional methodology and criteria to evalu-
ate programs associated with public health, such
as drinking water, water reuse, and sludge uses in
agriculture. This new generation of standards will
make the water security plans more realistic and
will reduce monitoring costs. The term surrogate
is used to indicate a substitute for a group of vari-
ables. Surrogate variables such as microorganisms,
particles or substances are used to evaluate the
fate of pathogens in the environment. The discov-
ery of the coliform Escherichia coli in feces and the
methods used for its identification in contaminat-
ed waters revolutionized the sanitation field as the
E. coli could be used as a simple indicator of many
waterborne pathogenic organisms. If there is E.coli
in water, it is likely to have other contaminants as
well. Therefore, its use as surrogate variable helps
to evaluate the efficiency of water treatment (Sin-
clair et al,, 2012). Several surrogate variables are in

use today. The most widely known is the Biological
Oxygen Demand (BOD), which is used to evaluate
the concentration of biodegradable organic matter
in water, wastewater and industrial effluents.

Surrogate variables should be evaluated by
their correlation with groups of variables repre-
sented in terms of Qualitative Surrogate Attribute
Prioritization (QSAP), which are to be certificated
by Qualitative Microbial Risk Assessment (QMRA).
They should be no longer based in proposal of vari-
ables by “specialists”. Figure 3 shows a conceptual
scheme for decision-making starting from the defi-
nition of the specific theme to be regulated and the
elaboration of a list of possible surrogate variables
as a function of practical, biologic, and environmen-
tal aspects of interest. QMRA selects the most ade-
quate variables, determines the exposure level, the
dose-response, and the risk.

Surrogate variables have been used to evalu-
ate the quality of reuse waters for potable uses.
In Perth, Australia, the Beenyup Advanced Waste-

Figure 3. Conceptual structure of decisions to select surrogate variables (Sinclair et al., 2012)
trihalometanes (Edzwald et al., 1985)

Define Problem

’ Hazard Identification & Problem Statement ‘

Detail Experimental Context

Natural System or Engineered System?
Transport & Survival or Removal & Desinfection?

Prioritize Surrogate Attributes (QSAP)

Practical Attributes
Safety
Available in high numbers
Automation
Speed of Detection
Viability assay possible

Benchmarked and validated
Common in environment

Biological Attributes
Funtional morphology
Genetic / taxonomic similarity
Hydrophobicity
Resistance
Genetic stability
Prior treatment

Environmental Attributes
Temperature
pH
Relative humidity
UV (sunlight and temp.)
Organic content / nutrients
Biofilm and native organisms
Natural of release

QN\RP\

Develop List of Possible Surrogates

|

Select Surrogate (s) ‘

Conduct experiment

’ Exposure Assessment ‘

¥

Dose Response & Risk Characterization




WATER QUALITY IN THE AMERICAS | BRAZIL

water Treatment was equipped with ultrafiltra-
tion membranes, reverse osmosis, and UV radia-
tion disinfection. The effluent is infiltrated through
managed aquifer recharge into the sandy aquifer of
Leederville, acting as environmental buffer, to pro-
duce drinking water (Australian Water Corpora-
tion, Project Water Forever-Whatever The Weather,
Beenyup Advanced Wastewater Reclamation Plant,
Perth, Australia, 2013).

This discussion is relevant to introduce some
basic aspects about regulations in Brazil, focusing
on the Alto Tieté River Basin in Sdo Paulo. A deep
evaluation on how the command and control me-
chanics work in Sdo Paulo led this discussion to
question whether the parameters adopted to con-
trol water quality are coherent to the current real-
ity or not. This evaluation focused on how the En-
vironmental Sanitation Technology Company of the
state (CETESB) monitors the industrial effluent dis-
charges. In practical terms, it is notorious that the
standards adopted as reference in Sdo Paulo, as
well as in the rest of the country, are copied from
WHO guidelines and USEPA guidelines (which-
ever is the most restrictive, sometimes rounding
some numbers). This premise goes, unfortunately,
against what WHO advocates about adapting their
guidelines to local standards for risk evaluation re-
lated to water consumption. Hence, using pre-es-
tablished international values without further eval-
uation may jeopardize the main purpose of the risk
analysis, which is to guarantee the safety of the
consumers. The main questions that come up in
the current scenario are: (1) are there compounds
in Brazil that offer a risk to human health but are
not considered by either WHO or USEPA? and (2)
are people in Brazil investing precious resources to
monitor compounds that may not even be present
in local waters?

11. Emerging Risks For Water
Quality: Climate Change

Over the last 50 years, nutrient enrichment (partic-
ularly nitrogen and phosphorus) due to human ac-
tivities promoted accelerated eutrophication rates.
Urban, industrial, and agricultural developments
are the main causes of this process. In freshwa-
ter ecosystems, phosphorus availability has been

viewed as a key factor to limit algal growth. Prolif-
eration of cyanobacteria is thus prevented by the
lack of phosphorus in the freshwater ecosystems
(Schindler et al.,, 2008). However, the increase in
nitrogen load at higher rates than phosphorus can
also stimulate eutrophication of estuarine, coastal,
and freshwater ecosystems around the world (Paerl
& Dawnl, 2012). Besides eutrophication due to ex-
cess of phosphorus and nitrogen, another process
is effectively acting as a stimulator of cyanobacte-
rial growth and water quality deterioration: the cli-
matic changes in the hydrological system affecting
the physical and chemical environment, metabo-
lism, growth rates, and bloom formation (Paerl et
al., 2011).

An increase of 2°C of the surface water tempera-
ture can affect the growth rate of all phytoplankton
species and promote rapid increase in cyanobacte-
rial growth rates, causing bloom formation (Paerl
& Huismain, 2008). Large masses of cyanobacteria
will considerably change the water quality due to
the production of antioxidant enzymes and other
excreta. This deteriorates the water quality in water
bodies and has negative consequences to society as
described earlier in this document.

Toxic substances produced by some cyanobac-
teria species can also be added to the dissolved or-
ganic matter content of the water and interfere with
pH and the physic-chemical equilibrium. This can
also lead to mass killing of fish and aquatic birds
and consequently impact human health. Evidenc-
es of the impacts of climatic changes and its effects
on the hydrological and water quality conditions
in lakes and reservoirs are accumulating during
the last 20 years. For example, a survey of 143 lakes
along a latitudinal gradient from Northern Europe
to Southern South America revealed an increase in
cyanobacteria-driven phytoplankton biomass that
was directly related to temperature (Kosten et al.,
2011). As for the geographic distribution, Cylindros-
permopsis raciborskii has a strong capacity of ad-
aptation, prefers water temperatures above 20°C,
and is adapted to low light conditions. Today, it is
widespread in all continents. In Brazil, Tundisi et al.
(2005) reported an effect of global change detected
at Lobo-Broa reservoir, in Sdo Paulo State. Chang-
es in the hydrological cycle due to climate change,
causing extreme events such as longer drought pe-
riods followed by heavy rains also has an impact on
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phytoplankton growth. This relation is described in
more detail latter in this text (16. Case Study: Broa
Reservoir).

12. Emerging Risks For Water Quality:
Agriculture (Pesticides, Herbicides,
Hormones)

In recent years, there has been increasing con-
cern over the environmental risks of the Emerging
Contaminants (EC). ECs originate from a variety
of product types including human pharmaceuti-
cals, veterinary medicines, nanomaterials, personal
care products, paints, and coatings. Some ECs are
not necessarily new chemicals; they may be pre-ex-
isting substances in the environment, but whose
presence and significance are only now being rec-
ognized. Some examples are natural and transfor-
mation products of synthetic chemicals formed in
the environment by biochemical processes in ani-
mals, plants, and microbes. Data on ECs are often
scarce and methods for detection in the natural en-
vironment may be non-existent or in its infancy.

Evaluating the environmental fate and effects of
ECs includes research on compounds such as sur-
factants, antibiotics and other pharmaceuticals,
steroid hormones and other endocrine-disrupting
compounds (EDCs), fire retardants, sunscreens,
disinfection byproducts, new pesticides and its me-
tabolites, and naturally-occurring algal toxins. De-
tection of these contaminants in environmental
matrices (water, wastewater, soils and sediments)
is particularly challenging because of the low detec-
tion limits required, the complex nature of the sam-
ples, and difficulty in separating these compounds
from interferences. New extraction and cleanup
techniques coupled with improvements in instru-
mental technologies to provide the needed sensi-
tivity and specificity for accurate measurements
are very promising.

Relevant contaminants are ECs (particularly
hormones and anabolic steroids), antibiotics and
other pharmaceuticals associated with wastewater,
and antibiotic resistance genes in bacteria and pri-
ons (Snow et al,, 2009; 2017). In Latin America and
tropical countries, very few studies exist and none
of those is specifically targeted to agricultural envi-
ronments (Sodré et al., 2010; Campanha et al., 2015;

Machado et al., 2016). The related studies in agricul-
tural systems have detected a range of ECs gener-
ally reporting very low concentrations (i.e. in the
ng L™ range) (Boxall, 2012). ECs of different classes
were detected in waters, such as triclosan, caffeine,
atrazine, paracetamol, atenolol, estrone, 17-3-estra-
diol, stigmasterol, cholesterol, and bisphenol. The
impacts of ECs in and from agricultural systems will
be increasingly relevant in the near future under
the scenario of land use, demographic growth, cli-
mate change, global increase of food, fiber and en-
ergy demands and its impact on agricultural supply.
In addition, intensification of agriculture practices
is expected for the next decades. Natural resourc-
es such as land, water, air, and biodiversity will be
highly scarce and the spatial border separating ur-
ban from rural areas will disappear. Finally, poli-
cy-makers and scientists will have to cooperate to
create an initial environmental ECs priority list, to
address the consumer demands for safety and the
lack of conceptual models for ECs in the environ-
ment. Environmental risk assessment schemes al-
ready exist in certain regions, however research
and policy strategies for ECs and agriculture in the
tropics are urgently needed.

13. Reducing Vulnerability:
Urban Areas

Today, cities are the engine of the economic devel-
opment of several developed and developing coun-
tries. More than 50% of the world human popula-
tion is urban. In Latin America, 82% of the human
population is living in large metropolis, medium
sized, or small cities. Therefore, water quality in ur-
ban regions is fundamental for sustainability. Vul-
nerability in cities is related to lack of sanitation
especially in periurban regions and low percent-
age of wastewater treatment (in Latin America ap-
proximately 20% of wastewater is treated). Another
vulnerable region of the urban ecosystem is the de-
forestation of uptown watersheds that supply wa-
ter for the city. Deforestation leads to losses in the
quantity of water due to lack of replenishment of
surface and ground supplies. At the same time, de-
forested areas also reduce water quality and more
chemical treatment is needed to produce potable
water. (Tundisi et al., 2010).
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Integrated water resources management ac-
counting for water quality and quantity in surface
and underground sources are fundamental to re-
duce the vulnerability of cities to water security.
The protection of riparian vegetation and the veg-
etation at the sources of supply is an important
measure and promotes water replenishment and
actively produces better water quality (Tundisi et
al., 2015). Wastewater treatment and water reuse
are other important measures of management with
economic and human health impacts. Water reuse
is a low-cost opportunity to increase the current
supply of water (Nasiri et al., 2013). Monitoring wa-
ter sources around towns and in urban rivers is an-
other consistent sustainability measure. With such
monitoring the information flows and people’s in-
volvement can be optimized and stimulate commu-
nication in water science and water planning.

The implementation of urban forest parks could
increase the sustainability and promote the cre-
ation of green areas in cities while creating new op-
portunities for education, research, water supply,
atmosphere, and clean air. Equally important is the
protection of natural wetlands at the watersheds of
the urban areas. Introduction of new and advanced
legislation at the municipalities could consider-
ably advance the reduction of urban vulnerability
as well as 1) stimulate programs of re-vegetation of
urban areas; 2) decentralize wastewater treatment
systems; 3) use rain water in new buildings and
houses; 4) introduce new environmental courses
at schools. Reducing vulnerability to water security
at urban ecosystems implies in biogeophysic, eco-
nomic, and social measures with a strong scientific
and technological background and a robust partici-
pation of the people.

14. Reducing Vulnerability:
The Mineral Sector

Water has been recognized as a strategic issue for
the mining sector as most processes need consider-
able amounts of water to operate. The participation
of the mineral sector in the overall water consump-
tion is small (< 10%) compared to the agribusiness
(> 70%) (ANA, 2017). However, the local interfer-
ences on water resources cannot be neglected, es-

pecially in light of the events of water scarcity in
places where water resources have been tradition-
ally considered abundant. Water has also emerged
as one of the most significant causes of social and
economic tension between industry and local com-
munities, who in turn are often concerned with the
risks of depletion and deterioration of surface and
groundwater resources. These conflicts directly in-
fluence how society perceives mining operations
and in turn, the sector’s ability to achieve the social
license to operate. There are, in summary, several
reasons for decreasing vulnerabilities by improv-
ing water management: (1) increase access to wa-
ter resources; (2) reduce managementrisks (e.g., by
reducing water consumption and creating self-suf-
ficient water use, with decreasing need of new re-
sources); (3) decrease competition with other us-
ers, especially during events of scarcity and other
extreme conditions; (4) saving drinking water for
the preservation of life; and (5) build a positive re-
lationship with stakeholders to ensure the license
to operate, among other factors.

As a result, increasing the efficiency of water
use has been perhaps the main driving force for the
recent advances we have witnessed in the miner-
al sector. The increase in water recycling and use
of saline, brackish, sewage and rain water, thus de-
creasing the use of noble water; the minimization
of leakages and losses in industrial operations are
some improvements that deserve to be highlighted.
The increasing participation of the mineral sector
in finding solutions for water scarcity in nearby ur-
ban areas is worth mentioning as well (Ciminelli et
al,, 2015). There are various industrial experiences
showing that increasing efficiency in the use of wa-
ter results in the reduction of costs and generation
of new revenues. This creates a virtuous cycle and
stimulates new and ambitious investments.

What are the main challenges? The first one
is perhaps the fact that the sector is quite hetero-
geneous and therefore good practices should be
disseminated among all. Another topic to be ad-
dressed is the increasing number of artisanal min-
ing or garimpo, often illegal, in many regions in
Latin America. This creates uncontrolled impacts
on water resources and great vulnerability in the
mined territories. The impacts of artisanal mining
are not caused by the lack of technology. It is rath-
er a social and economic issue related to the lack of
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education and infrastructure, poverty and inequal-
ity, prevalence of economic interests, and the fail-
ure of the state to implement public policies and
law enforcement. The 2015 failure of a tailings dam
in Brazil added pressure on water/tailings manage-
ment, and more emphasis on less-dependent water
operations, such as dry processing and dry tailing
disposal.

Finally, it is clear that water security is essen-
tial for the mineral industry to remain competitive
and cannot be achieved without a commitment of
all stakeholders. Cooperation between different
production chains, between industry, society, and
governmental agencies is required. An integrated,
systemic, and multidisciplinary approach to as-
sess water quality and availability should rely on
a sound, well-designed, and reliable database (e.g.
real-time metrics). Sharing experiences, knowl-
edge, competencies, information, and responsibili-
ty should be expected in the future. This approach
is increasingly needed to guarantee a good quality
of life and the sustainability of shared territories.

15. Reducing Vulnerability:
Biodiversity

Brazil is well known to be one of the richest coun-
tries in the world in terms of biodiversity. We are
very proud to know Brazil as a megadiverse coun-
try. However, what is effectively known about this
megadiversity? Since 2009, Brazil is showing some
concern about the preservation of its biodiversi-
ty, mainly the aquatic one. Also in 2009, a research
project carried out by the Brazilian Institute of Ge-
ography and Statistics (IBGE) warned the risk of ex-
tinction of at least 238 species, which created some
concern of governmental, non-governmental, and
private institutions. This concern was also demon-
strated by the Federal Ministry of Environment that
admitted, at the time, that failed the country’s at-
tempt to improve the fishing resources manage-
ment to significantly benefit the sustainable pro-
cess and, consequently, the aquatic biodiversity
scenario in the country.

In 2018, still very little was done to improve this
scenario such that Brazil may start a cycle of great
progress in fishing activities without being proper-
ly prepared. However, biodiversity is not restricted

to fish and other marine products, but it is a very
broad term that considers, in the case of aquatic
biodiversity, both the set of the continental, coastal
and marine aquatic ecosystems and the organisms
living or spending part of their biological cycle in
such environments. Compared to knowledge about
diversity loss in the oceans, mainly of fish species of
economic interest, little or almost nothing is known
about other marine animals, and much less indeed
about freshwater species.

Only very recently did Brazil wake up to the bio-
diversity crisis. Perhaps, the only attempt to mea-
sure biodiversity loss in light of the continuous
aggravation of the eutrophication problem is the
Gargas time-series. This record includes 21 years
of uninterrupted monthly phytoplankton sampling
and simultaneous evaluation of environment char-
acteristics of the Gargas reservoir, a system located
at the Parque Estadual das Fontes do Ipiranga locat-
ed in the southern part of the Sdo Paulo municipality.
Furthermore, it revealed that of the 36 species of Cy-
anobacteria known to occur in the reservoir in 1997,
only four remained after an abrupt loss between
December 2003 and October 2008, which resulted in
loss of species richness and diversity. Among those
remaining, Planktothrix agardhii formed 97-98% of
the total biomass in November-December 2005. Mi-
crocystis aeruginosa, Microcystis panniformis and
Cylindrospermopsis raciborskii were the other spe-
cies, all of them Cyanobacteria that resisted the res-
ervoir’s rising eutrophication.

Some measures are broadly used in various
parts of the world in an attempt to mitigate eutro-
phication and loss of biodiversity. Among them are:
better management practices with optimization in
the use of fertilizers, reduction of intensive live-
stock, improvement of sewage treatment, resto-
ration of lost wetlands in order to increase P and
N retention capacity (mitigation of nutrient diffuse
loads), reestablishment of buffer zones along rivers
(riparian forests) and the water restriction by hu-
mans (intensive agriculture retreating in more vul-
nerable areas, improvement of the water recycling
in hydrographic basins, improvement of efficiency
of water allocation for their distinct uses and more
consistent drought control)

The challenges to be faced in Brazil will demand
alot more effort than that taken in Europe. The Bra-
zilian situation is aggravated by the lack of a con-
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solidated scientific base for the country and the
warmer climate, a fact that may lead to ineffective
management strategies of the aquatic ecosystems.
It is absolutely urgent, therefore, to establish exten-
sive multidisciplinary research programs that will
pursue, as far as possible, syntheses, inferences,
and the production of information based on the
monitoring of time-series, as well as the definition
of possible scientific gaps regarding the Brazilian
biodiversity.

16. Case Study: Broa Reservoir

The Carlos Botelho Hydroelectric Power Plant-UHE
(Lobo/Broa reservoir) was selected in 1971 for a
program of ecological research. In the last 47 years,
continuous sampling and studies allowed a thor-
ough characterization of this artificial ecosystem
and its watershed (Tundisi & Matsumura Tundisi,
2013). The functioning mechanisms of the reser-
voir were well studied which allowed for measures
to maintain good quality of water (i.e. low conduc-
tivity — average 10-20uScm™) by means of periodic
turbulence with re-oxygenation of the whole water
column, high saturation of oxygen (80-100%), low
retention time (< 20 days), and an extensive mac-
rophyte growth in the headwaters, ultimately pre-
venting high nutrient load and eutrophication. The
phytoplankton composition was consistent with
the oligomesotrophic characteristic of the reser-
voir: predominance of diatoms and chlorophyceae
with a maximum of 10pg/1 chlorophyll. However, in
the winter of July 2014 the following changes were
observed: a heavy bloom of cyanobacteria occurred
for the first time in the reservoir. This cyanobacte-
ria (Cylindrospermopsis raciborskii) is an invasive
species. Very high chlorophyll levels (up to 100pg/1)
were measured and high concentration and input
of phosphorus was also detected. The explanation
for this sudden appearance of blooms can be at-
tributed to the following factors: 1) increase of up
to 2°C above the average water temperature during
the winter; 2) lower rainfall during summer (30%
less of the yearly average of 1.500 mm) and increase
in the retention time (from <20 days up to 60 days)
in order to maintain volumes for hydroelectricity
production (Tundisi & Matsumura-Tundisi, 2018).
Effects on the overall economy of the region and

on the ecosystem services were already quantified

(Periotto & Tundisi, 2013).

As described by Paerl & Huisman (2008), glob-
al warming affects patterns of precipitation and
drought. The changes in the hydrological cycle en-
hanced cyanobacterial dominance. Heavy rains af-
ter extensive drought periods increased nutrient
input promoting phytoplankton growth. During pe-
riods of drought, residence time increases and pro-
motes blooms. Another consequence of this process
is the prevention of silica discharge into the reser-
voir reducing diatom growth due to extensive peri-
ods of drought. The Lobo/Broa reservoir had a pre-
dominance of Aulacoseira italica during many years
due to silica concentrations of up to smg/1. This ef-
fect of silica reduction was described by Schindler
(2006) in a review of eutrophication. As a result, the
Lobo/Broa reservoir is currently eutrophic. To our
understanding this is a clear evidence of an effect
of global changes at a local and regional freshwater
ecosystem.

The concepts and the scientific information
produced in last 47 years form the basis of the en-
vironmental planning. The selection of criteria was
based on general mechanisms of functioning and
the hierarchical structure of the sub-systems. These
criteria were chosen on the following principles:

i. The maintenance of basic processes in the wa-
tershed such as the input of allochthonous ma-
terial of organic origin in the rivers, and the low
residence time in the reservoir.

ii. The maintenance of spatial heterogeneity
based on the diversity presented by the gallery
forests along the streams, and the compart-
ments with macrophytes in the upper reservoir.

iii. The maintenance of adequate water quality in
surface water (rivers, small shallow wetlands,
reservoir) and groundwater.

iv. The regulation by law and projects of environ-
mental education on the use of (1) the reservoir
and (2) the watershed for recreation or other
activities.

v. The stopping of all activities known to cause se-
vere damage to the regional ecosystems, such
as mining operations; removal of vegetation;
introduction of exotic fish species in the reser-
voir (introduced at first in the decade of 1960);
overfishing, and activities that could disturb
wildlife in general.
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This planning produced a comprehensive syn-
thesis of activities based on the following systems
and compartments:

i.  The watershed

ii. The reservoir itself and its interaction with the
watershed

iii. The small rivers and streams, and the pattern
of drainage

iv. The vegetation and the gallery forests

v. The macrophyte vegetation in the small rivers

vi. The soil conservation

vii. The water quality; its conservation; sanitary
problems

Considering the wider context, the environ-
mental planning of the watershed consisted in per-
manent assistance of small communities in mon-
itoring the quality of water supply (surface or
groundwater) and in techniques of studying region-
al ecosystems. Recreation, small scale agriculture,
and fishing, are the main activities in progress in
the watershed and the reservoir. The guidelines for
these actions as well as the programs of environ-
mental education introduced a permanent system
of monitoring aiming to reestablish the lost envi-
ronmental services.

17. Case Study: Guarapiranga Reservoir

Guarapiranga is an emblematic reservoir in Bra-
zil and represents a challenging scenario between
good water quality and urbanization. Construction
of this reservoir for the generation of electric pow-
er for the city of Sdo Paulo started in 1906 and fin-
ished two years later. Due to the rapid growth of
the Metropolitan Region of Sao Paulo (MRSP) with
a population reaching about 800,000 inhabitants,
Guarapiranga became one of the most important
water public supply systems in 1929, besides be-
ing responsible for other environmental services
to the region. Until the mid-60s, changes in the soil
use and occupation did not affect the rural scenario
that dominated the reservoir margins. Despite the
population and urban growth having changed their
pace between 1940 and 1960, it was largely after the
70s that an augmented urban occupation developed
and accumulated high densities of piled-up allot-
ments and slum nuclei all in parallel to the absence

of adequate environmental occupation sanitation
infrastructure. Therefore, from the 70s on, this for-
merly isolated reservoir started to be a part of its
urban mesh.

Historical recovery of the environmental chang-
es was obtained from “clues” provided by distinct
environmental markers recorded in the sedimenta-
ry cores that included 100 years of reservoir history.
The eutrophic state dated since 1960 and was strong-
ly associated with the input of domestic effluents
and the growth of the land use and occupation im-
pact. Eutrophication triggered the occurrence and
increase of potentially toxic Cyanobacteria blooms
in the reservoir. Such organisms merit some great
preoccupation since they are the cause of several
economic, environmental, and health problems as
described earlier in this volume. Historically, at the
beginning of the 80s, Cyanobacteria blooms started
to be much more frequent, impairing the treatment
process of the water intended for public supply.
Throughout years 1990 and 1991 a phase of severe
eutrophication in the reservoir accompanied the
first reports of gastrointestinal disorder cases due
to Cyanobacteria (Dolichospermum solitarium) that
affected the population that relied on the reservoir
water. Contamination markers related to inorganic
micropollutants concentration (e.g. APH, aromatic
polycyclic hydrocarbons) were also detected in the
reservoir. Decrease in the C:N ratio from upstream
to downstream in the reservoir and the consequent
increase in the total nitrogen, 6N values suggested
an increase in the sewage discharge at the final por-
tion of the reservoir. High coprostanol (fecal sterol)
values confirmed the sewage presence in 70% of
the sampling stations used for the reservoir water
ecological quality evaluation. In the upstream area
of the reservoir, superficial layers presented low-
er fecal influence and a mixture of C and N sourc-
es ranging between algae and macrophytes. These
sources were represented by intermediate values of
C:N ratio and 6%C and by the dominance of campes-
terol, an algal sterol.

Inefficiency of collection and treatment sys-
tem for domestic effluents showed that the reser-
voir has been punctually but intensively receiving
high organic loads from its contributing water-
sheds during the last three decades. Added to the
scenario of a decrease of water availability between
the years 2013 and 2015, the Guarapiranga reservoir
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is close to overcoming its depuration power. Thus,
the reservoir will transition from an eutrophication
and intense sewage influence to a fecal contamina-
tion situation in which its ecological functions will
collapse. Very detailed information about the reser-

References

Agéncia Nacional de Aguas (ANA) (2005). Cadernos
de Recursos Hidricos. Panorama do enquadra-
mento dos corpos d’dgua. Ministério do Meio
Ambiente.

Agéncia Nacional de Aguas (ANA) (2010). Atlas Bra-
zil. Urban water supply. http://atlas.ana.gov.br/
Atlas/forms/Home.aspx (in Portuguese).

Agéncia Nacional de Aguas (ANA) (2017). Water re-
sources in Brazil 2017: full report. Conjuntura dos
recursos hidricos no Brasil 2017: relatdrio pleno.
Brasilia: ANA. 169 pp. (in Portuguese).

Alonso, L.R. & Serpa, E.L. (1994). O Controle da polu-
icdo Industrial no Projeto Tieté, 1994. Sdo Paulo:
Companhia de Tecnologia de Saneamento Ambi-
ental (CETESB).

Augusto, L.G.S., Gurgel, .G.D., Camara Neto, H.F,
Melo, C.H. & Costa, A.M. (2012). The global and
national context regarding the challenges in-
volved in ensuring adequate access to water for
human consumption. Ciéncia & Satide Coletiva
17(6): 1511-1522.

Australian Water Corporation, Project Water For-
ever-Whatever the Weather (2013). Beenyup
Advanced Water Treatment Plant: The Perth,
Australia.

Azevedo, S.M.F.0. (2005). South and Central Ameri-
ca: toxic cyanobacteria. En: Codd, G.A., Azevedo,
S.M.F.0., Bagchi, S.N., Burch, M.D., Carmichael,
W.W, Harding, WR., Kaya, K. & Utkilen, H.C.
(eds.). Cyanonet: a global network for cyanobac-
terial bloom and toxin risk management. Paris:
UNESCO-IHP. pp. 115-126.

Barbiero, L., Queiroz Neto, ].P, Gionei, G., Sakamo-
to, A.Y, Capellari, B., Fernandes, E. & Valles, V.
(2002). Geochemistry of water and ground wa-
ter in the Nhecolandia Pantanal of Mato Gros-
so, Brasil: variability and associated processes.
Wetlands 22(3): 528-540.

voir can be obtained in Bicudo & Bicudo (2017). The
Guarapiranga reservoir is a legacy of challenges and
lessons to be strongly considered during the pres-
ervation and recovery of all reservoirs threatened
with urbanization.

Barbiero, L., Rezende Filho, A., Furrquin, S.A.C., Fu-
rian, S., Sakamoto, A.Y,, Valles, V., Graham, R.C,,
Fort, M., Ferreira, R.PD. & Queiroz Neto, ].P.
(2008). Soil morphological control on saline
and freshwater lake hydrogeochemistry in the
Pantanal of Nhecolancia, Brazil. Geoderma 148:
91-106.

Bicudo, C.E.M. & Bicudo, D.C. (2017). 100 anos da
Represa de Guarapiranga: ligées e desafios. Curi-
tiba: Editora CRV. 504 pp.

Bourgeois, J.C., Walsh, M.E. & Magnon, G.A. (2004).
Treatment of drinking water residuals: compar-
ing sedimentation and dissolved air flotation
performance with optimal cations ratios. Water
Research 38: 1173-1182.

Boxall, A.B.A. (2012). New and emerging water pol-
lutants arising from agriculture. OECD study. 49
pp. www.oecd.org/agriculture /water

BRASIL. Lei n? 9.433, de 8 de janeiro de 1997. Insti-
tui a Politica Nacional de Recursos Hidricos, cria
o Sistema Nacional de Gerenciamento de Recur-
sos Hidricos, regulamenta o inciso XIX do art. 21
da Constituicdo Federal, e altera o art. 12 da Lei
n2 8.001, de 13 de margo de 1990, que modificou a
Lei n? 7.990, de 28 de dezembro de 1989.

BRASIL. Portaria da Consolidacdo no 5 de 28 de se-
tembro de 2017. Consolidagdo das normas so-
bre as agdes e os servicos de saude do Siste-
ma Unico de Satde. O Anexo XX dispde sobre o
controle e vigilancia da qualidade da agua para
consumo humano e seu padrao de potabilidade.
Ministério da Saudde.

BRASIL. Resolugdo CONAMA n? 357/2005, de 17 de
margo de 2005. Dispde sobre a classificacdo dos
corpos de dgua e diretrizes ambientais para o
seu enquadramento, bem como estabelece as
condi¢des e padrdes de lancamento de eflu-
entes; e da outras providéncias.

122



WATER QUALITY IN THE AMERICAS | BRAZIL

Campanha et al. (2015). A 3-year study on occur-
rence of emerging contaminants in an urban
stream of Sdo Paulo State of Southeast Brazil.
Environ Sci Pollut Res Int. 22(10): 7936-7947.

CETESB (2016). Contaminated areas. Portal do Gov-
erno do Estado de Sao Paulo. http://cetesb.
sp.gov.br/areas-contaminadas/relacao-de-ar-
eas-contaminadas/ (in Portuguese).

Ciminelli, V.S.T,, Salum, M.].G., Rubio, J., Peres, A.E.C.
(2015). Water and Mining (Agua e mineragio).
En: Aguas Doces no Brasil- Capital Ecolégico, Uso
e Conservagdo. Braga, B.; Tundisi, J.G.; Tundisi,
TM.; Ciminelli, VS.T. (orgs.), 4a ed., Escrituras
Editora, 2015, pp. 425-455 (in Portuguese).

Confalonieri, U., Heller, 1. & Azevedo, S. (2010).
Agua e Saiide: aspectos globais e nacionais, cap.
2 en: Bicudo, C.E.M., Tundisi, ].G. & Scheuen-
stuhl, M.C.B. (orgs.). Bicudo, C.E.M., Tundisi, ].G.
& Scheuenstuhl, M.C.B. Sdo Paulo: Instituto de
Botanica. 224 pp.

Crémazy, A., Wood, C.M., Smith, D.S., Ferreira, M.S,,
Johannsson, O.R., Giacomin, M. & Val, A.L. (2016).
Investigating copper toxicity in the tropical fish
cardinal tetra (Paracheirodon axelrodi) in natu-
ral Amazonian waters: measurements, model-
ing, and reality. Aquatic Toxicology 180: 353-363.

Cunha-Santino, M.B. & Bianchini Jr, I. (2008). Hu-
mic substances cycling in a tropical oxbow la-
goon (Sao Paulo, Brazil). Organic Geochemistry
39: 157-166.

Duarte, R.M., Menezes, A.C.L., Rodrigues, L., Almei-
da-Val, VM.F. & Val, A.L. (2009). Copper sensitiv-
ity of wild ornamental fish of the Amazon. Eco-
toxicology and Environmental Safety 72: 693-698.

Duarte, R.M., Smith, D.S., Val, A.L. & Wood, C.M.
(2016). Dissolved organic carbon from the up-
per Rio Negro protects zebrafish (Danio rerio)
against ion regulatory disturbances caused by
low pH exposure. Scientific Reports 6: 20377.

Edzwald, ]J.K. Becker, W.C. & Wattier, K.L. (1985).
Surrogate parameters for monitoring organic
matter and THM precursors, Journal AWWA, Re-
search and Technology 77(4): 122-132.

Environmental Protection Agency (EPA) (2002). Fil-
ter backwash recycling rule: technical guidance
manual. EPA 816-R-0-014, Office of Groundwater
and Drinking Water (4606 M), U.S, Environmen-
tal Protection Agency, p. 165, December, Wash-
ington, DC, USA.

Fair, G.M., Geyer, ].C. & Okun, D.A. (1968). Water and
wastewater engineering, 2: water purification
and wastewater treatment and disposal. New
York: John Wiley & Sons, Inc.

Field, C.B., Barros, VR, Mach, K], Mastrandrea,
M.D., van Aalst, M., Adger, WN., Arent, D.J., Bar-
nett, J., Betts, R, Bilir, TE., Birkmann, ]., Carmin,
], Chadee, D.D., Challinor, A/, Chatterjee, M., Cra-
mer, W, Davidson, D.]., Estrada, Y.0., Gattuso, J.-P,
Hijioka, Y., Hoegh-Guldberg, O., Huang, H.Q., Insa-
rov, G.E,, Jones, R.N,, Kovats, R.S., Romero-Lankao,
P, Larsen, ].N., Losada, 1], Marengo, ].A., McLean,
R.F, Mearns, L.O., Mechler, R., Morton, ].E, Niang,
I, Oki, T, Olwoch, J.M., Opondo, M., Poloczans-
ka, E.S.,, Portner, H.-O., Redsteer, M.H., Reisinger,
A., Revi, A, Schmidt, D.N., Shaw, M.R,, Solecki, W,
Stone, D.A, Stone, ].M.R,, Strzepek, KM, Suarez,
A.G., Tschakert, P, Valentini, R., Vicuia, S., Villami-
zar, A, Vincent, K.E., Warren R., White, L.L., Wil-
banks, T)J., Wong, PP. & Yohe, G.W. 2014. Technical
summary. In: Field, C.B., Barros, V.R., Dokken, D.J.,
Mach, K.J., Mastrandrea, M.D,, Bilir, T.E., Chatter-
jee, M., Ebi, K.L., Estrada, Y.0., Genova, R.C,, Girma,
B, Kissel, E.S., Levy, A.N.,, MacCracken, S., Mastran-
drea, PR. & White, L.L. (eds.). Climate change 2014:
impacts, adaptation, and vulnerability. part a:
global and sectoral aspects. contribution of work-
ing group ii to the fifth assessment report of the
intergovernmental panel on climate change. Cam-
bridge: Cambridge University Press. pp. 35-94.

Furch, K. (1984). Water chemistry of the Amazon
basin: the distribution of chemical elements
among fresh waters. En: H. Sioli (Ed.), The Am-
azon: limnology and landscape ecology of a
mighty tropical river and its basin. Junk Publish-
ers, Dordrecht, pp. 167-200.

Goias (Estado) (2006). Hidrogeologia do Estado de
Goids. Série Geologia e Mineragdo, 1, por Leon-
ardo de Almeida, Leonardo Resende, Antdnio
Passos Rodrigues, José Eloi Guimardes Campos.
Goiania: Secretaria de Industria e Comércio. Su-
perintendéncia de Geologia e Mineracdo. 232 pp.

Gomes, A.F, Nobre, A.A. & Cruz, 0.G. (2012). Tempo-
ral analysis of the relationship between dengue
and meteorological variables in the city of Rio
de Janeiro, Brazil, 2001-2009. Cadernos de Satide
Ptblica [Online] 28(11): 2189-2197.

Gonzalez, R.J., Wilson, RW, Wood, C.M., Patrick,
M.L. & Val, A.L. (2002). Diverse strategies for ion



WATER QUALITY IN THE AMERICAS | BRAZIL

regulation in fish collected from the ion-poor,
acidic Rio Negro. Physiological and Biochemical
Zoology 75: 37-47.

Heller, L. (2015). The crisis in water supply: how dif-
ferent it can look through the lens of the human
right to water? Cadernos de Satide Ptiblica 31(3):
447-449.

Hespanhol, I. (2008). Herman, R.H. & Braga Jr,, B.P.E.
1997, The Upper Tieté Basin, Case Study 6, p. 387-
396, in Water Pollution Control: a guide to the use
of water quality management principles, Helmer,
R. & Hespanhol, I. Eds., p. 510. UNEP, WHO, E &
FB Spon, London.

Hespanhol, 1. (2012). Poluentes emergentes, saude
publica e redso potavel direto, cap. 20, p. 501-537,
in: Engenharia Ambiental: conceitos, tecnologia e
gestdo, Coords. Maria do Carmo Calijuri & Davi
Gasparian Fernandes Cunha, Elsevier Campus.
789 pp-ISBN: 978-85-352-5.

Hespanhol, I. (2015). A inexorabilidade do reuso
potavel direto, Revista DAE 194: 6-23.

Hespanhol, I. & Prost, AM.E. (1994). WHO Guide-
lines and national standards for reuse and wa-
ter quality. Water Research 28(1): 119-124.

Hirata, R, Foster, S. & Oliveira, F. (2015). Urban
groundwater in Brazil: evaluation for sustainable
management. Instituto de Geociéncias e FAPESP,
Sao Paulo. vol. 1. 112 p. 1st ed.

Instituto Trata Brasil-DATASUS (2014). http://www.
tratabrasil.org.br/saneamento-e-saude-3

Jgrgensen, S.E., Tundisi, ].G. & Matsumura-Tundisi
T. (2013). Handbook of Inland Waters Ecosystem
Management. CRC Press London 422pp.

Junk, WJ., Bayley, P.B. & Sparks, R.E. (1989). The
flood pulse concept in River-Floodplain Sys-
tems. In: D.P. Dodge (Ed.), Proceedings of the In-
ternational Large River Symposium. Can. Spec.
Publ. Fish. Aquat. Sci. p. 110-127.

Kelman, J. (2015). A crise da 4gua na Regido Metro-
politana de Sio Paulo. En: Apresentagédo do Pres-
idente da SABESP a Comissdo de Infraestrutura,
em debate sobre a Crise Hidrica no Estado de Séo
Paulo.

Kosten, S. & Huszar, V. (2011). Warmer climates
boost cyanobacterial dominance in shallow
lakes. Global Change Biology. Discussion paper
1213. d0i:101111/j.1365-24.86.2011024.88.

Lampert, W. & Sommer, U. (2002). Limnoecology. Ox-
ford: Oxford University Press, 335 pp. (2a ed.).

Machado et al. (2016). A preliminary nationwide
survey of the presence of emerging contami-
nants in drinking and source waters in Brazil.
Science of the Total Environment 572: 138-146.

Marengo, J.A. (2008). Agua e mudancas climaticas.
Estudos Avangados 22: 83-96.

Mierzwa, ].C. (2009). Desafios para o tratamento de
dgua de abastecimento e o potencial de aplicagdo
do processo de ultrafiltracdo. Tese apresentada a
Escola Politécnica da Universidade de Sao Paulo
para a obtencgdo do Titulo de Livre-Docente, pelo
Departamento de Engenharia Hidraulica e Am-
biental, 127 pp. Sdo Paulo, SP.

Miziara, F. (2006). Expansdo de Fronteiras e Ocu-
pacdo do Espago no Cerrado: o caso de Goias.
En: Guimaries, L.D., Silva, M.A.D. & Anacleto, T.C.
(Orgs). Natureza Viva Cerrado. Goiania: Editora
da UCG, pp. 169-196 (12 ed.).

Miziara, F. & Ferreira, N.C. (2008). Expansao da fron-
teira agricola e evolucido da ocupacgio e uso do
espacgo no Estado de Goias: subsidios a Politica
Ambiental. En: Ferreia, L.G. (Org.). A encruzilha-
da socioambiental: biodiversidade, economia e
sustentabilidade no Cerrado. Goiania: Canone/
CEGRAF-UFG, 1: 67-75.

Moxey, A. (2012). Agriculture and water quality: mon-
etary costs and benefits across OECD countries.
OECD study. 68 pp. www.oecd.org/agriculture/
water

Mozetto, A.A.,, Silvério, P.F,, De Paulo, F.C.F, Bevilac-
qua, J.E., Patella, E. & Jardim, W.F. (2003). Weak-
ly-bound metals and total nutrient concentra-
tions from some water reservoirs in S. Paulo
State, Brazil. En: Munawar, M. (eds). Sediment
quality assessment and management: insight and
progress. Ecovision world monograph series. pp.
221-240.

Muller, A.P.B. (1999). Detecgdo de oocistos de Crip-
tosporidium spp. em dguas de abastecimento su-
perficiais e tratadas na RMSP. Tese apresentada
ao Instituto de Ciéncias Biomédicas, USP, para
obtencao do titulo de Mestre em Ciéncias (Mi-
crobiologia). 109 p., Sdo Paulo, SP.

Nasiri Nasiri, F, Savage, T.,, Wang, R., Barawid, N. &
Zimmerman, J.B. (2013). A system dynamics ap-
proach for urban water reuse planning: a case
study of the Great Lakes Region. Stochasic Envi-
ronmental Research and Risk Assessment, 27(3):

675-691.

124



WATER QUALITY IN THE AMERICAS | BRAZIL

Nogueira, S.H.M., Ferreira, M.E., Fernandes, G.W,
Callisto, C., Bezerra Neto, ].F, Macedo, M.N.
& Latrubesse, E.M. Brazilian energy strategy
damming rivers further threatens the Cerra-
do Hotspot. Science of the Total Environment
(submitted).

Oki, T. & Kanae, S. (2006). Global hydrological cy-
cles and world water resourses. Science, 313,
1068-1072.

Oliveira, AM. & Val, A.L. (2017). Effects of climate
scenarios on the growth and physiology of the
Amazonian fish tambaqui (Colossoma macropo-
mum) (Characiformes, Serrasalmidae). Hydrobi-
ologia 789: 167-178.

O’Sullivan, P.E. & Reynolds, C.S. (2004). The lakes
handbook. Limnology and limnetic ecology. Vol. 1.
Malden: Blackwell Science Ltd. 711 pp.

Paerl, WH. & Dawl, U.P. (2012). Climate Changes:
links to global expansion of harmful Cyanobac-
teria. Water Research, 46: 1349-1363.

Paerl, HW. Huisman, J. (2008). Blooms like it hot.
Science, 32: 57-58. http://dx.doi.org/10.1126 /sci-
ence.1155398. PMid:18388279

Paerl, HW,, Xu, H., McCarthy, M.]., Zhu, G., Qin, B,
Li, Y. & Gardner, W.S. (2011). Controlling harm-
ful cyanobacterial blooms in a hypereutrophic
lake (Taihu, China): the need for a dual nutrient
(N&P) management strategy. Water Research,
45:1973-1983.

Periotto, N. & Tundisi, ].G. (2013). Ecosystem Ser-
vices of UHE Carlos Botelho (Lobo/Broa): a new
approach for management and planning of dams
multiple-uses. Revista Brasileira de Biologia, vol.
73, no. 3, p. 471-482. http://dx.doi.org/10.1590/
$1519-69842013000300003. PMid:24212686

Rodrigues, D.M.T. & Miziara, F. (2008). Expansao da
fronteira agricola: a intensificacdo da pecuaria
bovina no estado de Goids. Pesquisa Agro-
pecudria Tropical 38(1): 14-20.

Santos, K.R.S. & Sant’Anna, C.L. (2010). Cianobac-
térias de diferentes tipos de lagoas (“salina”,
“salitrada” e “bafa”) representativas do Pantanal
da Nhecolandia, MS, Brasil. Revista Brasileira de
Botdnica 33(1): 61-83.

Schindler, D. (2006). Recent advances in the un-
derstanding and management of eutrophica-
tion. Limnology and Oceanography, vol. 51, no. 1
part 2, pp. 356-363. http://dx.doi.org/10.4319/
10.2006.51.1_part_2.0356

Schindler, D.W., Hecky, R.E., Findlay, D.L., Stain-
ton, M.P, Parker, B.R., Paterson, M.]., Beaty, K.G.,
Lyng, M. & Kasian, E.M. (2008). Eutrophication of
Lakes cannot be controlled by reducing nitrogen
input: results of a 37-year whole ecosystem ex-
periment. Proceedings of the National Academy
of Sciences, 105: 11254-11258.

Sinclair, R.G., Rose, ].B., Hashaham, S.A., Gerba, C. &
Haas, C.N. (2012). Criteria for selecting of surro-
gates used to study the fate and control of patho-
gens in the Environment. Appl. Environ Microbi-
ol. 78(6): 1969-1977.

Sioli, H. (1950). Das wasser im Amazonasgebiet. For-
schung Fortschritt 26: 274-280.

Sistema Nacional de Informagdes sobre Saude
(SNIS) 2016. http://app3.cidades.gov.br/sniswe
b/src/Sistema/index

Snow et al. 2009. Detection, Occurrence, and Fate
of Emerging Contaminants in Agricultural Envi-
ronments. Water Environment Research 81(10).
Water Environment Federation.

Sodré et al. (2010). Occurrence of emerging contam-
inants in Brazilian drinking waters: a sewage-to-
tap issue. Water Air Soil Pollution 206: 57-67.

Tundisi, J.G. (2003). Agua no século XXI: enfrentando
a escassez. SAo Carlos, Brasil: RiMa, Instituto In-
ternacional de Ecologia.

Tundisi, J.G. (Coord.) (2014). Recursos hidricos no
Brasil: problemas, desafios e estratégias para o
Futuro. Rio de Janeiro: Academia Brasileira de
Ciéncias. 76 pp.

Tundisi, ].G. Reservoirs (2018). New challenges for
ecosystem studies and environmental manage-
ment. Water Security (Elsevier) in press.

Tundisi, ].G. et al. (2015). Water availability, water
quality and water governance: the future ahead.
Hydrological Sciences and Water Security. Past,
Present, Future. IAHS Publ. vol. 366 pp.75-79.

Tundisi, J.G. & Matsumura-Tundisi, T. (2010). Impac-
tos potenciais das alteracdes do Codigo Florest-
al nos recursos hidricos. Biota Neotropica 10(4):
67-76.

Tundisi, ].G. & Matsumura-Tundisi, T. (2018). Inte-
grated management plan for the Itaqueri-Lobo
watershed and UHE Carlos Botelho (Lobo/Broa)
reservoir. Pp 125-128. In: Tundisi, ].G. & Matsu-
mura-Tundisi, T. (eds). Water Resources manage-
ment. Academia Brasileira de Ciencias; Unesco;
IANAS; Fapesp: 248 pp.



WATER QUALITY IN THE AMERICAS | BRAZIL

Tundisi, ]J.E. & Matsumura-Tundisi, T. (2013). The
ecology of UHE Carlos Botelho (Lobo/Broa res-
ervoir) and its watershed, Sdo Paulo, Brazil.
Freshwater Biology 6: 75-91.

Tundisi, ].G., Matsumura-Tundisi, T,, Ciminellij, V.S. &
Barbosa, FA.R. (2015). Water availability, water
quality and water governance: the future ahead.
In: Cudeneca et al. (eds). Hydrological Sciences
and Water Security: past, present, future. PIALTS,
366: 75-79. .

Tundisi, ].G., Reboucas, A.C. & Braga, B. (2002). Aguas
doces no Brasil: capital ecoldgico, uso e conser-
vagdo. Sao Paulo: Escrituras Editora. (22 ed.).

Val, A.L. & Almeida-Val, VM.E. (1995). Fishes of the
Amazon and their environments. Physiological
and biochemical features. Heidelberg: Springer
Verlag.

Val, A.L., Gomes, KR.M. & Almeida-Val, V.M.F. (2015).
Rapid regulation of blood parameters under
acute hypoxia in the Amazonian fish Prochilo-
dus nigricans. Comparative Biochemistry and
Physiology, pp. 125-131.

Valente, C.R,, Latrubesse, E.M. & Ferreira, L.G. (2013).
Relationships among vegetation, geomorphol-

ogy and hydrology in the Bananal Island tropi-
cal wetlands, Araguaia River basin, Central Bra-
zil. Journal of South American Earth Sciences 46:
150e-160.

Viegas, M. & Hespanhol, I. (2002). Auditorias de
certificacdo de sistemas de gestdo ambiental:
um estudo de caso. Boletim Técnico da Escola
Politécnica da USE, BT /PHD/98, ISSN 1413-2192,
CDU 502.35-657.6, 15 pp., Sdo Paulo.

WHO & UNICEF (2017). Progress on drinking wa-
ter, sanitation and hygiene: 2017 update and SDG
baselines. Geneva: WHO and UNICEF. Licence: CC
BY-NC-SA 3.0 IGO.

Wood, C.M., Robertson, L.M., Johansson, O.E. & Val,
A.L. (2014). Potential linkage in native Rio Ne-
gro tetras (Paracheirodon axelrodi, Hemigram-
mus rhodostomus, and Moenkhausia diktyota).
Journal of Comparative Physiology, ser. B, 184:
877-890.

World Health Organization-WHO (1990). Basic Doc-
uments. Geneva: WHO. 416 pp. 38th Ed.

World Health Organization-WHO (2011). Guidelines
for Drinking Water Quality. Geneva: WHO. 541 pp.
4th ed.

126



