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FOREWORD

RESERVOIR EUTROPHICATION: INTEGRATED STUDIES FOR PREVENTIVE
MANAGEMENT IN THE RIO VERDE RESERVOIR, PARANA, BRAZIL

Sandra M. F. O. Azevedo
Bias Marcal de Faria
Francisco Barbosa

To be able to introduce this book is certainly a privilege and a pleasure. We do this with great pride and we wish to note
that this opportunity became available to us through our participation as advisors of the projects that gave rise to this
work. This participation, which encompassed bi-annual monitoring of the work developed by the teams of each sub-
-project over the past three years, was one of the most rewarding experiences of our professional careers.

This book provides an accurate summary of the results gained in the course of the 30-month study. The major challenge
of harmoniously integrating a large number of studies related to human impacts on a drainage basin was boldly tackled
by the coordinating team, resulting in this work, which certainly is a milestone in the history of Environmental Sciences
in Brazil.

It is unlikely that another opportunity such as this will occur to study, in an integrated and preventive manner, the major
environmental, social, and economic causes that lead to loss of water quality due to artificial eutrophication in our reser-
voirs. Therefore, the data presented throughout the 25 chapters, grouped into seven thematic sections, are of utmost
relevance and represent a significant advancement in knowledge across all the areas incorporated into this study.

Section | clearly and precisely presents the general objectives of this study within the context of eutrophication and the
general characterstics of the Rio Verde Basin. The physical environment of this drainage basin is discussed didatically
but with necessary academic rigor, in Section Il. Being able to systematically understand the geological and pedological
data, vegetation cover and land-use, as well as an analysis of environmental sensitivity of an hydrographic basin through
simultaneous and integrated studies using the most modern cartographic techniques, is undoubtedly a rare privilege.

The hydrodynamic aspects of the basin are thoroughly discussed in Section lll and they represent a fundamental basis
for understanding the potential impacts on the water quality of the reservoir in both spatial and temporal terms. The
aquatic communities are reported in Section IV and are assessed through studies of phytoplankton, zooplankton, and
fish population ecology. As is necessary in studies of this nature, the data interpretation of these studies is integrated
with the physical and chemical environmental data.

The socioeconomic characteristics of the basin are well discussed in Section V, where the main economic and social
aspects of the basin population are carefully analyzed.

Activities related to environmental education merited their own section (VI), for they certainly represent one of the gre-
atest acheivements in the study. The ability to to build a collective environmental education program in a community
believed to be lacking in social and economic resources is clear evidence that when one has real commitment to a mis-
sion, it becomes feasible even when the scenario suggests otherwise. The success of this sub-project is a milestone for
the entire community and for all team members.

Finally, in section VII critical management tools are presented which were developed from the case studies using the
collected preliminary data. Thereby, these tools can be used as a preventive action plan for the Rio Verde Basin, which
in itself represents a major breakthrough for the region.

As we can see, this book presents not only the results of an extensive, complex, and very successful multidisciplinary
study, but it is also a major source of data and information relevant to several areas of the environmental sciences, es-
pecially those that integrate the causes, consequences, and impacts of human activities on our aquatic ecosystems. This
work represents unequivocal evidence that in this country we can indeed accomplish scientific studies at an international
level that are fully dedicated to solving our local/regional problems. We hope that this study may serve as an example
and motivate future generations.

Rio de Janeiro-RJ / Belo Horizonte-MG, May 25, 2011
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SUMMARY

This chapter discusses issues related to the demand and availability of water in Brazil, as well as problems associated
with increased water consumption and human population growth. Currently more than 1 billion people worldwide
live without adequate water for domestic consumption and this number grows considerably every decade. The way
hydrographic or drainage basins are used, occupied and managed, along with the geomorphology, soils and environ-
mental conditions of slopes, have a significant influence on water quantity and quality. The impact of human activities
on continental ecosystems is reflected in water quality, which can lead to the eutrophication of water bodies thus
limiting their potential uses. This chapter introduces the issue of water availability, highlights the processes that restrict
water supply in the Metropolitan Region of Curitiba, and discusses the geomorphologic characteristics that determine
the vulnerability of artificial reservoirs to eutrophication. The Rio Verde Reservoir located in Parana State shows signs
of deteriorating water quality. In 2005, a bloom of Cylindrospermopsis raciborskii, a potentially toxic cyanobacteria,
was detected in the reservoir. To ensure the availability of good quality water in the reservoir, Petrobras supported
a broad interdisciplinary research project in order to deepen our understanding of the structure and environmental
dynamics within the Rio Verde Lake Basin. The project involved research on the physical environment, water quality, a
quatic communities, environmental education and socioeconomic aspects. The entire project was designed to produce
applicable results that would support the principles of preventive management of water sources at risk of eutrophica-
tion. At the end of this chapter, the research program structure is presented, together with the methodology used to

integrate projects , which stimulated the interdisciplinary approach.

KEY WORDS

Water, water availability, reservoir, eutrophication.

1. INTRODUCTION

The growth of human populations, and the associat-
ed major increases in consumption, has created skyrocket-
ing demand for natural resources and massively increased
waste production. The subsequent significant growth in
production has however not been able to meet the basic
needs of most human populations. About one billion peo-
ple around the world live in a state of food insecurity: they
do not know if they will be able to eat properly today. On
the other hand, wealthier societies, which have extremely
high levels of consumption, make up about 20% of the
population and are surpassing consumption levels that the
planet can sustain. The balancing of environmental, social
and economic disparity, therefore, depends on two ma-
jor challenges: economic inclusion of the majority of the
world’s population and the reduction of consumption lev-
els within developed countries.

To meet the needs of the poor majority and to sup-
port the high levels of consumption of the wealthy minor-
ity in society, humans intervene in nature, which in turn
responds to these pressures through natural ecological
processes in search of equilibrium. The extraction of natu-
ral resources, exploitation of nature through agricultural
activities, environmental disturbances for the development
of energy, transportation and urban infrastructure, coupled
with the large amount of waste produced, generate envi-
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ronmental impacts that apparently have already exceeded
the planet’s capacity to recalibrate. The large amount of
information available on the severity of environmental is-
sues has not yet been successful in mobilizing humanity to
adopt a more rational use of our planet’s resources.

Water stands out as an essential resource for devel-
opment, as it is not only important for human consump-
tion, but also its availability is necessary in the production
of food, energy and many industrial products. However,
the way a hydrographic basin is used has a direct impact on
the quality of water and waterways. It is a natural resource
that depends on how other resources are handled: good
quality water must be cultivated. The sepatation of envi-
ronmental problems into the impacts on climate, resource
depletion, water pollution and loss of biodiversity is merely
didactic because all these crises are interconnected and are
directly affect one another.

In this context, we must understand the water cri-
sis as the result of an inadequate process of appropriation
and use of natural resources, which has two major conse-
quences: reduced volume due to increasing demand for
water resources and the gradual depletion of water qual-
ity, which limits its availability.



RESERVOIR EUTROPHICATION: PREVENTIVE MANAGEMENT
An applied example of Integrated Basin Management Interdisciplinary Research

2. WATER AVAILABILITY

The availability of water supply requires a guaranteed
supply; hence different uses should be evaluated in terms
of reduced availability. Public water supplies, electric power
generation and irrigation systems should ensure a contin-
ued availability of water throughout the year and over the
long-term. Therefore, in addition to seasonal variations,
these systems should consider the different levels of avail-
ability over several years. Thus, the amount of water that is
considered available is the amount of water that is critical
over the long-term.

Rivers are complex systems which include the thalweg
and geomorphologic areas of run-off or floodplains, which
are riparian environments adjacent to thalwegs where water
accumulates during periods of flooding. This excess water is
returned to the river during dry periods generating an ease-
ment zone that regulates the natural flow of watercourses.
Moreover, the river flow is related to several factors inherent
to the basin, such as shape, slope, use and management,
roughness coefficient and permeability.

River water originates from rainfall and from ground-
water springs. In areas located downstream from snow-
covered mountainous regions, water from thaw may also
influence river flow. This precipitation can evaporate, infil-
trate into the soil and flow along the surface. There is thus
a direct relationship between the drainage area of the ba-
sin and the flow of the water body, which we call the dis-
charge. Thus, the closer to the headwaters, the lesser the
flow, while the size of the river increases proportionally to
the increase of the basin area. In areas of heavy precipita-
tion, the basin is more productive. Therefore, similar drain-
age areas may show significant differences in flow rates.

The way the basin is used, managed and occupied,
as well as the geomorphologic and pedological features as-
sociated with the slope environment, has a major influence
not only on the amount of water that flows, but also on
the flow speed, and whether the water flows on the sur-
face, subsurface or underground. For this reason, higher
flood levels are more likely in environments in which the
vegetation cover has been removed. Likewise, the use of
floodplains for urban development or agriculture reduces
the areas of flood easements, expanding the critical extent
of river flow and exacerbating floods and droughts, directly
resulting in a reduction in available water.

The loss of water quality is another important factor
that limits the potential uses of water. River pollution can
be caused by point-source releases of industrial and do-
mestic pollutants as well as by the combination of several
diffuse elements including agriculture, animal husbandry,

and urbanization. Rain-water washes away the dirt and
grime in the city, which ends up in the river. Similarly, in
rural environments, water runoff carries particles with ad-
sorbed elements and solubilizes chemical fertilizers and
pesticides. As various different water uses have different
requirements in terms of quality, compromising the natural
characteristics of water may limit its use for in situations
that demand high quality levels. Therefore, the concept of
water availability is based on two variables: the amount of
water and the demand for the resource. The United Na-
tions World Conference on Water and Environment (ICWE
apud Hespanhol, 2008) established basic criteria for water
resource management in the XXI century. Also, it defined
water as “[...] a finite and vulnerable resource, essential
to life, development and environment” that “[...] has eco-
nomic value for all its uses and should be considered as an
economic good [...]” (HESPANHOL, 2008).

Another important milestone, Agenda 21, which
was the result of the UN Conference on Environment and
Development held shortly after the ICWE in Rio de Janeiro
in 1992, proposed in chapter 18 actions to sustainably
manage and redirect water resources (UNCED, 1992),
something that was already urgent:

“[...] to ensure maintenance of an adequate sup-
ply of good quality water for the entire population
of the planet, while preserving the hydrological,
chemical and biological functions of ecosystems,
adapting human activities to the capacity limits
of nature and fighting vectors of waterborn dis-
eases.”

Table 1 shows the Water Stress Indicator (WSI), as-
sociated with the Annual Water Supply (AWS) (m¥inhabit-
ant/year), in a particular region or hydrographic basin.

Research has shown that WSI values above 1,700m?
per inhabitant per year correspond to circumstances in
which there is adequate water. Values lower than 1,700m?
per inhabitant per year suggest conditions of significant
water scarcity and values below 1,000m? reflect situations
of chronic water shortage (HESPANHOL, 2008).

It is estimated that the global water availability is ap-
proximately 40,000 km?/year but only 10% of this amount
flows through rivers. It is important to note that approxi-
mately half of the water abstracted for public consumption
returns to water courses with inferior quality to when it
was extracted (SHIKLOMANOQV, 1998).

According to Tundisi (2008), “Today, across the
planet, the total volume of impounded water reaches

TABLE 1 — WATER STRESS INDICATOR (WSI) BASED ON WATER AVAILABILITY (AWS) AND RELATED MANAGEMENT ISSUES

WSl ANNUAL WATER SUPPLY (m3/INHABITANT/YEAR)

WATER RESOURCE MANAGEMENT ISSUES

DEA > 10,000

No problems or limited problems

10,000 > DEA > 2,000

General management problems

2,000 > DEA > 1,000

Significant pressure on water resources

1,000 > DEA > 500

Chronic water shortage

DEA < 500

Beyond availability limit

SOURCE: FALKENMARK apud HESPANHOL (2008)

Downloaded from http://iwaponline.com/ebooks/book-pdf/868060/wic9781780406480.pdf
bv IWA Publichina publications@iwan co uk



AN INTRODUCTION TO EUTROPHICATION AND THE STUDIES

over 10,000km?, occupying an area of approximately
650,000km?”. The current tre nd is that there is a large in-
crease in demand for water, while water resources remain
relatively constant, which reduces overall water availability.

Currently more than one billion people live without
adequate water availability for domestic consumption and
it is estimated that in 30 years there will be 5.5 billion peo-
ple living in areas with moderate to severe lack of water
(DEMANBORO & MARION, 1999). In 1995, approximately
20% of the world’s population, which was 5.7 billion at
the time, already suffered from the lack of a reliable water
supply and over 50% did not have an adequate sanitary
system (LIMA, 2001).

The total amount of water on Earth is estimated to
be 1386 million km?. Current research suggests that in the
last 500 million years this volume has remained approxi-
mately the same. However, the quantities stored in differ-
ent water reservoirs have varied substantially throughout
this period (SHIKLOMANOV, 1998).

Despite the huge volume of water on our planet,
the proportion actually available for human use and con-
sumption is very small. The majority, 97.5% of the total
volume, is salt water. The remaining 2.5% represents the
total volume of fresh water on Earth but the majority of
this percentage (68.7%) is stored in glaciers and ice caps

or infiltrated into the subsoil (30.1%). Only 0.26% of the
freshwater on Earth is concentrated in lakes, reservoirs and
rivers (SHIKLOMANOV, 1998).

Fresh water found in rivers, lakes and reservoirs rep-
resents the means by which most water resources are avail-
able for humans and ecosystems, corresponding to 0.26%
of total fresh water or about 93,100km?3. However, due to
the dynamics and variability of the hydrologic cycle, access-
ing fresh water stored in various different reserves on Earth
is not a simple task.

The hydrologic cycle is responsible for displacing
huge volumes of water around the world. Part of this dis-
placement is rapid because water droplets are in a constant
and continuous recycling process. A drop of water stays
about eight days in the atmosphere, 16 days in a river, and
a period of months to years in lakes. However, depending
on the volume, this time may be longer and extend up to
thousands of years if, for example, we consider water that
moves slowly through a deep aquifer. Moreover, the over-
all circulation of water does not depend only on the stored
volume of a given component of the cycle but largely on its
period of renewal (LIMA, 2001).

Figure 1 presents data on the global dynamics of wa-
ter use for a period of 125 years using data collected from
1900 until 1995 and estimated for the subsequent years.
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FIGURE 1 — GLOBAL WATER USE (km3/year).
SOURCE: Adapted from LIMA (2001).

According to data presented in 2002 by the National
Water Agency (ANA, 2002), in general Brazil “presents a
highly favorable condition” in relation to water availability
as it has 33,944.73m? per inhabitant per year. For the Sdo
Paulo State, the average value for 1996 was 3,014.4m? per
year and the forecast for 2010 was 2,339.6 m? per year.

Figure 2 shows water demands in Brazil. The South
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and Southeast regions have higher water consumption for
industrial purposes than other areas of the country which
reflects greater development of the sector in these two re-
gions.

The two standard ways of increasing water avail-
ability in a region are: importing water from distant ba-
sins, called basin transposition; and the regulation of flow
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through artificial dams that allow for the accumulation of
excess water in periods of heavy precipitation for use in
drier periods. A dam can greatly increase the abstraction
availability, reaching more than five times the volume avail-
able in run-of-river abstractions. However, a more contem-
porary concept known as ecological flow should be taken
into consideration as it allows for the development of wa-
ter captures that are calculated to ensure the maintenance
of a minimum flow, thus promoting the continuation of
essential ecological processes.

According to Hespanhol (2008), basin transportation
is not new:

“The policy of importing water from increasingly
distant basins to meet the growing demand goes
back over two thousand years. The Romans, who
practiced the intensive use of water for the supply
of households and spas, tried, at first, to capture
water from fountains available nearby, and as such
became polluted by sewage disposed of without
any treatment, or were unable to attend demand,
they started using the second closest source, and
so on. This practice gave rise to the construction of
the great Roman aqueducts, of which some ruins
still exist in various parts of the Old World".

"

According to Hofwegen & Svendsen (1999), “in
many regions of the world, more than three quarters of the
annual rainfall occurs in a period of less than six months.”
Therefore, the purpose of reservoirs is to better balance
water availability throughout the year, i.e., water storage
during wet periods and subsequent use in drier times.

3. EUTROPHICATION

A reservoir is a complex environment which creates
interdependent relationships between water tributaries (riv-
ers that contribute to the reservoir) and the environmental

conditions of the basin, which are strongly influenced by its
use. By reducing the speed of rivers with dams, the lentic
environments are created which drastically alter the original
conditions of rivers with greater flow (lotic environments).

The impact of human activities on continental eco-
systems has resulted in the deterioration of water quality
and changes in the hydrological cycle, biogeochemical cy-
cles, and in biodiversity (TUNDISI, 2003). Among these out-
comes, we can include the eutrophication of inland waters.

Artificial Eutrophication is the excessive increase
in the concentration of nutrients, especially phosphorus
and nitrogen, in aquatic ecosystems, normally caused by
the discharge of agricultural, urban or industrial effluents.
This enrichment of nutrients in the water leads to excessive
proliferations of algae, breaking the natural balance of tro-
phic chains and causing changes in biogeochemical cycles
(ESTEVES, 1998; ROLAND, CESAR & MARINHO, 2005)

Natural Eutrophication of aquatic ecosystems also
occurs; however, this is a process that can take hundreds
of years as it depends on the inorganic load in the aquatic
environment and on the influence of natural processes in
hydrographic basins (TUNDISI, 2008).

The characterization of nutrient levels, trophic states,
structure and composition of aquatic communities are
essential tools to detect different types of influences on
aquatic ecosystems and also to propose mitigation and
conservation measures (PETRUCIO et al., 2005) related to
these environments. According to Esteves (1998), “as a
result of the process of eutrophication, the aquatic ecosys-
tem goes from oligotrophic and mesotrophic to eutrophic
or even hypereutrophic.”

The overall classification of the trophic state of lakes
and reservoirs is normally based on various indicators con-
sidered together, such as the concentration of nutrients,
chlorophyll-a, and Secchi depth. Table 2 shows the criteria
of several parameters for classifying the trophic state of
lakes and reservoirs.

Water Demand
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The parameters typically used to classify lakes and
reservoirs can be used to calculate indices of trophic states.
One such index is the Carlson index (1977), which uses
chlorophyll-a, Secchi depth and total phosphorus to esti-
mate the algae biomass. The index can then be used to
monitor changes in the studied aquatic ecosystem over
time.

With regards to the sources of pollution of aquatic
ecosystems, Andreoli & Carneiro (2005) note:

“The organic discharge of treated and untreated
effluents, as well as percolated waters from sep-
tic tanks and also illegal sewer connections to
rainwater networks, in most cases, constitute the
main nitrogen and phosphorus pollution sources
in aquatic systems. The loads of these elements
are always very significant in the effluents and
eventually determine the level of trophism of the
medium. Generally, releases are punctual and
with high pollution potential”.

The impact on water quality is amplified in a lentic
environment as it responds to these changes with complex
ecological dynamics. The factor that triggers the process
of multiplication and growth of primary producers, mainly
cyanobacteria, algae and aquatic weeds, is related to the
availability of nutrients in the environment, particularly
phosphorus and nitrogen.

As some algae are fixers of elementary nitrogen,
which exists in abundance in the atmosphere, phosphorus
is usually the element associated with the process of eutro-
phication in freshwater ecosystems. Other factors, such as
light and temperature, can also play a role in controlling
the proliferation of cyanobacteria.

The geomorphologic conditions of the region, cli-
matic factors, land-use and occupation, as well as mor-
phometry and management of the reservoir are some of
the main interrelated factors that determine its susceptibil-
ity to eutrophication, which usually results in the prolifera-
tion of aquatic weeds and (or) algae growth. Among the
various factors that affect the process of multiplication of
algae cells, two important geomorphologic characteristics
directly contribute to the process: the depth of the reser-
voir and length of time the water spends in the reservoir. In
shallower reservoirs, the volume of water that receives so-
lar radiation is much higher, which creates favorable condi-
tions for the growth of phototrophic organisms such as cy-
anobacteria. Likewise, the longer the water remains in the
reservoir, the greater the amount of cell divisions that can

occur while the water is in the environment, thus increas-
ing the density of such organisms in the water. As such,
when other environmental conditions are stable, these fac-
tors strongly influence the potential for algal blooms.

The eutrophication process can have several conse-
guences for the balance of the aquatic ecosystem under
study and its various uses. The excessive proliferation of
algae and the consequent increase in the decomposition
of organic matter can dramatically decrease oxygen con-
centration (ESTEVES, 1998). This decrease in oxygen can
cause the death of many aquatic organisms, including fish.

Another consequence of the eutrophication process
related to increased decomposition of organic matter in
the sediment is the release of malodorous gases such as
hydrogen sulfide and methane. In addition, during algal
blooms when the density of cyanobacteria is significantly
high, a dense layer of cells can form on the surface, creat-
ing thick layers on the surface which may restrict recre-
ational use.

However, according to Figueiredo et al. (2007), “one
of the main problems related to eutrophication is the pro-
liferation of cyanobacteria at the expense of other aquatic
species.” Cyanobacteria can produce different toxins such
as hepatotoxins, neurotoxins, cytotoxins and dermato-
toxins (AZEVEDO et al. 1994 and 2002, CARNEIRO et al.
2009), all of which can be fatal to humans and animals
(AZEVEDO et al. 2002). In some cases, the removal of these
toxins from the affected water is difficult and even after
treatment the toxins may remain.

Besides the problems related to cyanotoxin removal,
excessive proliferation of cyanobacteria in reservoirs used
for public water supply may cause clogging of filters at
water treatment plants, making the treatment process dif-
ficult and expensive.

From an ecological point of view, the cyanobacte-
ria blooms can negatively affect energy transfer in aquatic
food chains. Besides producing cyanotoxins that can ad-
versely affect their consumers, most cyanobacteria are
poor sources of the compounds necessary for zooplankton
growth (BRETT & MULLER-NAVARRA, 1997). Furthermore,
cyanobacteria can form colonies and be coated with muci-
lage, which can hinder ingestion by zooplankton.

According to Tundisi & Barbosa (1995), water use
and socioeconomic aspects of the population in the drain-
age basin are crucial elements not only in understanding
ongoing processes in aquatic ecosystems, but also in the
development of strategies for conservation and public poli-
cies related to the management of these environments.

TABLE 2 — OVERALL CLASSIFICATION OF THE TROPHIC STATES OF LAKES AND RESERVOIRS REGARDING THE CONCENTRA-
TION OF PHOSPHORUS, NITROGEN, CHLOROPHYLL-A AND SECCHI DEPTH.

PARAMETERS ULTRAOLIGOTROPHIC | OLIGOTROPHIC | MESOTROPHIC | EUTROPHIC | Hypereutrophic
Total phosphorus (mg. m=) 4 10 10-35 35-100 > 100
Total nitrogen (mg. m3) - 661 753 1875 -
Average chlorophyll-a (mg. m=) 1 2.5 25-80 8.0 - 25 > 25
Maximum chlorophyll-a (mg. m=) 2.5 8 8-25 25-75 >75
Maximum Secchi depth (m) 12 6 3-6 1.5-3 1.5
Minimum Secchi depth (m) 6 3 1.5-3 1.5-0.7 0.7

SOURCE: Based on WETZEL (2005) and OECD apud TUNDISI (2008).
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4. REGIONAL CONTEXT OF THE RIO
VERDE BASIN

The Prata Basin in the South of Brazil is a unique fea-
ture in the region as it incorporates rivers that are both
environmentally and geopolitically important, such as the
Paranapanema and Iguacu Rivers. These rivers originate in
the high altitudes of the Serra do Mar near the coast, run
from East to West, toward the countryside of the states of
Sao Paulo, Parana and Santa Catarina, and then flow into
the Parana River. The large urban centers of the Metro-
politan Region of S0 Paulo and Curitiba therefore present
major challenges for water supply as they are located near
the headwaters of these rivers.

In Sdo Paulo, in order to meet the huge demand
generated by its Metropolitan Area (SPMA), reservoirs have
been constructed; however, there is also the need to re-
serve large volumes of water from adjacent basins. In the
Alto Tieté Basin, for example, where the SPMA is located,
annual water supply in the year 2000 reached a low of
216m?3/inhabitant (IBGE, 2000), well below the chronic wa-
ter shortage index (Table 1).

In the Metropolitan Region of Curitiba (RMC), the
initial strategy has been to build reservoirs and transport
water from near-by basins for public consumption and
industrial use. The cities that form Greater Curitiba are
surrounded by reservoirs for power generation, industrial
use and public consumption, which impose significant
restrictions on urbanization in these regions. To the east,
limitations are imposed by the dams Irai, Piraquara | and Pi-
raquara Il. To the south, we encounter the Miringuava dam
(pending authorization) and the entire Varzea basin, which
is already under consideration as a future water source. To
the west, we have the dams Passatina and Rio Verde and
to the north, there is we are limited by the groundwater
recharge basin of the Karst aquifer, which is also used spar-
ingly to supply water.

The urban growth of RMC is, therefore, confined by
the reservoirs constructed in order to meet its own water
demands. However, due to the regional geomorphologic
and morphometric characteristics, most of these reservoirs
are susceptible to eutrophication. For the waters of these
reservoirs to remain within acceptable quality levels, very
careful management is required which guides the occupa-
tion and land-use of the surrounding areas, ensuring the
maintenance of these reservoirs. The RMC therefore lies in
a paradox: if the city expands into its water source regions
without proper planning and care, there will be no water
available for its development.

The Rio Verde Reservoir exists within this context.
The Rio Verde dam was built between 1974 and 1976,
by Petrobras, in order to ensure the availability of water
for industrial processes of REPAR (President Getulio Vargas
Refinery). The waters of the Rio Verde basin are currently
used mainly to meet the needs of REPAR and for public
consumption, both of which are looking to expand the use
of the reservoir.

In 2005 in the reservoir, there was an algal bloom
of Cylindrospermopsis raciborskii, a potentially toxic cya-
nobacteria, which reached counts of 96,489 cells/mL (IAP,
2009). To ensure the availability of good quality water,
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Petrobras asked FUNPAR (Fundacao da Universidade Fed-
eral do Parand) to develop a study that would improve our
understanding of the structure and environmental dynam-
ics of the Rio Verde basin. Further, the study was tasked
with proposing a preventive action plan for the manage-
ment of the reservoir in collaboration with public institu-
tions, municipalities and other social groups.

As the dynamics of the Rio Verde Basin are represen-
tative of the region, the results of this study are of particu-
lar importance because they can be used as a model to be
applied across the RMC and as a methodology that can be
replicated in other regions of Brazil.

5. ORGANIZATION OF THE
INTERDISCIPLINARY RESEARCH

As the dynamics governing the phenomenon of
eutrophication in reservoirs are relatively consistent, the
preparation of this proposal was based on the experience
of the Interdisciplinary Research Project on the Eutrophica-
tion of Public Water Supply in the Altissimo Iguagu Basin,
which began in 2001 and focused on the Irai Reservoir.
This project resulted in the publication of the book “Inte-
grated Management of Eutrophic Water Supply Sources”
in 2005 (ANDREOLI & CARNEIRO, 2005).

Thus, a team was formed to coordinate the research
with the goal of designing and developing a research pro-
gram capable of providing the necessary technical guid-
ance for the preventive management of the Rio Verde Res-
ervoir and incorporating the experiences from Irai. In the
Rio Verde Project, a new themed group was created to
address socio-environmental issues beyond the geological
aspects of the basin, an aspect which was not addressed in
the 2001 project. In addition, themes were adapted to the
new project by creating new thematic clusters and defining
the actions needed to stimulate collaboration between re-
searchers and develop interdisciplinary outcomes. Another
very important aspect of this project was the condition that
all studies result in suggestions and actions that could be
directly or indirectly implemented in the basin.

An important aspect that differentiates this new re-
search program is the intention of developing a preven-
tive management system, since the water quality in the Rio
Verde Reservoir is currently in a mesotrophic state. The em-
phasis on preventive management is important and should
be a constant practice in the management of basins as it
allows actions to be taken before the problem intensifies.
Such management planning greatly facilitates the con-
servation of the ecosystem and if performed responsibly
enables multiple uses of the reservoir. Moreover, it is a sig-
nificantly different dynamic from the activities undertaken
during an emergency recovery. The project design included
the following steps:

¢ Detailing of Petrobras’ requirements;

e Creating a group to coordinate the project;
e |dentifying the problems;

¢ Defining the variables to be studied;

¢ Developing a preliminary proposal for the interdis-
ciplinary research project;
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e Contacting prominent researchers from different
institutions;

¢ Proposing specific research tracks and expected
results;

¢ Preparing individual thematic research proposals;

¢ Adjusting project proposals to the objectives of the
interdisciplinary research program;

e Tying up the individual proposals;
e Integrating individual proposals into thematic clusters;
e Developing an interdisciplinary approach;

e Defining the administrative system for program
management;
e Contracting the research teams.

The studies were conducted according to following

structure:

e Preliminary seminar (presentation of the research
problem, overall structure of the research pro-
gram, interdisciplinary approach and presentation
of specific research projects).

e Meetings among thematic clusters to coordinate
sampling schedules, standardize analytical meth-
odologies and discuss ongoing projects and pre-
liminary results.

e Meetings among thematic clusters for the devel-
opment of the Preventive Action Plan for the res-
ervoir.

e Seminars for the presentation of preliminary re-
search results and modifications to project design
based on the critical evaluation of the research
team and external consultants. At least one semi-
nar per semester

e Preparation of interim reports 9 with the following
structure:
Summary;
Introduction;
Literature Review;
Methodology;
Results;
Conclusion;
Next-steps.

e Preparation of the book structure by the project
coordinators, distribution to external consultants
and discussion to define the structure and content
with the team of researchers in the last seminar.

e Arrangement of the chapter summaries for the-
matic adjustments, avoiding overlap and ensuring
the most relevant topics were covered.

e Standardization of maps from the cartographic re-
search.

e Critical analysis of the chapters prepared by the
project coordinators and analyzed by the authors.
Development of chapters that integrate the the-
matic clusters and prepare final integrating chap-
ters. Review of chapters and final review by the
editorial board.

e Final Seminar.
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e Completion of research studies and proposal of
implementation plan for monitoring.

Originally, the structure of the interdisciplinary pro-

gram consisted of 19 projects grouped into five the-
matic clusters:

THEMATIC CLUSTERS:

| — Physical Environment and Environmental Modeling;
Il — Socioeconomics and Environmental Education;

Il — Dynamics of Nutrients and Water Quality;

IV — Water Treatment;

V - Phytoplankton, Zooplankton and Ichthyofauna.

The original goals of each of the subprojects are pre-

sented below grouped by thematic cluster.

THEMATIC CLUSTER | - Physical Environment and En-

vironmental Modeling

1-

Vegetation cover mapping, characterization and
diagnosis in the drainage basin

Coordinator: Dr. Carlos V. Roderjan - UFPR
PURPOSE: Identify and quantify the natural vegeta-
tion cover, map different types of land use in order to
identify places where restoration is needed.

Development of cartographic database
Coordinator: Dra. Sony C. Caneparo — UFPR
PURPOSE: Generate a database to integrate geo-
graphic information systems aimed at developing an
integrated study of the landscape.

Modeling of water quality

Coordinator: Dra. Cynara Cunha — UFPR

PURPOSE: Development of an environmental model
to study the hydrodynamics and transportation of
pollutants in the reservoir which enables simulations/
forecasts/studies of the eutrophication processes.

Identification of potential and emerging soil fra-
gility

Coordinator: Dr. Everton Passos — UFPR

PURPOSE: Definition of a classification system regard-
ing land use and management that is consistent with
the dynamics of the basin, identifying levels of poten-
tial and emerging fragility that may affect the water
quality of the Rio Verde reservoir.

Water Resource Policy, and Land Use
Coordinator: Dr. Eduardo F. Gobbi — UFPR
PURPOSE: Evaluate the relationship between land-use
planning in the municipalities within the drainage area
and the guidelines to be proposed under this project.
Develop proposals to standardize regulations, adjust
the Master Plan and approval of the Rio Verde APA.

THEMATIC CLUSTER Il - Socioeconomics and Environ-
mental Education

Agricultural Activities
Coordinator: Msc. Benno Doetzer - EMATER
PURPOSE: Survey and diagnose livestock activities in

11
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the areas of influence in the drainage basin, study
proposals for the adjustment of properties, as well as
conduct a cost analysis for the conversion of produc-
tive systems.

7 - Environmental Risk Perception
Coordinator: Dr. José Edimilson S. Lima — UFPR
PURPOSE: Study the perceptions of the basin’s inhab-
itants related to environmental risks and local devel-
opment resulting from the actions of the groups, their
own actions and other groups in the area.

8 — Rural Sanitation
Coordinator: Dr. Miguel M. Aisse — UFPR
PURPOSE: Diagnose the water supply quality and de-
velop proposals for wastewater treatment and final
disposal upstream of the reservoir.

9 - Socioeconomic Profile of the basin inhabitants
Coordinator: Dr. Fabiano A. S. Dalto
PURPOSE: Identify the local productive system that
delineates the conditions of use of resources and the
development of the region to guide public policies re-
lated to development.

10 - Environmental Education
Coordinator: Dra. Lucia I. C. Sermann
PURPOSE: Develop an environmental education pro-
gram aimed at the communities within the Rio Verde
basin and use it to mitigate against the causes and
consequences of environmental degradation present
in this region.

THEMATIC CLUSTER Il - Dynamics of Nutrients and
Water Quality

11 - Evaluation of Nutrient Loads and Quality of Sed-
iment
Coordinator: Dr. Charles Carneiro - SANEPAR
PURPOSE: Evaluate nutrient contribution, sediment
and water quality of the reservoir..

12 - Geochemical Controls for Water Quality
Coordinator: Dr. André V. L. Bittencourt — UFPR
PURPOSE: Elucidate geochemical mechanisms that in-
fluence the quality of water with direct consequences
to the reservoir.

13 - Monitoring the Influence of Land Use Patterns in
the Tributaries Water Quality
Coordinator: Dr. Harry A. Bollmann — PUC-PR
PURPOSE: Monitor surface water quality in the main
tributaries of the reservoir and develop an efficient,
effective and low cost monitoring plan.

14 - Water Balance
Coordinator: Dr. Mauricio Felga Gobbi — UFPR
PURPOSE: Quantify the inflows to the reservoir, ob-
tain the flows in real time and estimate the capacity of
the reservoir to regulate flows with scenarios of water
consumption and the probability of failure.

THEMATIC CLUSTER IV - Water Treatment
15 - Potential of advanced oxidation processes in the
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degradation of cyanotoxins

Coordinator: Dr. Patricio Guillermo Peralta
Zamora — UFPR

PURPOSE: Develop procedures for the remediation of
water contaminated by cyanotoxins.

THEMATIC CLUSTER V - Phytoplankton, Zooplankton
and Ichthyofauna

16 — Effects of weather events on phytoplankton and
cyanobacteria
Coordinator: Dr. Luciano F. Fernandes - UFPR
PURPOSE: Analyze the influence of meteorological
and limnology factors in the composition and abun-
dance of phytoplankton and cyanobacteria in the res-
ervoir.

17 - Evaluation of cyanotoxins
Coordin ator: Msc. Christine da F. Xavier — IAP
PURPOSE: Evaluate the concentration of chlorophyll-a
and cyanotoxins in “in natura” water of the reservoir.

18 — Zooplankton
Coordinator: Dr. Moacyr Serafim Junior - UFRB
PURPOSE: Study the zooplankton of the reservoir and
evaluate the influence of environmental parametres
on the composition and abundance of the zooplank-
ton population.

19 - Ichthyofauna
Coordinator: Dr. Vinicius Abilhoa - MHNCI/PMC
PURPOSE: Identify changes in biological dynamics and
distribution patterns of fish species by analyzing the
process of accommodation of popultions resulting
from the creation of the reservoir.

6. INTERDISCIPLINARY APPROACH

After detailing the program and based on the pref-
erences of the researchers involved, an interdisciplinary
strategy was defined. The goal of the strategy was to sup-
port collaboration among researchers within the thematic
clusters where there is a natural convergence of research
topics.

The main strategies used for the implementation
of interdisciplinary and inter-institutional projects were in-
tegration seminars, involving all those involved in the re-
search projects. The purpose of the first seminar was to
present the projects, standardize the methodologies and
coordinate data collection schedules, which allowed for
a comparison of the data generated across different proj-
ects. The coordination of the sample collection schedule
sought to encourage, wherever possible, researchers to go
to the field together and preferably to work with the same
samples, so that the data could be integrated. Subsequent
seminars were held at least twice a year, when the prelimi-
nary results were presented for discussion.

The varied knowledge and expertise of the research-
ers allowed for the critical analysis of the research across a
wide range of disciplines and the identification of strate-
gies for the integration of results. Institutions that did not
participate in research, but that are involved in the man-
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agement of the area of influence of the reservoir, such as
representatives of local government, local leaders, public
institutions, etc., were also invited to attend the seminars.
Independent researchers with an interest in the subject
also participated in the integration seminars.

Whenever possible, assistance of external advis-
ers should be sought as they can have a significant influ-
ence on research procedures. Beyond the assessment of
the research program, and from the beginning of the
program, external advisers attended all seminars in order
assess the proposal in light of a qualified critical examina-
tion. The advisors selected to participate in the Rio Verde
Project,Professor Dr. Sandra M. F. O. Azevedo (UFRJ), Pro-
fessor Dr. Francisco A. R. Barbosa (UFMG), and researcher
Dr. Bias de Marcal Faria (CENPES/PETROBRAS), attended
the seminars, received reports and presented their recom-
mendations for each subproject and overall.

In addition to seminars, technical meetings specific to
the thematic clusters were held which addressed converg-
ing issues and depended required operational adjustments
for the proper completion and integration of projects.

Another strategy used to support an interdisciplinary
approach was the creation of a website with an exclusive
area for researchers where databases of different projects
were made available in order to facilitate the sharing of
data from different researchers.

In the Rio Verde Project, the main research results
showed the structure and functions of environmental
components in the ecosystem and highlighted the inter-
connectedness between the appropriation and use of
resources by society and their environmental outcomes.
The study focused on understanding how interferences or
disruptions to environmental components resulting from
its use can have an impact on water quality and in turn
measuring such influences. Beyond academic production,
and through the study of these interrelated dynamics, the
project enabled the development of proposals for the use
and management of the basin to ensure the maintenance
and improvement of water quality. These proposals led to
the design of a preventative management plan.

The preparation of the management plan involved
the following steps: based on the concepts of World Lake
Vision (WLV) and International Lake Basin Management
(ILBM), a preliminary structure outlining the main points
of the proposed organization, was defined. Researchers
responsible for specific projects produced a preliminary ac-
tion plan within their areas of study and presented them in
a dedicated seminar. These proposals were further devel-
oped by the project coordinators, ensuring the standard-
ization of their layout and grouping together proposals on
related topics. When a uniform structure was established,
it was presented at meetings of specific thematic clusters
in order to guide an action plan.

The research groups were organized in the same
structure as this book, which shows the state of the art
evolution of the defined themes and presents the main re-
sults of the research.

The book was reviewed by an external and indepen-
dent editorial board, which was responsible for the final
recommendations and adjustments to the material pre-
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sented. Given the interdisciplinary nature of the project,
external advisers were asked to assess the main thematic
clusters and interdisciplinary approach.
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SUMMARY

CHARACTERIZATION OF THE BASIN

Cleverson V. Andreoli
Charles Carneiro

Kelly C. Gutseit

Christine da Fonseca Xavier

This chapter presents a general overview of the Rio Verde Reservoir and its hydrographic basin and summarizes sig-
nificant results from several subsequent chapters. The summary includes data on climatic conditions and soil to the
socioeconomic status of the municipalities located within the basin. The objective is to give a general idea about briefly
present the contents included in different chapters to facilitate access to the information presented in this study.

KEYWORDS

Rio Verde, hydrographic basin, reservoir, socioeconomic.

1. INTRODUCTION

The objective of this chapter is to present a gen-
eral description of the Rio Verde Hydrographic Basin and
its Reservoir as well as summarizing information detailed
in the subsequent chapters. This chapter is structured
based on six pillars of ILBM platform — Integrated Lake
Basin Management and guidelines of WLV — World Lake
Vision — International Lake Committee Foundation (ILEC)
and United Nations Environment Programme-International
Environmental Technology Centre (UNEP-IETC). The char-
acterization of the basin includes climate, socioeconomic
status of the municipalities located within the basin, land-
use, aspects of the hydrology, pedology, and landscape,
and the region’s infrastructure. We then discuss the main
characteristics of the Rio Verde Reservoir as well as the use
of water resources and related impacts. At the end of the
chapter, we summarize data on the implementation of an
environmental education program in the region.

2. THE RIO VERDE BASIN

2.1 LOCATION

The Rio Verde Hydrographic Basin (25°31'S;
49°31'W) is located in the state of Parand, in the munici-
palities of Campo Magro, Campo Largo and Araucéria,
and is part of the Alto Iguacu basin. The basin is delim-
ited to the east by the Passauina river sub-basin and to the
north by the Ribeira and Iguacu sub-basins (Figure 1) and it
is located in the Rio Verde Environmental Protection Area
(APA). The Rio Verde APA spans across parts of the munici-
palities of Campo Largo and Araucaria that are within the
Metropolitan Region of Curitiba (RMC).

2.2 CLIMATE

The Rio Verde Hydrographic Basin is located in the
climatic zone classified as humid temperate, with mild
summers and a lack of a well-defined dry season. Climate
is defined as type Cfb (according to KOEPPEN), i.e., a sub-
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tropical climate with cool, humid summers and mild win-
ters with the occasional occurrence of frost.

2.2.1 Air Temperature

The records from the last 30 years obtained from a
meteorological station located near the study area show
that the average annual temperature is 16.5°C. The aver-
age temperature of the coldest month (July) is 12.7°C and
the warmest month (February) is 20.3°C, with minimum
temperatures reaching values below -5°C and maximum
temperatures above 33°C. Frosts are fairly common in the
region, although the number of occurrences per year vary
from two to twenty.

2.2.2 Relative air humidity and rainfall

Levels of air humidity fluctuates very little during the
year, with an average of 80% (minimum of 17.3%). The an-
nual average rainfall is approximately 1468mm. Historically,
the months with the highest levels of rainfall occur during
the summer months and the driest months occur in the
winter. In general, the values recorded during the summer
months (average above 70mm) are at least twice the values
recorded during the driest months (July and August).

2.2.3 Prevailing wind direction

The prevailing wind direction in the region is from
east to west and the most frequent intensities are between
2.0m/s and 4.0m/s (~38%) and between 4.0m/s and
6.0m/s (~26%). Average and maximum wind speeds are
between 2.8m/s and 10.3m/s, respectively (Chapter 12).

2.3 INFORMATION ON THE MUNICIPALITIES
LOCATED INTHE BASIN

2.3.1 General Information on the Municipalities

In total area, Campo Largo is the largest of the mu-
nicipalities that are located in the Rio Verde Basin. It has a
population of 112,548 people (Table 1, Figure 2) and it is
the municipality with the largest percentage of area locat-
ed within the basin (109.2km?) and the greatest number
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FIGURE 1 — LOCATION OF THE RIO VERDE BASIN
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of inhabitants (close to 80%) residing within the drainage
basin, followed by Araucéria (38.4km?) and Campo Magro
(18.4km?) (Table 2). The municipality of Campo Largo is
known for the production of ceramics, furniture, metal in-
dustries and also for its wineries.

Araucaria is the municipality with the greatest num-
ber of inhabitants, the highest population density (Figure
2), and the highest income per capita (Table 1). The in-
stallation of the President Getulio Vargas Refinery in the
1970’s contributed to the development of a strong indus-
trial economy, which directly relates to the current high
gross domestic product in Araucaria (Table1)

Campo Magro is the municipality with the small-
est total area but with a population density that is much
higher than Campo Largo. The majority of the population
of the three municipalities within the basin is located in
urban areas (Figure 3). Campo Magro’s economy is essen-
tially agricultural and the most important crops are beans,
corn and potatoes.

TABLE 1 — GENERAL INFORMATION ON THE MUNICIPALITIES

2.3.2 Education

The number of students enrolled in primary and sec-
ondary education in the municipalities within the study area
is shown in Figure 4. Araucaria was the municipality with the
highest number of students enrolled in 2009, followed by
Campo Largo, and Campo Magro. In the three municipali-
ties located in the basin, the rate of illiteracy is higher among
people aged 50 and over. The highest illiteracy rates, from
any age group, were registered in Campo Magro (Table 3).

2.3.3 Culture

Most of the colonial communities located in the
study area were founded by Italian and Polish immigrants
and some residents still maintain the traditions of their
country of origin. Most residents of these colonial com-
munities are Catholics. The Church has an important role
in rural communities as a place for prayer and religious
practices, recreation, education, leisure, culture and po-
litical activities.

CAMPO LARGO CAMPO MAGRO ARAUCARIA
Geographic Characteristics
Area 1,249km? 276km? 469km?
) 112,486 people 24,836 people 119,207 people
Population IBGE/2010 IBGE/2010 IBGE/2010
Density 87.7people/km? 84.8people/km? 250.3people/km?
Altitude 956m 990.3m 897m
Bordering Castro, Campo l\/Ialgr.o, Itaperucu, Curitiba, Campo Largo, Itaperucu and Balsa qua, Campo Largo, Contenda,
Municialities Ponta Grossa, Araucaria, Balsa Nova, ‘Almirante Tamandaré Curitiba, Fazenda Rio Grande,
P Curitiba and Palmeira Mandirituba and Quitandinha
Economic Indicators
HDI 0.774 0.74 0.801
UNDP/2000 UNDP/2000 UNDP/2000
GDP R$ 1,192,071 R$ 160,144 R$ 11,001,673
IBGE/2008 IBGE/2008 IBGE/2008
) R$ 94,965.63 R$ 10,759.15 R$ 6,864.87
GDP per capita IBGE/2008 IBGE/2008 IBGE/2008
TABLE 2 — POPULATION IN THE RIO VERDE DRAINAGE BASIN (2002)
MUNICIPALITY CAMPO LARGO CAMPO MAGRO ARAUCARIA TOTAL
km? 109.2 18.4 38.4 165.9
A ithi i in (km?
rea within drainage basin (km?) % 658 11.00 231 100
Population within drainage basin People 14,266 3.059 /64 18,789
P 9 % 79.6 16.3 4.1 100

TABLE 3 - ILLITERACY RATE (%), ACCORDING TO AGE, IN THE MUNICIPALITIES OF CAMPO LARGO, CAMPO MAGRO AND

ARAUCARIA
CAMPO LARGO CAMPO MAGRO ARAUCARIA
Age (years) Rate (%)
Under 15 6.8 9.7 5.8
15t0 19 1.3 2.6 1.1
20 to 24 2.0 3.0 1.0
25to 29 2.3 3.5 1.4
30 to 39 3.6 6.2 2.8
40 to 49 6.0 10.0 6.0
50 and over 19.0 29.0 21.0

SOURCE: IBGE — 2000 Demographic Census
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FIGURE 3 — URBAN, RURAL AND TOTAL POPULATION
ACORDING TO MUNICIPALITY
SOURCE: IBGE — 2010 Demographic Census.

2.4 LAND-USE AND OCCUPANCY

2.4.1 Land-Use regulation

The Rio Verde APA is located to the west of the Curi-
tiba Metropolitan Region (RMC) and it includes a portion of
the municipalities of Araucaria and Campo Largo, and areas
upstream of the Rio Verde Reservoir, which are the drainage
basin of this reservoir (Figure 5). The APA was established
by State Decree 2.375, July 31, 2000, and it aims to protect
and preserve the quality of the environment and its natural
ecosystems with a particular focus on the quality and the
quantity of water for public consumption. The APA estab-
lishes measures and instruments to manage conflicts arising
from the various types of land-use that occur in the area.

The Campo Largo municipal zoning laws established
by Municipal Decree 444/78, amended by Municipal Decree
97/81 and 123/82, by Municipal Law 1.236/96 and by Mu-
nicipal Decree 061/00, are applied in the Rio Verde APA.

The laws of land-use and land-occupation in the
macro-zoning of the Campo Magro Territorial Planning Unit
(UTP), created by State Decree 1.611/99, are also applied in
the APA because part of the municipality’s territory is located
within the Rio Verde Basin. This macro-zoning was designed
based on the provisions of the Law for the Protection of
Water Sources (State Law 12248/98) and considered areas
under pressure due to occupation and environmental sus-
tainability. The macro-zoning created six areas focused on
targeted occupation, two on consolidated urbanization and
one with high restrictions on occupation.

Part of the rural area that belongs to the Municipal-
ity of Araucéria is located within the Rio Verde APA. The
following legal provisions prevail: Federal Law 4.504/64,
which provides for the Land Statute (Estatuto da Terra);
and Federal Law 5.868/72, amended by Federal Law
10.267/01, which created the National System of Rural
Registration (Sistema Nacional de Cadastro Rural).

2.4.2 Evolution of Land-use

Several anthropogenic activities have modified the
Rio Verde Basin over the last two centuries, such as log-
ging, increased agricultural and livestock activities and ur-
ban and industrial expansion. In Chapter 3, the evolution
of land-use in the Rio Verde Basin is discussed in detail. In
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FIGURE 4 — STUDENTS ENROLLED IN PRIMARY AND SE-
CONDARY EDUCATION IN 2009 IN CAMPO LARGO, CAM-
PO MAGRO AND ARAUCARIA

1976, the areas with vegetation represented the majority
of land-cover (~52%) and the built environment occupied
a small portion in the eastern region of the basin (Campo
Largo). In 2000 and 2009, both rural and urban areas in-
creased. In addition to the population increase in the Cam-
po Largo municipality, the built environment increased
along highway BR 277 and the areas with vegetation de-
creased over time (from ~ 52% to ~ 41%; Chapter 3).

Another important fact that affected land-use in the
basin was the development of Petrobras’ President Getulio
Vargas Refinery in 1973 and the construction of the dam
for water abstraction from the Rio Verde. Comparing area
maps from 1976 with that of 2009, it is easy to observe an
increase in the area covered by water (from 0.7% in 1976
10 3% in 2009) with the reservoir occupying approximately
8km? of the basin (Chapter 3).

2.4.3 Land-Use in Areas of Permanent
Preservation

In Chapter 6, the vegetation cover and land-use in ar-
eas of permanent preservation (APPs) are assessed. The goal
in creating areas of permanent preservation (Federal Law
4771/65) is to “preserve the water resources, landscape,
geological stability, biodiversity, gene flow of fauna and
flora, protect the soil and ensure the well-being of human
populations.” Approximately 50% of the surface area of the
APP is occupied by natural vegetation, especially vegeta-
tion in the Middle Stages of Succession (35.5%) and Gallery
Forests (4.7%). The categories of “Agricultural”, “Refores-
tation”, “Urbanized Areas” and “Exposed Soil” represent
47.4% of inappropriate land-use in the APP. The remaining
surface area (1.2%) is occupied by “water bodies”.

2.5 INFRASTRUTURE

2.5.1 Sewage system

The sewage collection system in the region has been
expanded in recent years. In 2009 R$13.6 million were al-
located for the expansion of the sewage collection system
in the municipalities of Araucdria, Campo Largo and Campo
Magro, serving approximately 13,000 people. In the munici-
pality of Campo Largo, a 4.2km sewage system was imple-
mented and 210 homes were connected to the system. In
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Araucéria, the system for sewage collection and treatment
was extended by 31km. In 2009, the first portion of the sew-
age system was implemented in the municipality of Campo
Magro, benefitting 1,006 households in the town of Jardim
Boa Vista, with more than 19km of piping.

In the project aiming to expand the Campo Largo
Water Supply System (WSS), which began in 2011, the
Cercadinho/Sao Luiz sub-system which captures water
from the Rio Verde, will be available for local use and it will
serve the areas to the east, towards Curitiba that are now
under within the RMC Integrated System.

The construction of three sewage pumping stations
and the extension of 33km of the collection system in Sao
Luis, Cercadinho, Jardim Itdlia, Padre Anchieta and Vila
Lurdes, in Campo Largo, as well as the construction of a
sewage treatment station in Ithaqui, are among the proj-
ects scheduled to help clean up the Rio Verde Basin. These
projects were scheduled to start in the first half of 2011
and should be completed within 12 months.

Most homes that are not connected to the sewage
collection system have septic tanks to treat domestic sew-
age and some of them dispose of their wastewater directly
into the water bodies without treatment.

2.5.2 Solid and hazardous waste management

Solid waste from about half of the population lo-
cated within the APA is collected by municipalities. The
other half of the population burns the solid waste that they
generate. The Municipality of Campo Magro has the sole
recycling program in the drainage basin. Even with regular
collection, there are instances where garbage is disposed
of in inappropriate places, such as water ways. All of the
urban solid waste collected in the region of the APA is sent
to the Cachimba landfill, located south of Curitiba.

2.6 TOURISM AND TOURISM
INFRASTRUCTURE

Industries such as the production of ceramics and
furniture attract tourists to Campo Largo as do wineries
and properties that work with rural tourism. Rodeos (Col6-
nia Mariana) are another attraction in the region. There is
also a practical tourist program which includes specialized
visits by farmers and professionals to organic producing
properties and to the Chamel company that produces me-
dicinal herbs and herb products.

In the Municipality of Araucaria there are countless
“fishing ponds” that attract tourists, mainly on weekends,
as well as several properties that have the potential for ru-
ral tourism.

2.7 CHARACTERIZATION OF THE BASIN

2.7.1 Hydrologic aspects

The total area of the basin drainage is 242km? and
represents about 9% of the entire drainage area of the
Allto Iguacu Basin. The drainage basin of the Rio Verde Res-
ervoir was subdivided into 18 smaller hydrographic sub-ba-
sins, according to the natural divisions in the region (Figure
6). The pattern of the drainage network is dense, charac-
terized as sub-dendritic to dendritic and it is little affected
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by tectonics. The main springs drain along straight steep
slopes of geological formation of the Atuba Complex. In
general, these drainage flows are fairly swift, because of
the steep slopes. Several streams canals of 1%, 2" and 3
order begin in the subsequent relief. The main watercourse
is the Rio Verde that flows to the south. In addition to the
Rio Verde, 15 other tributaries supply the reservoir, includ-
ing the Ribeirdo dos Pessegueiros, Ribeirdo Iguacu, Cristal
River, Arroio Rondinha and Arroio Formigueiro (Figure 6).

2.7.1.1 Underground sources

The underground water sources in the study area are
characterized by five aquifers: 1) surface or unconfined aqui-
fer, located at the base of the water table and present in the
surface soil layers; 2) aquifer that is free from alluvial deposits
and shows little consistency; 3) fractured aquifers of the cris-
taline formation (Atuba Complex), with concentrated move-
ment of water in open fractures and flaws, highly variable
permeability, average production volumes of 15 to 20Lss,
and exceptional flow rates of 100L/s; 4) confined aquifer of
sandy lenses of the Guabirotuba formation; 5) karst aquifer,
with complex circulation of groundwater and a basic mech-
anism that consists of the dissolution of fissured carbonate
rock by the water. This mechanism forms cavities in the rock
through which the groundwater circulates.

2.7.2 Types of Soil

In the Rio Verde Basin Gleysols, Oxisols, Nitosols, In-
ceptisols and Histosols are the most common. The types
of soils present in the basin are shown in Figure 7. The
mapped soil types were grouped and identified as follows:

e  LBd - Dystrophic Bruno Oxisol;

e LVd - Dystrophic Red Oxisol;

e NVd - Dystrophic Red Nitosol;

e (CXbd - Dystrophic Tb Haplic Inceptisol;

e (Xve — Eutrophic ta Haplic Inceptisol;

e GJo - Orthic Tiomorphic Gleysol;

e |Ve-Association Eutrophic Red Oxisol + Dystro-

phic Bruno Oxisol;

e NBd - Association Distrophic Bruno Nitosol +

Dystrophic Th Haplic Inceptisol.

The Gleysols occupy the floodplain and these envi-
ronments require special care in planning decision-making
and environmental management. The areas in which Oxi-
sols occur have the lowest restrictions on usage, while the
portions of land with Nitosols and Inceptisols require an
intermediate level of restrictions because they are mostly
impermeable and have a high potential for hydric erosion.
Clay soils, in turn, are quite porous, present good levels
of water capacity and are naturally relatively impermeable.

2.7.3 Landscape characteristics of the basin

The most common types of natural vegetation cover
and the most relevant types of land-use in the basin are
shown in Figure 8. The basin has areas with Araucaria (Mixed
Ombrophilous) Forest in different successional stages (capoei-
rinhas, bracatinga, capoeirées, forest and gallery forest), areas
of pioneer species (floodplain), and areas of anthropogenic
disturbance (reforestation, agriculture and livestock, urban ar-
eas, areas with exposed soil and water bodies).
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FIGURE 8 — NATURAL VEGETATION COVER AND TYPES OF LAND-USE IN THE RIO VERDE BASIN. A: GALLERY FOREST; B:
CAPOEIRAO; C FLOODPLAIN; D: BRACATINGA; E REFORESTATION; F: AGRICULTURE; G: CAPOEIRINHA; H: LIVESTOCK; I:

URBAN AREA

3. THE RIO VERDE RESERVOIR

The Rio Verde dam (25°31'30"S, 49°31'30"W;
Figure 9) was constructed between 1974 and 1976 by
Petrobras (Petroleo Brasileiro S.A.) with the initial purpose
of serving the President Getulio Vargas refinery. The re-
gion upstream from the dam is made up of about 165km?
(~68% of the total basin area), around 147km2 (~61%)
makes up the Rio Verde APA, and 18.4kmz2 (at north end of

FIGURA 9 — AERIAL IMAGE OF RIO VERDE RESERVOIR —
DAM AREA
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the basin — 7.6%) is located in the Municipality of Campo
Magro, making up the Campo Magro UTP.

3.1 GENERAL CHARACTERISTICS OF THE
RESERVOIR

Table 4 contains general information about the Rio
Verde Reservoir. The average and maximum depth shows
that the reservoir is shallow with the majority of the reser-
voir being less than 8 m deep (Figure 10). The mean resi-
dence time of water is 218 days (Chapter 8).

The input flow is estimated at approximately 2.80m?/s.
The sum of the output flows from ecological processes, li-
censes, irregular abstraction, evaporation, infiltration and
percolation was estimated at 2.26m>/s (Table 5).

3.2 LIMNOLOGICAL CHARACTERIZATION
OF THE RESERVOIR

The Rio Verde Reservoir has been monitored since
1987 by the Environmental Institute of Parana (IAP), as
part of the “Program for the Evaluation, Classification and
Monitoring of Water Quality of the Reservoirs in the State
of Parand.” This Program, developed with the technical
cooperation of GTZ (German Agency of Technical Coop-
eration), aims at classifying the water quality of reservoirs
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TABLE 4 — GENERAL CHARACTERISTICS OF THE RIO VERDE
RESERVOIR

RESERVOIR DATA

Reservoir area 7.9 km?
Basin total area 239 km?
Drainage basin 173 km?

Mean volume 25,644,000 m?

Reservoir volume at the spillway top 34,000,000 m?

Surface 5,972 km?
Length 9.06 km
Average width 0.645 km
Perimeter 36.4 km
Maximum depth 11 m
Average depth 56m
Mean residence time 218 days

TABLE 5 — USE AND LOSS OF WATER IN THE RIO VERDE
BASIN - 2010

DESCRIPTION FLOW (m3/s)
Instream flow 0.21
REPAR license 0.84
Fosfertil license 0.12
SANEPAR current license 0.30
Irregular abstraction 0.03
Loss through evaporation 0.25
Loss through percolation/infiltration 0.012
SANEPAR extra license 0.50

according to their degree of degradation. This method en-
ables an understanding of the main limnological character-
istics of each environment, particularly in relation to water
quality and changes over time.

Through the Program a Water Quality Index is cal-
culated for each Reservoir (IQAR). Each reservoir is moni-
tored twice a year (winter and summer) and samples are
taken from two depths of the water column: euphotic and
aphotic zones, independent of the processes of thermal
stratification. Physical, chemical and biological analyses are
performed on each sample. In addition, thermal profiles,
dissolved oxygen and saturation, pH, conductivity and wa-
ter transparency using a Secchi disk are assessed.

Data collected up to 2009 show the following limno-
logic characteristics of the Rio Verde Reservoir:

e - thermal profile similar to warm monomitic lakes.

In these environments, there is a complete circula-
tion every year and thermal stratification during
the warmest months;

e - dissolved oxygen distribution correlates with
the thermal profile, with oxygen concentration
decreasing with distance from the euphotic zone
and anoxia occurring in the bottom layers, par-
ticularly during spring and summer months;

e - the average phosphorous concentration ob-
served during the period (1987 to 2009) was
0.015mg/L which classifies the reservoir as me-
sotrophic, according to OECD (1982). Total phos-
phorous content varied from 0.004 to 0.027ma/L;

e the ratio of nitrogen/phosphorous indicates that
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in this environment phosphorous is the limiting
nutrient for the primary production of phyto-
plankton;

e the reservoir was considered mesotrophic with re-
gard to phytoplankton biomass, with an average
chlorophyll-a concentration of 6.9ug/L. According
to OECD (1982), in mesotrophic environments
chorophyll-a concentration varies between 2.5
and 8ug/L;

e during the monitoring period, only one cyanobac-
terial bloom was observed in April 2005, and the
prevalent species was Cylindrospermopsis racibor-
skii. This species is considered potentially toxic.
Other cyanobacterium species were also detected
in other samples but always in very low concen-
trations. It is important to highlight that the Rio
Verde Reservoir presented the second largest di-
versity of phytoplankton species of all reservoirs
monitored by IAP, with a total of 84 taxa;

e in the study of the zooplankton population, 40
taxa were registered and a group of Rotifers
was prevalent. Among the identified Copepods,
more Cyclopoida were present than Calanoida,
indicating a mesoeutrophic trend in the environ-
ment.

Based on data collected throughout the study pe-
riod, the Rio Verde Reservoir presented an water qual-
ity index of 3.5, which indicates a moderately degraded
environment (IAP, 2009). The main characteristic of such
environments is a significant deficit of dissolved oxygen in
the water column, which may lead to anoxia in the lower
layers during certain periods. These environments present
an average supply of nutrients and organic matter, signifi-
cant variety and/or density in algae (with some prevalent
species), moderate tendency to eutrophication and signifi-
cant water residence time. Water quality is considered to
be fair/acceptable.

According to the index adopted by IAP, reservoirs
classified as moderately degraded have sufficient water
quality for the most demanding uses, such as domestic
consumption, after conventional treatment and protection
of aquatic communities. However, to maintain this level,
conservation measures within the hydrographic basin, up-
stream of the reservoir, are recommended.

3.3 SAMPLING PLAN OF THE RIO VERDE
PROJECT

In the Rio Verde project, the hydrographic basin was
divided into 20 sub-basins and a sampling point was se-
lected in each sub-basin (Figure 11). Each sub-basin has the
same identification as the sampling point. In total, samples
were taken from 25 points as follows:

e 4 points upstream of the reservoir in the main

channel;

e 1 point downstream of the reservoir in the main

channel;

e 5 points on the right bank;

e 8 points on the left bank;

e 2 points in indirect tributaries;

e 5 points in the reservoir

27



28

RESERVOIR EUTROPHICATION: PREVENTIVE MANAGEMENT

An applied example of Integrated Basin Management Interdisciplinary Research

7.184.000

7.182.000

648.000

7.180.000

7178.000

7.176.000

7.184.000

782,000

7.478.000

== PROJETO
RIO VERDE
pesquisa

654.000

Map Key:
Rio Verde Hydrographic Basin
Sub-basins
~— Hydrography _
@ Collection Stations in Tributaries
7 'Municipality Borders
Depth (m)

Projection UTM,
Datum SAD5S, Zone 225,

BATHYMETRY IN
RIO VERDE
RESERVOIR - PARANA

Scale: 1:50.000

0 035 05 1
e — |

Wuricpalty Barders - (105, 201
Hasn - Cartas COMEC, 1976, 1. 10.000,

Meridian 51° W.

2006}, Barhmedry
and Sub-Basns - Projeto Rio Verde, 2008

7.180.000

7.176.000

FIGURE 10 — BATHYMETRIC MAP OF RIO VERDE RESERVOIR

Downloaded from http://iwaponline.com/ebooks/book-pdf/868060/wic9781780406480.pdf
bv IWA Publichina publications@iwan co uk




CHARACTERIZATION OF THE BASIN

640.000 645.000 650.000 655.000 660.000
N J
g 5
8- w E /J |
— “ Campo Magro
&
8 Campo Largo
o
:
;__" - o
J
i
: w
~ o
12
iE;
g
=
oo
£ s LS _&==PROJETO
b A "~ Contenda - RIO VERDE
/ ’ e s
640.000 645.000 650.000 655.000 660.000
: PROJECT SAMPLING
W v STATIONS AND IAP
A Sampling Points in the Reservoir |:| Sub-basins STATIONS IN RIO VERDE
B |AP Sampling Stations Hydrography BASIN - PARANA
® Sampling Points in Tributaries [0 Reservoir - S
] Rio Verde Hydrographic basin i Municipality Borders i1
Database:
Profecton T | | SR 178 1 16000 Sp et
O Mk 6. || e e 280 el

7.195.000

7.190.000

7.185.000

7.180.000

7.175.000

7.170.000

FIGURE 11 -LOCATION OF THE SAMPLING POINTS OF THE RIO VERDE PROJECT.

Downloaded from http://iwaponline.com/ebooks/book-pdf/868060/wic9781780406480.pdf
bv IWA Publichina publications@iwan co uk

29



30

RESERVOIR EUTROPHICATION: PREVENTIVE MANAGEMENT
An applied example of Integrated Basin Management Interdisciplinary Research

The physico-chemical and biologic parameters of the
samples collected at those points were assessed. Data on
the chemical analysis of water quality within the tributaries
is presented in Chapter 10. Chapter 12 discusses the physi-
co-chemical and meteorological parameters of the reser-
voir based on mathematical models. Data on the aquatic
communities of the reservoir are presented in Chapters 13,
14, and 15.

Studies relating to socioeconomic conditions, rural
sanitation and environmental education were conducted
in the communities of Cercadinho, Colénia Anténio Re-
boucas, Coldnia Rio Verde Faxinal do Tanque, Col6nia Cris-
tina, Colénia Figueiredo and Colénia Dom Pedro 1.

3.4 USES OF THE RESERVOIR
3.4.1 Water

3.4.1.1 Drinking water abstraction from the reservoir

Currently SANEPAR (Water and Sanitation Company
of Parana State) does not make water abstraction system
from the Reservoir for public consumption. However, water
is collected from the main tributary, the Rio Verde, by the
sub-system Cercadinho/Sao Luiz, which serves these com-
munities (Figure 12). Abstraction of water from the reser-
voir is planned for a point 200 meters from the bridge that
crosses the reservoir connecting Campo Largo to Araucaria
(Figure 12). This system will be comprised of: abstraction
from the Rio Verde reservoir, water pump and pipeline, a
water treatment station, a sludge treatment station, hold-
ing tanks, and the pumping and piping of treated water.

Data on water use and loss in the Rio Verde Basin
are shown in Table 5. The Rio Verde dam has 1.87m3/s of
regularized flow. Two licenses for water withdrawal from
the reservoir have been granted: one for Petrobras, with
0.84m’/s (~ 45% of the total) and one for SANEPAR, with
0.3m3h. SANEPAR also has an extra license of 0.5m3s,
which will be used for public supply after the enlargement
of the Campo Largo water supply system. The total volume
of reserved water after the enlargement of the system will
be 9,600m?, enough to meet the demand forecasted up to
the end of the project horizon.

3.4.1.2 Water abstration for agricultural purposes

The water used for cleaning, irrigation, animal con-
sumption and chemical spraying is withdrawn from private
wells in Colénia Cristina and Formigueiro (municipality of
Araucaria) and in Coldnia Reboucas and Dom Pedro Il (mu-
nicipality of Campo Largo). Despite the good water quality
of the collective system, most producers prefer to use wa-
ter from private wells for their primary consumption and
in some cases they use the collective system for secondary
consumption.

3.4.1.3 Water withdrawal for industrial purposes

REPAR (President Getulio Vargas Refinery) uses wa-
ter abstracted from the Rio Verde Reservoir for industrial
purposes and distribution of drinking water in the refinery.
The industrial uses include: 1) untreated water to pressur-
ize the water system for emergency combat, for cleaning
the area, and for testing tanks; 2) untreated water to re-
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plenish the cooling system of the refinery; 3) filtered and
chlorinated water for industrial use in operations that re-
quire higher quality water; 4) drinking water (filtered and
chlorinated); and 5) demineralized water for steam produc-
tion. In addition to the water used at REPAR, untreated
water, industrial water, drinking water and steam are also
sent to Fosfértil (Fertilizantes Fosfatados S/A) in Araucaria.

Water abstraction by REPAR occurs at the dam (Fig-
ure 13), the deepest part of the reservoir. At this location,
there is a water intake with four manually activated gates.
The depth of the water body at each gate is: Gate 01 =
2.60m; Gate 02 = 5.60m; Gate 03 = 8.65m; Gate 04 =
11.80m.

The water is piped through the pumping station to
the water tower. From this tower, water is fed by gravity to
the untreated water storage tanks (Figure 14) of the refin-
ery, placed at an elevation of 915.5m. The purpose of the
tanks is to ensure the continuity of untreated water supply
and to allow solid particles to settle. To this end, tanks are
arranged so that while one is being filled, another is in
operation.

3.4.2 Fishing at the reservoir

Fishing around the reservoir is not commercialized,
it is only done for leisure or sport (Chapter 18) and it is
a practice that has been going on for at least 10 years.
Fishing is practiced by residents of Curitiba, Araucéria or
Campo Largo and the targeted species are those of the
Astyanax (lambaris) genus.

4. CONSERVATION STATUS OF THE
ECOSYSTEM

The Rio Verde Basin is subject to pressure from ur-
banization, increasing industrial activities, development of
the service sector and transport systems, creating condi-
tions that can degrade the environment and significantly
modify natural ecosystems.

The natural characteristics of a large proportion of
the region are highly modified. Sections of the forest that
are well preserved are mostly restricted to the areas under
environmental protection. Still, the native forest cover in
areas of permanent preservation (APP) does not meet the
requirements of environmental legislation (Chapter 6). Be-
yond these areas, the remaining patches of Atlantic Forest
have been replaced by pasture or reforestation with exotic
species.

Nevertheless, the Rio Verde still has the highest levels
of environmental integrity with discreet patterns of biodi-
versity in comparison to all other rivers located in hydro-
graphic area of the Curitiba Metropolitan Region.

Aquatic vegetation is the common element through-
out the watercourse. Gallery forests and foodplains occupy
about 36% of the APP (Chapter 6). In the area surround-
ing the dam, the natural vegetation along the banks is de-
teriorated. In this area a large number of tree trunks are
submerged.
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4.1 CAUSES OF ENVIRONMENTAL
DEGRADATION

4.1.1 Agricultural and livestock uses

The production of livestock is not significant in the
Rio Verde Basin (Chapter 19). The prevailing agricultural
cultivation system is tillage, with significant and indis-
criminate use of pesticides. Due to naturally low levels of
soil fertility, farmers use strong fertilizers which are eas-
ily lost through erosion, due to conventional soil manage-
ment practices. This type of management causes erosion
through which agrochemical products, clay colloids and
organic matter are carried away by runoff, causing siltation
of the river beds and eutrophication. The impact on the
river and reservoir produces significant challenges for wa-
ter treatment. About 43% of the basin area presents fair to
good suitability for agriculture, if soil control and manage-
ment measures are used (Chapter 19). In the remainder of
the basin, more drastic measures of control and manage-
ment should be employed, due to the increased fragility
of the soil.

4.1.2 Urban use

The urban or built areas total 1,511.97ha, or 6.32%
of the basin surface, and are concentrated mainly within
the municipality of Campo Largo, in the vicinity of highway
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BR 277, and at the north end of the basin, within the mu-
nicipality of Campo Magro (Chapter 6).

4.2 IMPACTS CAUSED BY LAND-USE

Nutrient enrichment is one of the main causes of
water degradation because it can boost the production
of algae and aquatic plants, disturbing the balance of
dissolved oxygen, reducing biological diversity and nega-
tively affecting the water supply (FERNADES et al., 2005).
Agricultural practices are the main contributor of the dif-
fuse nutrient load into the country’s rivers, while urban ar-
eas add concentrated point source loads into waterways
with high pollution potential (ANDREOLI et al., 2003).
Two aspects related to the misuse of water resources are
addressed below.

4.2.1 Increase of the algae population

In 2005, a bloom of the cyanobacterium Cylindro-
spermopsis raciborski occurred in the Rio Verde Reservoir,
reaching densities of 96,000 cells/mL. Cyanobacterial
blooms can range from harmless to harmful or toxic to
other organisms throughout the food chain, including hu-
mans. After the occurrence of the bloom in 2005, a signifi-
cant increase in C.raciborskii was not observed. Currently,
species of Chlorophyceae (green algae), diatoms and flag-
ellates prevail in the microalgae population.

4.2.2 Decline of the fish population

The results of the ichthyofauna survey in the drain-
age area of the Rio Verde Basin produced a total of 27
fish species, of which 11were considered endemic to the
Iguacu River (Chapter 15). In comparison to the Rio Verde
Reservoir, the Passalna, Iral and Piraquara reservoirs pre-
sented 15, 12 and 8 species, respectively, indicating that
the fish population of the Rio Verde Reservoir is within the
standards expected in the Curitiba Metropolitan Region,
with few dominant species. According to the survey of
fishing in the reservoir (Chapter 18), most fishermen (63%)
believe that the amount of fish has not diminished over
the years.
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5. ENVIRONMENTAL EDUATION

Chapter 22 discusses the process of developing
an Environmental Education program together with the
Cercadinho (Campo Largo Municipality) community, lo-
cated within the boundaries of the Rio Verde APA. The
program was conceived and developed by the community
group “Life for Rio Verde” (Grupo Vida ao Rio Verde) and
rolled-out through activities designed to raise awareness in
the community. The goal of the Environmental Education
program is the continuous implementation of preserva-
tion actions of the River and its surroundings. The man-
agement team of the local Municipal School, members of
the Parents, Teachers and Staff Association, leaders of the
residents association, neighborhood merchants, residents
and representatives of municipal agencies are part of this
program.

The involvement of the community resulted in activi-
ties such as lectures and awareness workshops, ecological
walks and a brochure on environmental education. The
team also created an interactive blog (www.vidarioverde.
blogspot.com) to communicate its activities and to share
knowledge.
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ABSTRACT

The Rio Verde Basin, located in the Metropolitan Area of Curitiba (RMC) , Parand, Brazil, is one of the region’s main
water supplies and it provides water to Petrobras’ President Getulio Vargas Refinery, the largest oil complex in the
State of Parana. The initial occupation of the basin, which was predominantly rural, was not planned or controlled.
Similarly, urban development was not based on proper assessments of environmental impacts and weaknesses. This
resulted in improper land-use practices, which resulted in significant changes to river environments in areas of human
occupation. This situation has driven this research study, the primary purpose of which was to develop a cartogra-
phic database in order to study spatio-temporal dynamics and identify growth trends within the basin. The struggle
between development and legal environmental requirements has also been identified through the use of geographic
information systems (GIS). For the classification and analysis of mapping units, information layers were generated
from topographic maps (scale 1:20,000 — 1976), aerial photographs (scale 1:30,000 - 2000), satellite images (2005)
and field data. Our results show that anthropogenic pressures have had an impact on the basin and these pressures
affect the quality of the environment and require mitigation measures. Because of human occupation in the basin,
there is the possibility of eutrophication of the reservoir, which may affect the future use of this water source.

KEY WORDS

Environmental assessment, space-time dynamics, conflicts, environmental risk, geographic information systems.

1. INTRODUCTION

tensified development and occupation within these basins

There are several common environmental problems
associated with sustainable development in watersheds,
including: siltation of waterways, altered flow regimes with
larger and more frequent floods during rainy periods, ero-
sion of canal banks and floodplains, levee breaks, land-use,
and inadequate management of soils, slopes, and inter-
fluves. These problems create conditions favorable to ero-
sion by reducing the storage capacity of the soil as well
as affecting the replenishment of the water table, which
reduces flow during rainy periods. These are factors that,
in severe cases, transform perennial streams into intermit-
tent streams, or in relation to water pollution, make them
unsuitable for consumption or irrigation. When added to
other environmental factors resulting from un-planned use
of the basin, they affect the quality of life of local and re-
gional population.

These phenomena significantly compromise devel-
opment and require managers to take immediate action
especially in source-areas of the basin where these pro-
cesses are usually triggered by the removal of vegetation,
followed by the improper use and management of the
land. Such actions can occur in both rural and urban areas;
in urban areas the accumulation of inappropriately treated
solid waste, along with the absence of a rainwater drain-
age system, and its use for excessive storm water runoff,
can produce increased surface flow. The surface flow in-
crease is sometimes the result of soil sealing related to in-
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(buildings, transportation routes and pavement).

These factors result in a decrease in the amount of
rainwater that is infiltrated into the soil, which reduces the
capacity of water storage in the soil. In addition, these fac-
tors can change river dynamics through modifications to
surface and river flow, increased erosion and the frequency
of flooding which in turn affect water quality.

In the Metropolitan Region of Curitiba (RMC),
Parana, where the Rio Verde Basin study area is located,
human occupation and inappropriate land management
on slopes and interfluves, as seen through the loss of top-
soil due to sheet erosion, can cause significant changes in
river environments (channels or low-flow channels) and al-
luvial plains (flood channel or flood plain). In these environ-
ments, even without human occupation, imbalances are
often found that can trigger processes resulting in siltation
and changes in water quality, thus limiting its use.

The Rio Verde Reservoir, which is owned by Petro-
bras, is located in the center of the hydrographic basin. The
environment has been experiencing impacts from human
occupation over time and is thus undergoing a process of
eutrophication, a situation in which algae can proliferate
with great speed and intensity.

The impact on water resources results in a significant
social burden as the basin is an important part of the water
supply of the RMC, where they often lack the information
necessary to fully understand the problem presented herein.
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Therefore, an interdisciplinary team was formed to
conduct studies that investigate and indicate measures to
prevent the eutrophication process, since algae-infested
waters cannot be used for either human consumption or
refinery operations.

A cartographic database was required to facilitate
the analyses of the basin in order to not only understand
the basin as a system in constant evolution, but also to
develop scenarios for assessing levels of conservation and
environmental protection.

To this end, we developed a methodology for the
integrated study of the watershed landscapes using re-
mote sensing tools coupled with a geographic information
system (GIS). For the generation, classification and analysis
of mapping units, layers were produced from topographic
maps, aerial photographs, satellite images and field assess-
ments.

With the digital cartographic database, several as-
pects of spatial analysis were developed for the study area,
which will be presented in this chapter: spatio-temporal
dynamics in the Rio Verde Basin (1976-2000-2009); simu-
lation of the growth of areas of anthropogenic disturbance
(AAD) in the Rio Verde Basin, using Markov Chain and Cel-
lular Automata in a GIS environment (1976-2000-2009);
and the identification of conflicts between land-use and
legal restrictions in the Rio Verde Basin.

2. LOCATION AND GENERAL
CHARACTERISTICS OF THE
STUDY AREA

The Rio Verde Basin is located in the western region
of the Metropolitan Region of Curitiba, Brazil, and covers
parts of four different municipalities: Araucaria, Campo
Largo, Campo Magro and Balsa Nova. Its drainage area is
238.96 km? and it is located between Greenwich latitudes
of 25°18'S and 25°40°'S and longitudes 49°21'W and
49°49'W. The source of the basin is in Campo Magro and
it flows into the Iguacu River. The Rio Verde Reservoir is
located along the course of the waterway and it is owned
by Petrobras (Figure 1).

The climate is humid mesothermal subtropical, with
average annual temperatures ranging from 16.5°C to
22.6°C and annual rainfall of 1450 millimeters.

The dominant vegetation consists of the Montana
Mixed Ombrophilous Forest, as well as its initial stage of
Montana — Capoeira Mixed Ombrophilous Forest, in dif-
ferent stages of succession. We also find vegetation spe-
cific to riparian environments, such as the Alluvial Mixed

Ombrophilous Forest which is associated with steppe en-
vironments, known locally as Edaphic Fields, and occurs
along the main drainage channels and flood plains (KLEIN
& HATSHBACH, 1962).

The basin is economically diverse; the municipality of
Araucaria has the highest Gross Domestic Product (GDP) at
approximately R$ 7,023,744,000 (Brazilian Institute of Ge-
ography and Statistics, IBGE, 2005). This high GDP is mostly
related to the Getulio Vargas Refinery, built in 1972, which
allowed the municipality to develop a predominantly in-
dustrial economy.

The Human Development Index (HDI) in the city of
Campo Largo is 0.774 (United Nations Development Pro-
gram - UNDP, 2000) and is considered average since the
GDPis R$ 1,117,934,000 (IBGE, 2005). In relation to indus-
try, Campo Largo is known for a variety of industries across
several sectors, including furniture manufacturing, metal
manufacturing, wineries and particularly ceramics (porcelain
and tiles). The HDI of Campo Magro is 0.740 and is consid-
ered average (UNDP, 2000) and the GDP is R$ 105,368,000
(IBGE, 2005). The economy is based mainly on the agricul-
tural production of beans, corn and potatoes. There also
are many other economic activities, such as organic food
production, crafts and tourism (CALADO, 2004 in SILVA,
2009).

The population of the municipalities in the basin have
increased significantly since 2000 (Table 1); this growth
can generate a series of conflicts between environmental
pressures and land-use. Between 2000 and 2009, the total
population of the municipalities of the Rio Verde Basin in-
creased by 47,769 inhabitants (21.9%).

TABLE 1 — POPULATION GROWTH IN THE RIO VERDE BASIN

MUNICIPALITY | POPULATION 2000 | POPULATION 2009
Araucaria 94,258 117,964
Balsa Nova 10,153 11,252
Campo Magro 20,409 23,607
Campo Largo 92,782 112,548
TOTAL 217,602 265,371

SOURCE: http://www.ibge.gov.br/cidadesat Access on 05/20/2010

3. MATERIALS AND METHODS FOR THE
CONSTRUCTION OF THE DATABASE

For the generation of the database, layers were
prepared based on the cartographic sources listed below
(Table 2).

TABLE 2 — CARTOGRAPHIC SOURCES USED TO GENERATE THE DATABASE

CARTOGRAPHIC SOURCE | SCALE/RESOLUTION | YEAR PREPARED BY:
Topographical Maps 1-10.000 1976 Coordination of the Metropolitan Region of Curitiba (Coordenacéo da
(total of 21 maps) Y Regido Metropolitana de Curitiba - COMECQ)
Panchromatic aerial 1:2 5,000 1980 | Institute of Lands and Cartography (Instituto de Terras e Cartografia - ITC)
photographs
Color aerial photographs Superintgndgnt of the Developmgnt Water‘ Resources and Envjron—
1:30,000 2000 | mental Sanitation of Parana (Superintendéncia de Recursos Hidricos do
Estado do Parana -SUDERHSA)
Satellite Images 10 meters 2005 Spot
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In addition to the cartographic sources mentioned
above, bibliographic information was collected from the
database available through IBGE, the Parana Institute for
Social Development (Instituto Paranaense de Desenvolvim-
ento Social - IPARDES), COMEC, and SUDERHSA, among
other sources.

The GIS software used in the generation of the da-
tabase included Idrisi Taiga, CartaLinx 1.2 and Arc Gis 9.2.

The methodology was divided into five steps. The
first four steps relate to the construction of the database
itself and the final corresponds to the development of ana-
lytical procedures to assess the dynamics of growth in the
basin, as well as the conflicts created between land-use
and the appropriation of natural resources.

Step 1 - survey and analysis of cartographic and bib-
liographic sources and definition of software to be used in
the research.

Step 2 — determine the final mapping scale or scales
and resolution of layers. Based on the scale and resolution,
21 topographic maps were georeferenced for later inte-
gration. The final scale adopted was 1:50,000, using the
Universal Transverse Mercator coordinate system and zone
22S. The resolution was set to 20 meters for information
layers in raster format.

Step 3 - creation of a georeferenced database, in
which the following layers were prepared (hereby defined as
basic environmental data): perimeter of the Rio Verde Basin,
definition of municipalities in the basin, drainage network,
natural springs, contour lines, floodplains, the dam, delin-
eation of sub-basins, historic land-use/land-cover (1976 and
2000), road systems and areas of preservation.

Step 4 - from the basic layers created in Step 3, de-
rived information layers were generated, through spatial
operators, intersections and reclassifications, including: hill-
tops, digital terrain elevation model, declivity, spatio-tempo-
ral dynamics, simulation of growth of areas of anthropogen-
ic disturbance (AAD) of the basin, legal restrictions, conflicts
between land-use and legal restrictions, geomorphology,
environmental risks, emerging and potential issues.

Layers generated during the third and fourth steps
allowed various spatial analyses within the Rio Verde Ba-
sin. Below we outline four studies, two that directly involve
spatial analysis of human occupation in the basin and two
that focus on environmental degradation.

Step 5: spatial analysis — in this stage, we analyzed
the spatio-temporal dynamics of the basin, simulation of
growth in areas of anthropogenic disturbance (AAD) in the
basin, conflicts between land-use and legal restrictions,
and environmental risks.

4. RESULTS OF DATABASE
CONSTRUCTION

The database was used to support several sub-proj-
ects of the wider interdisciplinary project on the eutrophi-
cation of the Rio Verde Reservoir. We also supported stud-
ies that resulted not only in publication but also in graduate
and master’s degree dissertations, some complete and oth-
ers under preparation.

Among the completed works, only three were se-
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lected to be part of this chapter.

4.1 SPATIO-TEMPORAL DYNAMICS IN THE RIO
VERDE BASIN (1976-2000-2009)

4.1.1 Introduction

Because of the so-called rural exodus, the move-
ment of populations from the countryside to the city, ur-
ban populations began to increase dramatically. However,
this movement into urban areas created problems due to
the lack of basic infrastructure required to provide a suffi-
cient quality of life for its citizens (i.e. sanitation, electricity,
hospitals, schools, industries and commerce to sustain the
workforce). The absence of such infrastructure can lead to
several physical, social and environmental issues.

A study by the Environmental Protection Plan and
Territorial Reorganization in Watershed Protection Areas
(Plano de Protecao Ambiental e Reordenamento Territorial
em Areas de Protecao aos Mananciais - PPART, 2002) in the
Metropolitan Region of Curitiba (RMC) identified several
problems in the Rio Verde Basin, including: illegal settle-
ments in the central and upper portions of the basin, urban
pressure from Campo Largo, lack of sufficient water qual-
ity monitoring, and significant impact from the highway
transportation systems (BR-277 and Estrada do Cerne). The
direct impact of urban expansion is an increase in demand
for water that can exceed the projected local availability,
which requires restrictions on development and limited oc-
cupation around natural springs (SUDERHSA, 2007).

The Rio Verde Basin is supplied sufficiently by rain-
fall, with a well-documented spatial distribution of the
phenomenon. This abundance has enabled cities to grow,
largely relying on the water supply from local sources (SU-
DERHSA, 2007).

Environmental management is normally used to
solve problems related to urban development by restricting
land-use in order to protect natural resources. As such, it
uses environmental planning which prioritizes maintaining
the support capacity of the affected ecosystems.

The purpose of this study was to analyze the temporal
and spatial dynamics of human occupation in the Rio Verde
Basin using GIS. This assessment was conducted by devel-
oping layers for the years 1976, 2000 and 2009. As a re-
sult, a tool was developed to identify environmental impacts
caused by urban and rural growth in this region, as well as
enable the planning and reorganization of land-use.

4.1.2 Materials and Methods

The results of the spatio-temporal dynamics of Hu-
man Occupation of the Rio Verde Basin (1:50,000) were
obtained through a comparison of the land-use/land-cover
(LULC), generated from: Topographical Maps from 1976,
scale 1:10,000 (COMEC); LULC information from 2000
(SUDERHSA website); and land-cover layers (2009), pre-
pared by Prof. Carlos Roderjan, PhD (Course of Forestry at
UFPR) for the interdisciplinary project.

Given that the maps used come from various sources,
it was necessary to develop an integrated land-use/land-co-
ver (LULC) classification so that comparisons could be made
across the study years (Table 3 and Figures 2, 3 and 4). The
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TABLE 3 — integration of LULC classification systems FROM 1976-2000-2009

CLASSIFICATION - 1976 CLASSIFICATION - 2000 CLASSIFICATION - 2009
Initial Reclassified Initial Reclassified Initial Reclassified
Montana Mlxed Montana Mlxed Natural Tree Montana Mlxed Shrub Ihltlal - |ﬂ|t|§| Stage of FOMM Initial Succession
Ombrophilous Ombrophilous Vegetation Ombrophilous Vegetation Succession — shrub Stage
Forest - FOMM | Forest — FOMM 9 Forest — FOMM (capoerinha) 9
FOMM Initial | Natural Shrub | FOMM Initial Tree Initial ~Initial Stage of | ¢oy 1 itial succession
. . . Vegetation Succession — trees
Succession Stage Vegetation Succession Stage . Stage
(bragatinga)
. Intermediate — Medium State of | Montana Mixed Ombro-
Culture Rural Area Fields Rural Area Vegetation Succession (capoeira) | philous Forest — FOMM
. . . . Advance — Advanced .Stage of Montana Mixed Ombro-
Built Area Built Area Reforestation Reforestation Natural Succession )
philous Forest — FOMM
(undergrowth/Forest)
Flood plains in . Rivers, lakes, . Montana Mixed Ombro-
Edaphic Fields Flood plains dams Water bodies Gallery — Gallery Forest philous Forest — FOMM
Lakes Water bodies Exposed Soil Rural Area Floodplain Flood plains
Rivers Water bodies Permanent Rural Area Reforestation Reforestation
Culture
BR Built Areas Tecnl”njpl)tzrraery Rural Area Agriculture and Livestock Rural Area
Warehouses Built Areas Grange Rural Area Urban Area Built Area
Reforestation Reforestation Wargﬁg:ses/ Built Area Exposed Soil Rural Area
Urban Center Built Area Mining/Sand Mining Water bodies Water bodies
Mining/Others Mining
Industrial Area Built Area
Low Urban Built Area
Area
Village Built Area
Division in Lots Built Area

software used was /drisi Taiga from Clark University.

In order to obtain more general information about
the spatio-temporal dynamics of human occupation in
the Rio Verde Basin, we reclassified land-use/land-cover
information from 1976, 2000 and 2009. Classifications
corresponding to Montana Mixed Ombrophilous Forest —
FOMM, FOMM Initial Succession Stage, Flood plain and Re-
forestation were reclassified and included in the category
Vegetation. The Mining category of the 2000 land-use plan
was reclassified as Area of Anthropogenic Disturbance
(AAD), since it was only mapped in this source and no fur-
ther instances were recorded. Under the classification of
AAD, we included the categories Rural Area and Built Area
(Figures 5, 6 and 7).

The next step consisted of a cross-comparison of
these maps. Thus, the 1976 LULC map (reclassified into
three categories) was compared with the map from 2000,
which resulted in a third map called 1976/2000 spatio-
temporal dynamics.

In the next stage, we compared the 1976/2000 dy-
namics of LULC with the 2009 LULC map (reclassified into
three categories), which resulted in the final map called
1976/2000/2009 Land-Use/Land-Cover Dynamics.

4.1.3 Results and Discussion

The resulting comparative measures (Table 7) were
calculated from the 1976, 2000 and 2009 LULC maps (Fig-
ure 2).

In 1976, we can see that the predominant land-use
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in the basin was rural (44.50%), followed by the FOMM
Initial Succession Stage, with 28.85%. This category sig-
nificantly decreased during the period from 1976-2009
and by 2009, it was only found in 3.46% of the basin.
The reforestation areas that reached a high of 5.72 km?in
2000 were reduced to 3.6 km2in 2009. This decrease can
be explained by differences in the classification systems
used in the databases for studying the spatio-temporal
dynamics. The FOMM increased 17.37% from 1976 to
2000.

The AAD, including the categories of rural and built
areas, also showed changes over time with the most sig-
nificant change between 1976 and 2000, when the AAD
grew 6 km? or 8.38%. We can see in Figure 2 that this in-
crease mainly occurred in the regions adjacent to highway
BR-277, which links Curitiba to Campo Largo. Analyzing
the growth of these areas from Figure 2, we can see a
increase in urban area to the north of the Rio Verde Basin,
in the city of Campo Magro (where the new city hall will
be located), indicating a trend towards greater human oc-
cupation in this area.

A summary of information related to vegetation
cover, human occupation, and water bodies is presented
in Table 8. Please note that these features are also repre-
sented in Figure 3.
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TABLE 7 — COMPARISON OF LULC FROM 1976-2009

1976 2000 2009
Km? % Km? % Km? %
Montana Mixed Ombrophilous Forest - FOMM 39.50 16.50 75.79 31.74 80.88 33.87
FOMM Initial Succession Stage 68.85 28.82 12.88 5.39 8.27 3.46
Flood plains 15.61 6.54 0.0 0.0 6.98 2.92
Rural Area 106.30 44.50 121.90 51.03 116.57 48.82
Built Area 6.98 2.93 13.00 5.45 14.99 6.28
Water bodies 1.69 0.70 9.57 4.00 7.56 3.14
Reforestation 0.02 0.01 5.72 2.39 3.61 1.51
TOTAL 238.86 100 238.86 100 238.86 100
TABLE 8 — AREAS WITH VEGETATION, AAD AND WATER BODIES (1976, 2000 AND 2009)
1976 AREA 2000 AREA 2009 AREA
LULC (km?) % (km?) % (km?) %

Vegetation 123.89 51.87 94.39 39.52 99.74 41.76

AAD 113.28 47.43 134.90 56.48 131.56 55.10

Water bodies 1.69 0.70 9.57 4.00 7.56 3.14

TOTAL 238.86 100 238.86 100 238.86 100

In 1976, the areas with vegetation accounted for the
majority of the basin land-cover (51.87%) and was concen-
trated mostly in its central area (east of the urban center
of Campo Largo) and at the discharge point of the basin.

In 1973, Petrobras’ Getulio Vargas Refinery was cre-
ated and later a dam was built to capture water from the
Rio Verde River with an area of approximately 8 km?. Com-
paring maps from before and after the construction of the
dam, it is easy to see the water coverage area. Between
1976 and 2000, there was therefore an increase in the cat-
egory of Water bodies to approximately 7.9 km?2.

We also noted that from 1976 to 2000 the area of
anthropogenic disturbance grew 21.62 km? in 1976, its
percentage was 47.43% and in 2000, 56.48%. It is im-
portant to note that the central region of the basin, which
used to have extensive vegetation cover, was almost com-
pletely disturbed by human occupation and only fragments
of the vegetation cover are left. A significant amount of
vegetation cover remains in the discharge area of the ba-
sin.

For the period 2000-2009, we observed that the
AAD were reduced by 3.34 km?2. This can be explained
by the fact that in 2000 flood plain areas were classified
as Rural Areas (Areas of Anthropogenic Disturbance) and
changed to Vegetation (Flood Plain Areas) in 2009. How-
ever, we cannot rule out the possibility of the regeneration
of vegetation cover.

4.1.4 Final Comments

Through this study, it is possible to see the changes
in land-use/land-cover over time. It is noteworthy that the
areas with vegetation increased during the period from
2000-2009 and it now exceeds AAD (rural and urban).

[t should be noted that the results presented herein
show some variation due to differences in the cartographic
databases used: i.e. topographic maps from 1976 (COM-
EC), 2000 (SUDERHSA) and 2009, and the Interdisciplinary
Research Project on the Eutrophication of the Rio Verde
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Reservoir. Each of the cartographic sources used in this
study was prepared for different purposes, which present-
ed challenges for the integration of LULC classifications.
Despite these challenges, we were able to produce a final
result that represents well the current conditions in the Rio
Verde Basin. In future, we recommend that cartographic
databases be developed by the same team and with the
same goals so that classification systems, as well as scale,
are consistent across the entire process.

4.2 SIMULATING GROWTH OF AREAS OF AN-
THROPOGENIC DISTURBANCE IN THE RIO
VERDE BASIN USING MARKOV CHAIN AND
CELLULAR AUTOMATA IN A GIS ENVIRON-
MENT (1976-2000-2009)

4.2.1 Introduction

The main advantage of using models is the ability
to quickly study many different scenarios, many of which
cannot be tested in actual experiments. Another important
advantage of using simulation is their low cost. The great-
est challenge in using models is working with the large
amounts of data that describe the heterogeneity of natural
systems. For these reasons, GIS is used to develop the da-
tabase required to prepare and run models (MACHADO et
al., 2003).

GIS tools are able to acquire, store, process, inte-
grate, retrieve, transform, manipulate, model, update, an-
alyze and display digital georeferenced information, which
is topologically structured and represents the relationships
between entities, associated or not, in an alphanumeric da-
tabase (ROCHA, 2000).

These systems allow for the manipulation of data
from various sources such as maps, images and historic re-
cords, enabling the retrieval and combination of informa-
tion and several different kinds of data analyses (ALVES,
1990). Therefore, GIS can be defined as a system that
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supports the automated processing of spatially referenced
data.

In GIS, spatial data can divide large heterogeneous
areas into small homogeneous units, which can then be
used in modeling programs (MIT, 1994). Using GIS, some
models and simulations have been developed based on
spatial analysis including the Markov Chain Analysis and
Cellular Automata.

According to the IDRISI Manual (2009), a Markov
Chain process is one in which the status of a system at time
n+1 can be found based on the status at time n, given a
matrix of transition probabilities for each class of Land Use/
Land Cover. A Markov Chain Analysis is simply a model in
which the future status of a system can be simulated based
only on the immediately preceding status.

As for Cellular Automata (CA), it can be described
as a grid of cells in which the status of each cell depends
on the status of the neighboring cells. The grid is uniform
and regular with a discrete variable and discrete time in
each cell, with the value of the variable in each cell af-
fected by the values in the neighboring cells (WOLFRAN,
1983). Thus, the Cellular Automata can be understood as
a spatio-temporal dynamic and a relatively simple system
in which the status of each cell depends on the previous
status of the cells within a certain neighborhood, based on
a set of transition rules (ROCHA, 2004).

According to Almeida et al. (2007), “it is wise to say
that this type of model is also one of the best techniques
currently available to meet the needs and interests of re-
search on the dynamics of Vegetation Cover and urban
and regional Land Use.”

In using the Markov Chain Analysis and Cellular Au-
tomata together, the Markov chain is used as the transition
matrix and a rule for changing the status of cells in Cellular
Automata. Thus, the CA_MARKOV model combines the
concept of fluctuating Cellular Automata cells based on
the probability of the Markov chain (IDRISI, 2009).

The result of the Markov Chain and Cellular Autom-
ata process is that the simulated changes in land cover will
occur based on the characteristics of change in the pre-
vious time period, the likelihood of change in LULC, and
resemblance to neighboring regions resulting from spatial
dependence of LULC in the immediate vicinity.

4.2.2 Materials and Methods

Analyses were performed with the Software IDRISI
32.2, with modules MARKOV and CA_MARKOV. We used
the coordinate system “Universal Transverse Mercator”

(UTM), Datum SAD 1969, Zone 22 S.

Analyses presented herein were performed using
simplified maps of the Land-Use/Land-Cover for the years
1976, 2000 and 2009 (Figures 8, 9 and 10). Maps were
simplified to only three categories of land-use: vegetation
areas, areas of anthropogenic disturbance (AAD), and wa-
ter. The areas of native vegetation, forest succession and
reforestation were included in vegetation areas; AAD in-
clude urban, industrial and agricultural areas; and rivers,
water bodies, and the reservoir are grouped as water areas.

Table 11 provides the total area in hectares and per-
centage in relation to the total area of the basin for each
land-use category in each year based on the maps shown
above.

4.2.3 Results

Table 12 shows the transition probability matrix re-
sulting from the Markov chain, using the LULC maps for
the years 1976 and 2000.

This matrix represents the probability that a par-
ticular area will become another. For instance, for areas
with no anthropogenic disturbance (vegetation areas), the
probability that they will continue as vegetation areas is
71.51%. The probability that these areas become AAD is
25.05% and the probability that they become areas cov-
ered with water is 3.44%.

From the matrix of transition probabilities and using
the 2000 LULC map as a basis, we modeled LULC for year
2009 using the Markov Chain and Cellular Automata. The
results obtained are shown in Figure 11.

Table 13 shows the simulated 2009 values for each
land-use area in hectares and percentage of total basin
area, as well as the actual values found for the existing
2009 LULC map.

There is a similarity between the simulated results
and the actual data. The absolute value of each area in
hectares and percentages of the total basin area were re-
markably close; however, they are not identical. This varia-
tion in simulated results, and even in the total basin area,
is due to differences in digitalization, in data used in the
preparation of maps, and other methodological issues, as
explained above.

For a more detailed analysis of the results, we used
the CROSSTAB tool, which is a cross comparison, to check
for changes between the year 2000 and the forecasted
results for 2009. Using the data from 2000 and 2009,
CROSSTARB calculated the area in hectares and percentage
of total basin area. The results are shown in Table 14.

TABLE 11 — TOTAL AREA (IN HECTARES AND PERCENT OF BASIN) FOR EACH LULC IN EACH YEAR

1976 2000 2009

AREA AREA AREA
Category (ha) (%) (ha) (%) (ha) (%)
Vegetation 12,388.69 51.87 9,439.31 39.50 9,940.92 41.81
AAD 11,328.29 47 .43 13,497.91 56.49 13,077.30 55.01
Water 169.27 0.71 957.14 4.01 756.07 3.18
TOTAL 23,886.25 100.00 23,894.35 100.00 23,774.29 100.00

SOURCE: Figures 8,9 and 10
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TABLE 12 — TRANSITION PROBABILITY MATRIX FOR 3 CATEGORIES OF LULC

VEGETATION AAD WATER
Vegetation 0.7151 0.2505 0.0344
AAD 0.1395 0.8546 0.0060
Water 0.1369 0.0624 0.8007

SOURCE: Results of the Markov Chain analysis (Idrisi Taiga)

TABLE 13— COMPARISON OF SIMULATED GROWTH OF AAD IN THE RIO VERDE BASIN FOR 2009 USING

MARKOV CHAIN AND CELLULAR AUTOMATA AND THE ACTUAL 2009 LULC MAP

2009 FORECAST 2009
AREA AREA
Category (ha) (%) (ha) (%)
Vegetation 9,380.974 39.26 9,940.92 41.81
AAD 13,554.86 56.73 13,077.30 55.01
Water 958.11 4.01 756.07 3.18
TOTAL 23,893.95 100.00 23,774.29 100.00

SOURCE: Results of the CA-Markov Chain analysis (Idrisi Taiga) and Figure 10

TABLE 14 — CHANGES IN LAND USE BETWEEN 2000 AND SIMULATED 2009 AND BETWEEN SIMULATED

AND ACTUAL 2009 LULC MAP

2000 X 2009 SIMULATED 2009 SIMULATED X 2009
AREA AREA

Category (ha) (%) (ha) (%)
Remained undisturbed vegetation 9,323.22 39.02 8,182.92 34.42
AAD x Vegetation 56.29 0.24 1,591.72 6.70
Water x Vegetation 1.47 0.01 166.28 0.70
Vegetation x AAD 114.00 0.48 1,175.52 4.94
Remained AAD 13,437.12 56.24 11,862.59 49.90
Water x AAD 3.74 0.02 39.19 0.16
Vegetation x Water 2,09 0.01 0.98 0.00
AAD x Water 4.50 0.02 2.67 0.01
Remained Water 951.52 3.98 752.42 3.16
TOTAL 23,893.95 100.00 23,774.29 100.00

One of the first observations that can be made, based
on Table 14, is the change in each land use type from 2000
to that simulated for 2009. For example, only 0.48% of
the total basin area transitioned from vegetation in 2000
to AAD in the 2009 simulation and the AAD identified in
2000 remained AAD in the 2009 forecast.

To check the validity of the results, we also com-
pared the simulated 2009 restuls with the existing 2009
LULC map (Table 14). In this comparison, we expected the
highest percentage values for areas that remain within the
same category of LULC because the more similar the values
between land uses, the lesser the variation between the
simulation and the existing 2009 map.

In fact, we can see that the highest values obtained
are from AAD that continue as disturbed areas, vegeta-
tion areas that remained undisturbed, and areas with wa-
ter that remain water areas. However, the model predicted
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that 6.70% of the total area of the basin would suffer an-
thropogenic disturbance, when in fact these areas remain
undisturbed in the actual 2009 LULC.

Despite this difference, the simulated values are
similar to those expected, since the forecast changes are
comparable to those that actually took place. The forecast
changes occurred in areas where there actually was some
variation in 2009, but without losing the connection with
the 2000 LULC map on which the forecast was based.

4.2.4 Final Comments

The analyses presented herein were relatively simple
compared to the capability of the parameters used. This
simplicity was chosen in order to better understand the
methodology and because such approaches are relatively
novel in the region. Thus, we recommend that in future
studies, analyses be made with different and possibly more
complex parameters, in order to challenge these models
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and verify their simulations. We also suggest that, when-
ever possible, similar cartographic maps are used to ensure
greater reliability of data and results.

Despite the differences in cartographic databases,
the results obtained using Markov Chain and Cellular Au-
tomata were very consistent. In the simulations, the areas
where certain land uses changed are very similar to the
changes that actually took place when we compare the
2000 and 2009 LULC maps.

We can see that these models are an important tool
in predicting changes in land use and human occupation.

4.3 IDENTIFYING CONFLICTS BETWEEN LAND-
-USE AND LEGAL RESTRICTIONS IN THE
RIO VERDE BASIN

4.3.1 Introduction

The Rio Verde Basin is one of the main sources of wa-
ter supply in the RMC. Around its waterways, we found un-
planned and illegal land occupation, resulting in negative
impacts on river environments and their surrounding areas.
In light of this occupation and impact on the waterways,
the purpose of this study was to identify and quantify the
conflicts between land-use and legal restrictions in the Rio
Verde Basin, using remote sensing and digital mapping tools
combined with a geographic information system.

4.3.2 Materials and Methods

The materials used were the cartographic database
on Land Use available on the website of SUDEHRSA and
the topographic maps of COMEC, scale 1:10,000 (1976).

This analysis was divided into three basic steps.

First step — the proposed methodology allows for
the identification and manipulation of causal associations
between environmental variables, territorial dimensions
and land-use conflicts, using the current legal require-
ments as a parameter. Inconsistencies between legislation
and actual land-use patterns were found across the region;
in the monitoring phase, changes over time are considered
in relation to control over development and prospective
development (CANEPARO & PASSQOS, 2006).

Initially, an Environmental Survey was conducted and
included the diagnoses of environmental situations that re-
quired further investigation in relation to land-use.

This stage corresponds to the creation of a geocoded
database from the synthesized inventory developed for the
LULC discussed above, which included basic environmental
data from which the LULC layers were derived, and through
spatial operators and reclassifications used in the GIS analysis.

Second step — layers relating to the perimeter of the
basin, drainage network, springs, contour lines, terrain el-
evation and declivity model, were developed through ma-
nipulation and analysis (spatial operators), resulting in an
information layer entitled Areas with Legal Restrictions.

The drainage and spring network was condensed
into a single layer with buffer zones based on Article 2 of
the Forest Code (item a, paragraph 1 and items b and ¢).
Declivity was added to this intermediate layer, which was
obtained through the contour line layer and terrain eleva-
tion model. The declivity layer was reclassified according
to Article 2 of the Forest Code, item e. The other elements
that were part of this layer were generated from the legis-
lation included in Table 15.

TABLE 15 — COMPILATION OF ENVIRONMENTAL LAWS USED IN THE DEVELOPMENT OF THE MAP "AREAS WITH LEGAL

RESTRICTIONS'
AREAS OF PERMANENT PRESERVATION (APP) LEGISLATION
River APPs — 30 m 1. Federal Law no. 4.771, dated 09/15/1965 — Art. 2, item “a”, paragraph 1.
2. CONAMA Resolution no. 303, dated 03/20/2002, Art. 3°, Paragraph Ill, item “a”.
Spring APPs — 50 m 1. Federal Law no. 4'.771’ dated 09/15/1965 — Art. 2, item “c”.
2. CONAMA Resolution no. 303, dated 03/20/2002, Art. 3, Paragraph II.
;aaI;:dA:ersa; 3;?;:52:;}11%55 rlr?cfztretdhgsgci)r?srilll';l 1. Federal Law no. 4'.771’ dated 09/15/1965 — Art. 2, item “b". .
areas, except for water bodies with up to 20 ha 2. CONAMA Resolutloq no. 303, Fjated 03/20/2002, Art. 3°, Paragrqph IIl, item “b".
! ) . 3. IBAMA/SEMAV/IAP Joint Resolution no. 05, dated 03/28/2008, Articles 3 and 5.
of surface, which require APPs of 50 m
1. Federal Law no. 4.771, dated 09/15/1965 — Art. 2, item “b".
Dam APPs — 100 m 2. CONAMA Resolution no. 303, dated 03/20/2002, Art. 3°, Paragraph Ill, item “b".
3. IBAMA/SEMA/IAP Joint Resolution no. 05, dated 03/28/2008, Articles 3 and 5.
Hillside APPs — hillsides with declivity is higher 1. Federal Law no. 4.771, dated 09/15/1965 — Art. 2, item “e".
than 45°. 2. CONAMA Resolution no. 303, dated 03/20/2002, Art. 3, Paragraph VII.
Flood plain APPs — 50 m 1. CONAMA Resolution no. 303, dated 03/20/2002, Art. 3, Paragraph IV.
3. IBAMA/SEMAV/IAP Joint Resolution no. 05, dated 03/28/2008, Articles 3 and 5.
Hilltop APPs 1. Federal Law no. 4..771, dated 09/15/1965 — Art. 2, item “d".
2. CONAMA Resolution no. 303, dated 03/20/2002, Art. 3, Paragraph VI.

The layer called Land-Use/Land Cover was gener-
ated from shapes available on SUDERHSA's website (http:/
www.suderhsa.pr.gov.br/modules/conteudo/conteudo.
php?conteudo=92). Information from SUDERHSA is based
on data from the year 2000 and was prepared at a scale
of 1:20,000. This layer was reclassified into three catego-
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ries, areas of anthropogenic disturbance (AAD), areas with
vegetation cover and water bodies, in order to synthesize
the information.

Third step - through a cross-comparison and re-
classification between the LULC information from 2000
and the Areas with Legal Restrictions, conflicts between
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land-use and the requirements of current legislation were
identified. The map Conflicts between Land Use and Legal
Requirements on the Rio Verde Basin was generated and
compared to field data.

4.3.3 Results

Based on the LULC map (Figure 12), it was possible
to determine the AAD, the areas of vegetation cover and
the water bodies in the Rio Verde Basin in 2000. Table 16
shows these areas and the percentage of the total basin.

TABLE 16 — LAND USE/LAND COVER (2000)

% (IN RELATION TO
CATEGORIES AREA (km?2) TO'(I'AL BASIN AREA)
Vegetation 125.94 52.71
AAD 86.89 36.36
Water bodies 26.12 10.93
TOTAL 238.95 100.00

According to Table 16 and Figure 12, we can see that
the largest portion of the basin under study corresponds
to vegetation cover, with 52.71% or 125.94 km?, which is
greater than the AAD, comprising 36.36% of the basin or
86.89 km?. In Figure 9, we can see that the urbanized areas
are found in the western portion of the basin, whereas the
rural areas are distributed throughout the entire basin.

Figure 13 shows the areas with legal restrictions in
the Rio Verde Basin generated from information provided
in Table 16.

In Table 17, we can see the calculated area with legal
restrictions and their respective percentages based on the
categories used in Figure 10. Of the total 238.95 km? with-
in the basin, 36.58% or 87.37 km?should be preserved.
Thus, various land-use activities are permitted on 151.58
km?; the Rio Verde Basin thus has a potential land-use
equivalent of 63.42% of its total area.

TABLE 17 — AREAS WITH LEGAL RESTRICTIONS

TYPE OF % (IN RELATION TO
RESTRICTION (A (LS TO'(I'AL BASIN AREA)
River APPs (30 m) 30.59 12.80
Spring APPs (50 m) 15.69 6.57
;?:§>APPS (50 m = rural 5 40 226
Dam APP (100 m) 2.58 1.08
45 Degree APPs (100%) 0.01 0.00
Flood plain APPs (50 m) 5.21 2.18
Hilltops 0.45 0.19
Flood plains 5.68 2.38
Dam 6.13 2.57
Lakes 0.82 0.34
Rivers 14.05 5.88
Springs 0.76 0.32
Permitted Use 151.58 63.42
TOTAL 238.95 100.00
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The map showing Conflicts between Land-Use and
Legal Restrictions was generated from a cross-comparison
between the two maps discussed above (LULC - 2000 and
Legal Restrictions), and resulted a priori in 40 categories
which were analyzed, grouped and reclassified into nine
categories (Figure 14 and Table 18).

Table 18 shows that 196.04 km? (82.04%) of the
basin area does not present conflicts. On the other hand,
areas that should be preserved according to current leg-
islation but are not relates to 16.79 km2 or 7.03% of the
total basin. Although this value seems insignificant, when
we observe each type of conflict separately, we note that
with a total area of 12.79 km? the particular degradation
of riverbanks and springs is worrying. These areas, shown
in Figure 14, are riparian areas, located along most first-or-
der rivers as well as segments of main streams, that are in
jeopardy or have completely disappeared. As for the 1,736
springs mapped during our analysis, we found that 1,389
(80.01%) throughout the basin area were deforested and
occupied mainly by agricultural activities.

TABLE 18 — CONFLICTS BETWEEN LAND USE AND LEGAL
RESTRICTIONS

AREA PERCENTAGE IN
TYPES OF AREAS (km?) RELATION TO
TOTAL BASIN AREA

AAD in River APPs (30 m) 6.80 2.85
AAD in Spring APPs (50 m) 5.99 2.51

AAD in Lake APPs (50 m) 1.42 0.59
AAD in Dam APPs (100 m) 0.39 0.16
AAD in APPs above 45° 0.01 0.00
AAD in Flood Plain APPs 2.07 0.87
AAD in Hilltop APPs 0.11 0.05
Areas without conflicts 196.04 82.04
Water bodies 26.12 10.93
Total basin area 238.95 100%

4.3.4 Final Comments

Our results show that, in general, the Rio Verde Basin
is well preserved (82%); however, the analysis shows that
the most affected areas are the springs (80%). The most
troubling factor is that deforestation of springs is found
throughout the basin and is mainly the result of agricul-
tural activity.

Studies of this kind enable decision making by public
officials in order to adopt public policies that are consistent
both with the preservation and conservation of the basin
and with the lessons learned from sustainable develop-
ment. Such policies also help to maintain quality of life of
the basin population in general.
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5. CONCLUSION

Geographic information systems are valuable and
efficient tools in guiding environmental planning as they
enable the manipulation and integration of differentiated
data sets, facilitating consultation, analysis and the gen-
eration of new information, as well as the integration of
digital image processing systems (aerial photographs and
satellite images).

This GIS methodology is efficient and essential for
studies of this nature, which involve the integration of car-
tographic information related to environmental problems
in their spatial dimension (territorial), as well as to identify
and analyze conflicts and spatio-temporal dynamics, allow-
ing the precise analysis and identification of the way envi-
ronmental phenomena evolve.

In this sense, the environmental analysis of hydro-
graphic areas using GIS, provides important variables in
decision making, including diagnosis and predicting pos-
sible outcomes, which enable preventive guidelines for
both environmental management and the reorganization
of land-use.
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SUMMARY

Geology is a basic factor in understanding the chemical composition of water in a watershed, which is independent
of, but influenced by, vegetation cover, fauna and human occupation. Geological mapping was not carried out in the
Rio Verde Basin because existing and published data proved sufficient. The four geological features that make-up the
substratum of the tributary basin of the Rio Verde Reservoir are: metamorphic units of the Atuba Complex, particu-
larly migmatite and amphibolite bodies emerging in the middle portion of the basin; metamorphic units related to the
Acungui Group containing carbonate rocks in the furthest upstream portion of the basin; mudstone-rich sedimentary
rocks of the Guabirotuba and Tinguis formations containing 2:1 ratios of clay minerals and carbonate levels in the
west and northwest of the basin; and recent alluvial deposits. In all these features, as is the case throughout the earth’s
crust, silicate minerals predominate. Differences can be observed through the types of silicates of each geological unit
and other minerals that are added to the silicates, especially carbonates. Differences in the types of silicates and other
minerals are fundamental determinants of the chemical composition of the water that feeds the Rio Verde Reservoir.

KEYWORDS

Rio Verde Basin, Atuba complex, Assungui group, Guabirotuba formation.

Hydrographic basins are formed on a rock substrate;
climate and biota act on the substrate generating soils and
together these aspects influence the quality of the water
bodies they produce. Anthropogenic interferences only
have a significant impact at a much later point in time.
Considering these factors, knowledge of the main features
of the geological structure and the lithology of the region
are important aspects in understanding the composition of
the waters of the Rio Verde Reservoir.

The Rio Verde Basin is located in the northwest por-
tion of the Geological Basin of Curitiba. The Curitiba Basin
was formed by a series of tectonic events that began dur-
ing the formation of the Parana Basin. Such events created
geological faults that underwent several phases of reacti-
vation until the Neogene (SALAMUNI, 1998 CHAVEZ-KUS
& SALAMUNI, 2008). Both the lithological composition and
the structural system of the basin were important factors in
establishing the morphology of the basin under the prevail-
ing climatic conditions.

Four geological features make-up the substratum of
the basin: outcroppings of metamorphic units of the Atuba
Complex in the middle portion of the basin; metamorphic
units related to the Acungui Group that are present in the
upstream portion of the basin; sedimentary rocks of Guabi-
rotuba and Tinguis formations that occur to the west and
northwest of the basin; and recent alluvial deposits (Figure
1). For all of these features, silicate minerals predominate,
as is the case throughout the earth’s crust; however, differ-
ences can be observed between the types of silicate that
occur in each geological unit and through the inclusion of
other minerals to the silicates. These differences in silicate
type and the occurrence of minerals are fundamental de-
terminants of the chemical composition of the water that
feeds the Rio Verde Reservoir.
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Accordingly, the following discussion outlines the
geological characteristics deemed most important for each
geological feature present in the basin.

1. ATUBA COMPLEX

The Atuba Complex is formed by paleoproterozoic
rocks with high-grade metamorphism which are dominat-
ed by banded gneiss and partly migmatized granitoids. To
a lesser degree, schists, granulites, amphibolites and me-
tabasites also occur (BIGARELLA & SALAMUNI, 1959; BA-
TOLA Jr. et al.,1981; SIGA Jr. et al., 1995).

The gneiss rocks are coarse to medium grained, have
a banded structure, with dark bands of biotite and clear
bands of quartz and calcium, sodium, and potassium feld-
spar.

The dark bands in the rocks indicate the significant
proportion of silicates containing higher concentrations of
iron and magnesium, as well as other elemental compo-
nents of pyroxenes and biotite amphibole structures.

The migmatitic gneisses are irregular with granitic
features and centimetric to decimetric dimensions inter-
spersed in gneissic bands. The banded sections present
features that are common to migmatitic gneisses, while
the granitoid sections present a clear pink or white color,
are rich in quartz, plagioclase and potassium feldspar, and
have a granoblastic texture, ranging from fine to medium-
grained.

Dikes of basic and intermediate rocks of the Jurassic
to the Cretaceous period cut across the Proterozoic bodies,
predominantly in a NW-SE direction. There are silicate rich
rocks with a greater solubility than granitic rocks, which
are dominated by potassium and sodium silicates and
quartz itself, making them less soluble.
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The largest portion of the Rio Verde Basin overlays
banded migmatites of the Atuba Complex, while in the
central and southern parts of the basin two zones of gra-
nitic gneiss and augen-gneiss occur. Between these two
strips of high-grade metamorphism in the south-east por-
tion of the basin, ultramafic rocks occur as either a large
mass or in small lenses.

2. ACUNGUI GROUP

In the northern and northwestern parts of the Rio
Verde Basin, Capiru metamorphic rocks of the Capiru For-
mation belonging to the Upper Proterozoic Acungui Group
occur. Preliminary studies on the litho-stratigraphic charac-
terization of the Acungui Group were performed by Maack
(1947) and sequenced by Bigarella (1948, 1953, 1956) and
Bigarella & Salamuni (1956, 1958a, 1958b, 1959). Later
Fiori (1992) proposed the subdivision of the Capiru Forma-
tion into the following clusters: Juruqui, Rio Branco and
Morro Grande.

The lithology of the Capiru Formation that most in-
fluences the hydro-chemical composition is the dolomitic
and metadolomitic marbles that occur and are spatially as-
sociated with quartzites and metacherts.

This portion of the Rio Verde Basin is part of the karst
region of Parand known for its mineral resources, water
and the fragility of the environment. Much of the charac-
teristics of this geological feature relate to the dolomite
rocks, which are highly soluble due to the presence of
magnesium and calcium carbonates.

3. GUABIROTUBA AND TINGUIS

FORMATIONS

The Guabirotuba Formation (BIGARELLA & SALAMU-
NI, 1959 and 1962; SALAMUNI, 1998), of the Oligocene-
Miocene period, is made up of pelitic sediments (clay and
silt) with a light grey and greenish-grey color, interspersed
with arcosean sand lenses of a light cream to yellow-or-
ange color. The presence of caliches is common and it re-
sults from the precipitation of calcium carbonate. In some
places, basal conglomerates occur with pebbles of varying
compositions, particularly quartz. The maximum thickness
of this formation, which was registered by drilling for wa-
ter catchment in the vicinity of the Canguiri Farm of the
Federal University of Parana (UFPR), was 80m. In the Rio
Verde hydrographic basin, the Guabirotuba Formation oc-
curs along the western flank of the Basin with a maximum
thickness of a few meters and occurring along only a few
elevated slope sections.

4. TINGUIS FORMATION

Ranging in age from the Pliocene to Pleistocene
(SALAMUNI, 1998), this formation, according to Becker
(1982), is the result of the reworking of Guabirotuba For-
mation sediments that were deposited in floodplains.

This formation, with a centimetric to metric thick-
nesses, is comprised of clay and sandy pelitic material with
a reddish color.
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5. HOLOCENE DEPOSITS

These deposits correspond to recent alluvial deposits
found in the riverbeds of the rivers flowing through Curiti-
ba. They are composed predominantly of sandy and sandy-
conglomeratic deposits and discontinuous layers of pelitic
sediments and organic clay.

These deposits occur in the floodplain of the Rio
Verde; upstream of the dam they are now mostly covered
by the water body of the Reservoir.

6. HYDROGEOLOGY

In hydrogeological terms, the Rio Verde Basin has
two deep aquifers: the fissured aquifer, established in the
rocks of Atuba Complex, and the karst aquifer, formed
through the dissolution of carbonate fractions of the Ca-
piru Formation.

Because of sandy arcosean lenses, the Guabirotuba
Formation has aquifer characteristics in some parts of the
Curitiba Basin (ROSA FILHO et al., 1998); however, in the
study region this formation does not behave as an aquifer
as it is shallow and occupies only the upper layers.

The karst aquifer, one of the most productive sources
of water in the Curitiba region (HINDI, 1999), is an impor-
tant water source for the municipality of Campo Magro lo-
cated in northern part of the Rio Verde Basin. A well with a
depth of only 30m reached the karst aquifer and produced
a flow rate of 72m3.h"; this well was used by SANEPAR to
supply the municipality.

The Atuba Complex, which occurs across most of
the Rio Verde Basin, has a fissure aquifer that dominates
the Basin of the Metropolitan Region of Curitiba. In this
aquifer, water inlets are generally located at intervals of 40
and 80m but intervals of up to 250m have been recorded
(SALAMUNI, 1998).

Chavez-Kus (2008) recorded the average depth of
deep wells at 112m and the median water intake depth of
84m. The average production of fractured aquifer wells is
6.2m3.h" and they are generally used for gated communi-
ties, industries, hospitals and health service centers (ROSA
FILHO et al, 2002).

Information about the wells that capture water from
the fissure aquifer within the Rio Verde Basin is virtually
non-existent. There is only one well on record with a depth
of 36m located in community of Jardim Bom Pastor in the
municipality of Campo Magro and the construction profile
of the well shows 30m of regolith and 6m of migmatite.
From these characteristics, it is believed that the flow rate
of 1.3m3.h"" obtained from the well is the outcome of con-
tact between the materials mentioned and not specifically
from the fissure aquifer.
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SUMMARY

Soil degradation processes are a serious problem throughout the entire world, with significant environmental, social
and economic implications. As the world population increases, so does the need to protect the soil as a vital resource,
especially for increases in food production. To better use the resources offered by the soil (amount of nutrients, wa-
ter availability, slopes, amount of exchangeable Al, etc.) it is necessary to classify it with the objective of establishing
strengths and weaknesses and identifying where they occur. From this, a plan can be developed for the occupation
and use of available resources. The aim of this study was to survey the soils in the Rio Verde Basin region, located in
the Metropolitan Region of Curitiba (PR), which included classifying the soils that occur in the Basin, developing a soil
map, identifying areas suitable for agriculture, and critical areas. The classification was based on field surveys, using
geo-referencing as a tool for mapping, based on the methodology proposed by EMBRAPA. Within the area there is a
wide variety of pedologic units, mainly due to the geomorphological characteristics of the area. The largest portion of
the area is occupied by soils with good pedogenetic development (Oxisols and Alfisols), low natural fertility, and high
levels of aluminum. However, due to intensive land-use, cultivated soils are generally quite degraded with significant

accumulations of nutrients that can have a potential impact on the quality of the basin’s water resources.

KEYWORDS
Sustainability, soils, suitability, management.

1. INTRODUCTION

Soil is a finite resource. Considering its potentially ra-
pid degradation rates, which have been increasing in recent
decades due to increasing pressure from human activities,
and its extremely slow formation and rate of regeneration,
it is a resource that is limited and non-renewable. The pro-
cess of soil degradation is a serious problem worldwide,
with significant environmental, social and economic im-
plications. As the world population increases, the need to
protect soil as a vital resource, especially for food produc-
tion also increases. Soil degradation reduces the availability
and long-term viability of the soil, reducing or altering its
ability to perform functions that depend on it. Agriculture
and forestry thus have a major impact on agricultural soil
and may also have an impact on adjacent non-agricultural
soils and groundwater.

To better use the resources offered by the soil
(amount of nutrients, water availability, slope, amount
of exchangeable Al, etc.) it is necessary to classify it,
establish strengths and weaknesses, as well as identify
where these soils occur. As such, plans can be prepared
that manage occupation on the soil and the use of its
resources.

Along with the classification of the soils within a re-
gion it is essential that maps are produced which incorpo-
rate the classification information and occurrence of soil
types, cross-referenced with other types of information
from the region (climate, geology, relief, rainfall, land-use,
hydrography, etc.), resulting in a map of suitability for agri-
cultural use. With such a map, a panoramic view of the
region can be obtained, identifying areas suitable or unsui-
table for a particular crop in a region. With this suitability
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map, we can identify the main strengths and weaknesses
of a region and use the most well-suited techniques and
crops adapted to these conditions.

From an environmental standpoint, the soil may
have a direct influence on the maintenance of water qua-
lity. Soils with a high load (CEC - Cation Exchange Capa-
city) have high filtration power, retaining occasional soil
contaminants, before reaching the water table or water
body. Soils saturated with water have an almost nil load
and therefore a low filtering capacity. This is one of the
justifications for preserving the plains and low-lying levels
near drainage channels.

The aim of this project was to conduct a soil survey
of the area of the Rio Verde Basin, located in the Metropo-
litan Region of Curitiba (PR), which included the classifica-
tion of the soils that occur in the region, the development
of a soil map, and a map outlining agricultural suitability.

2. METHODOLOGICAL ASPECTS

This study was conducted in the Rio Verde Basin, lo-
cated in the Metropolitan Region of Curitiba, within the
municipalities of Campo Largo and Araucaria. Predominant
soils in the region are Ultisols, Oxisols, Inceptisols, Gleysols
and Histosols (Soil Map of the State of Parana - updated
Legend, 2008). The vegetation is classified as Mixed Om-
brophilous Forest subdivided into Perennial Subtropical
Forest, Subtropical Floodplain and Subtropical Grassland
(SANTOS et al., 2006).

The climate of the region is characterized as Cfb,
with an oceanic climate and abundant and well-distributed
rainfall throughout the year, with fairly cool and humid
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summers. According to the normal climatologic measure-
ments of INMET (1961-1990), the average annual tempe-
rature is 15.9 °C, with an annual temperature variation of
8 °C. The average temperature of the coldest month (July)
is 12.5 °C and 19.9 °C of the hottest month (February).
Rainfall reaches 1,500 mm on average per year because
rain is a constant in the local climate.

The project was divided into several parts (Figure 1):
diagnosis of the region/choosing the areas for sample col-
lection; sampling; analysis and classification of soils; and
finally drawing up maps.

2.1 STAGE 1 - DIAGNOSING THE REGION AND
CHOOSING SAMPLE COLLECTION AREAS

This stage of the project consisted primarily of me-
etings held in communities within the Rio Verde Envi-
ronmental Preservation Area (APA). At the meetings, we
sought to explain the goals of the project to the local
inhabitants, as well as discuss the possible implications of
the project. In the meetings, residents participated in the
diagnosis, during which they expressed their main con-
cerns about the APA and reported their beliefs of how the
region once was, what they currently observe, and what
they expect for the future. The participants in the mee-
ting were also asked to complete questionnaires regarding
quality of life, income, etc. At the end of the meetings the
soil collection team asked for permission to collect samples
from participant’s properties. A sample collection plan was
defined based on consent.

This phase was very important to the project becau-
se through it we obtained permission to carry out the soil
sampling within the region. From this, we could draw up
a good sample collection plan for the area in which local
land-holders living nearby were grouped and each sam-
pling day we were able to give priority to a group, thus
maximizing the efficiency of the collection team.

2.2 STAGE 2 - SOIL SAMPLE COLLECTION

This step basically consisted of field trips during whi-
ch we collected samples at strategic points within a pro-
perty, always seeking to sample the beginning, middle and
end of a topographic sequence (relief), taking into account
the size of the area, slope, vegetation, presence of obsta-
cles (forest, rocks, streams, ravines etc.) and the available

collection materials.

To collect soil, the following devices were used: a
1.2m Dutch auger, a handheld GPS, a camera, an inclino-
meter, a notebook and sample packaging. Each point was
geo-referenced with GPS and the declivity, average eleva-
tion of the ground, and some soil features were recorded.

Among the observations of the soil and field charac-
teristics, we recorded: soil color, presence or not of stones,
roots, rock/source material, texture (only for reference),
waxiness and plasticity.

Upon arriving at the property, our first step was to
briefly observe the area to identify relief, size, the pre-
sence of drainage lines, visible variation of soil color, etc.
With this first observation we were able to determine the
amount of collection points to be used in the property.
Thus, the number of points per area was variable, with a
minimum number of 3 points per topographic sequence.

We always sought to start collection at the top of a
topographic sequence. A collection team of two people
visited the site and started the process of sampling. As one
of the team members augered the ground and recorded
the profile, the other recorded the point location using
GPS, read the declivity with the clinometer, and photo-
graphed the sample location in relation to the landscape
(Figures 2 and 3).

After the soil profile was recorded, we photographed
the soil color characteristics and relative size compared to
the size of the auger. In profile analysis we sought to se-
parate horizons A and B because they presented different
physicochemical properties and we recorded the individual
characteristics of each profile (depth, waxiness, plasticity,
texture, etc.). For soil samples, we took approximately 600
grams of each soil horizon (A and B), packaged them in-
dividually, sealed them with tape and sent the samples for
analysis. In summary, each point generated two samples,
one representing horizon A and the other horizon B.

It is important to mention that not all the points
came from recorded properties. The team was dispersed
throughout the region and a few places were observed
that had soils with peculiar characteristics. Samples were
therefore taken from these locations, along open roadside
profiles, floodplains, etc., but without entering onto priva-
te property without permission.

Soil Sampling

=)

Send to Laboratory

Sample Preparation

=

-

Map Generation

Data Interpretation

-

Chemical Analysis

FIGURE 1 — FLOWCHART OF SOIL ANALYSIS ACTIVITIES
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FIGURE 3 — DEMONSTRATION OF POINT RECORDING OPE-
RATIONS BY PHOTOGRAPHY, GPS AND NOTES

2.3 STAGE 3: SOIL ANALYSIS AND
CLASSIFICATION

2.3.1 Soil Analysis

Samples were passed on to the company SOLANALI-
SE — Central de Analises Ltda. (located in the municipality
of Cascavel), where physical and chemical analyses were
carried out, according to the Manual of Soil Analysis Me-
thods (Manual de Métodos de Anélise de Solo; EMBRAPA,
1979).

2.3.1.1 Physical

Analyses were carried out to determine granulome-
tric composition, fraction of sand, silt, and clay. The gra-
nulometric composition is determined by the dispersion of
samples with NaOH, significant agitation, and settling: clay
is determined by densimetry of the supernatant, course
and fine sand are separated by sieving, and the silt is calcu-
lated by the difference (method 1.16.2).
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FIGURE 2 — DEMONSTRATION OF BOREHOLE OPERATIONS, SETTING UP OF PROFILE AND ANALYSIS OF SOIL CHARACTE-

2.3.1.2 Chemical

Analyses were conducted to determine SMPpH, Ca-
ClpH, exchangeable aluminum, as well as to determine
macronutrients (Ca, Mg, K, P) and micro nutrients (Fe, Mn,
Cu and Zn).

A Melich extractor was used to analyze nutrients
K —P—Fe—Mn - CuandZn. For nutrients Ca - Mg and
Al, a KCl extractor was used.

2.4 Soil Classification

The process of classification was based on the Bra-
zilian System of Classification - SIBCS (EMBRAPA, 2006).
According to the collection method and the variables
analyzed, it was possible to classify the soil up to the four-
th categorical level (orders, suborders, large groups, and
subgroups).

Data processing of both field data and data obtained
from laboratory analyses was done using MS Excell®; the
data were stored and cross-referenced using formulas that
facilitate classification.

2.5. Developing Maps

Spatial analyses were conducted using an Arc Info
9.2 environment, where we built a database with data pro-
vided by SUDERHSA. The data was from an aerial survey
conducted in 2000. For this project we used the following
data: Orthophotos (1:10,000) to verify areas of land-use;
Sub-basins (1:10.000); Contour lines (1:10,000) spaced
at five-meter intervals; Land-use (1:20.000); and Geology
(1:20,000). Although data for the entire basin of the Upper
Iguacu are available, for this project only the Rio Verde Ba-
sin was included. All data were processed using the refe-
rence system UTM SAD 69 22J zone.

With the contour lines an altitude model was ge-
nerated by TIN (Triangulated Irregular Network) and
converted into raster format with a 3m resolution. From
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these, declivities were generated with a 3m resolution.
With this database, areas were identified that likely had
homogeneity in soil type and these areas were compared
against the field analyses of profiles for classification of
the region.

With the data available, along with the surveyed soil
map, the agricultural suitability was classified (RAMALHO
BEEK & SON, 1995). For this classification the shapes were
converted to rasters with a 3m resolution with the help
of the ArcGlIS Spatial Analyst extension. Sorting operations
were executed with a raster calculator using logical opera-
tors. After classification of agricultural suitability, our clas-
sification was compared to the current use of the basin,
generating areas of land-use conflicts in the Rio Verde Ba-
sin. For this analysis the implementation of environmental
legislation was not considered.

As the final product the rasters were converted back
into shapes and used as the final product of the analysis.

3. CRITERIA USED FOR IDENTIFICA-
TION OF MAPPING UNITS

With data from soil analysis in hand, the early pha-
se of classification started with a basis in the Brazilian
System of Soil Classification (SiBCS). All criteria of color,
texture, depth, CEC, base saturation, etc. were calcula-
ted and plotted in Excel, which facilitated the calculation
of some features that are critical in soil classification. As
a result of the classification, we obtained four orders
of main soils: Oxisols, Alfisols, Inceptisols and Gleysols.
Within these order of soils, there are variations in classi-
fication level; with the resources available for the project
a classification was made to the third categorical level
(large groups).

Some features play a key role in soil classification up
to the third categorical level, including the features descri-
bed below.

Activity of the clay fraction

This feature refers to the capacity to exchange ca-
tions by soil clay fraction, calculated by the expression: T
x 1000/g.kg™ of clay. High activity (Ta) refers to a value
equal to or exceeding 27 cmolc/kg clay, without correction
for carbon, and low activity (Th) corresponds to a value less
than 27 cmolc/kg of clay, without correction for carbon.
This criterion does not apply to soils which, by definition,
have sand and loamy-sand textures.

Saturation of Bases

Refers to the proportion [percentage rate, V% =
(100.S)/T] of exchangeable basic cations in relation to the
exchange capacity determined at pH7. The term high satu-
ration applies to soils with a base saturation equal to or hi-
gher than 50% (Eutrophic) and low saturation is for values
below 50% (Dystrophic). A value of V greater than 65% is
also used to identify the Chernozemic A horizon.

To distinguish between soil classes using this
criterion, the base saturation in the subsurface diag-
nostic horizon (B or C) is considered. In the absence
of these horizons, the criterion is defined for each
specific class.
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Acric character

Refers to the sum of exchangeable bases (Ca?*, Mg?*,
K+ and Na*) plus extractable aluminum by KCI 1mol. L-1 (Al
3*) in a quantity equal to or less than 1.5 cmolc/kg of clay
and which meets at least one of the following conditions:

e pH KCI 1 mol. LT 25.0; or

* positive or zero pH (pH = pH KCI - pH H,0).

Aluminic character

Refers to the condition where the soil is in a desatu-
rated state and characterized by an extractable aluminum
content that is greater than 4 cmol /kg soil, associated with
clay activity <20 cmolc/kg clay, as well as aluminum satura-
tion [100 AP+ /(S + AIF*)] of > 50% and/or base saturation
[V% = (100 . S)/T] of <50%.

To distinguish soil using this criterion, the content of
extractable aluminum in the B horizon is considered, or the
C horizon in the absence of B.

Abrupt Textural Change

Abrupt textural change refers to a considerable in-
crease in clay content over a short distance in the transition
zone between horizon A or E and the underlying B horizon.
When horizon A or E has less than 200g clay/kg of soil, the
clay content of the underlying B horizon (which is deter-
mined by a vertical distance greater than 7.5 c¢cm) should
be at least double the content of horizon A or E. When
horizon A or E has a clay content equal to or greater than
200g/kg of sail, the increase of clay in the underlying B ho-
rizon (determined at a vertical distance <7.5 cm) must have
an absolute fine soil fraction that is at least an additional
200g/kg (for example, from 300g/kg to 500g/kg and from
220g/kg to 420g/kg).

Plinthite

Plinthite is a formation consisting of a mixture of clay
material that is low in organic carbon and rich in iron, or
iron and aluminum, with grains of quartz and other mi-
nerals. It occurs commonly in the form of red, red/yellow
and dark red mottles, with usually laminar, polygonal or
cross-linked patterns. Plinthite is formed by the segrega-
tion of iron, important in mobilization, transport and final
concentration of iron compounds that can be processed in
any soil where the iron content is sufficient to enable the
separation of the iron in the form of soft red spots.

Plinthic character

This criterion is used to distinguish soils with plinthite
in insufficient quantity or thickness to characterize a plin-
thic horizon in one or more horizons, at some point in the
control section that defines the class. A minimum of 5%
plinthite per volume is required.

Silt/Clay Ratio

The ratio of silt to clay is calculated by dividing the silt
content by clay content, based on particle size analysis. The
silt/clay ratio serves as a basis for assessing the stage of we-
athering in tropical soils. It is used in soils with loamy-sand
textures or finer and indicates low levels of silt and therefore
a high degree of weathering. When present, and generally
in the B horizon, values are below 0.7 in medium textured
soils or below 0.6 in clayey or very clayey soils. This ratio
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is used to differentiate the oxic B horizon from incipient B
when they exhibit similar morphological characteristics. This
is used primarily for soils of which the original material co-
mes from crystalline rocks such as granite and gneiss.

In soil classification there is a separate reading of soil
horizon A (superficial) and B. The unique characteristics of
each type of horizon are taken into account when classi-
fying the soil in a particular order. The main types of surfa-
ce diagnostic horizons were:

Chernozemic Horizon

This is a relatively thick mineral surface horizon that is
dark in color, with high base saturation. Even after plowing
the surface, the horizon meets the following characteris-
tics:

a) soil structure is sufficiently developed, with aggre-
gation and a moderate or strong degree of deve-
lopment, but not simultaneously a solid structure
with hard or harder (very hard or extremely hard)
consistency when dry. Prisms without secondary
structure, larger than 30cm, similar to massive
structure, are not included;

b) the color of the soil, in both undisturbed and cru-
shed samples, has a chroma equal to or less than
3 when moist, and 5 when dry. If the surface ho-
rizon presents 400g/kg of soil or more of calcium
carbonate equivalent, the chroma value limits for
dry condition are not considered and when wet,
the limit goes to 5 or less;

¢) the base saturation (V%) is 65% or more, with a
predominance of calcium and/or magnesium ions;

d) the organic carbon content of the soil is 6g/kg or
more across the entire horizon, according to the
criterion of thickness in the following item. If, due
to the presence of calcium carbonate equivalent
of 400g/kg of soil or more, color requirements
are different from the norm. The organic carbon
content is 25g/kg of soil or more in the surface
18cm. The upper limit of organic carbon content
that characterizes the chernozemic A horizon, is
the lower limit excluding the histic horizon;

e) thickness, including transitional horizons, such as
AB, AE or AC, even when the soil material is up-
turned, must meet one of the following require-
ments:

1.10 cm or more, if horizon A is followed by con-
tact with rock; or

2.at least 18cm and more than a third of the thi-
ckness of the solum (A + B), if the solum is less
than 75cm; or

3. for soils with no B horizon, at least 18cm and
more than a third of the thickness of horizons
A+ C,if A+ Cislessthan 75cm; or at least
18cm and more than a third of the thickness of
the solum, or more than a third of the thickness
of horizons A + C if B does not exist, if these are
less than 75cm; or

4. at least 25cm, if the solum has a thickness of
75cm or more.
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Prominent A Horizon

The outstanding characteristics of the prominent A
horizon are similar to those of the chernozemic A in rela-
tion to color, organic carbon content, consistency, struc-
ture, and thickness, differing mainly by a base saturation
(V%) of less than 65%. It differs from the humic A horizon
in organic carbon content in conjunction with thickness
and clay content.

Anthropogenic A Horizon

This horizon is formed or modified by the continued
use of the soil, through human occupation or cultivation
for prolonged periods, with additions of organic material,
mixed or not with mineral material. In this layer, fragments
of ceramics, lithic artifacts, remains of bones and shells can
be found.

Together with the analysis of surface horizons the
analysis of the subsurface horizons (B horizon) is also car-
ried out. Among the types of B horizon, the most com-
monly found in the basin were:

Textural B Horizon

This is a mineral subsurface horizon with a loam-
-sandy texture or finer, where there was an increase of clay
(fraction <0.002 mm), oriented or not, as long as it does not
present discontinuity from the original material, resulting
from the accumulation, absolute or relative concentration
due to: processes of illuviation; and/or in situ formation;
and/or inherited from the parent material; and/or infiltra-
tion of clay or clay plus silt with or without organic matter;
and/or the destruction of clay in the A horizon; and/or the
loss of clay in the A horizon by differential erosion. The clay
content of the B horizon is greater than horizon A or E and
may or may not be greater than in horizon C.

This horizon can be found on the surface if the soil
was partially lost through erosion. The colloidal nature of
clay makes it susceptible to mobility with water in the soil
if percolation occurs. When it is deposited in an aqueous
medium, the particles of mineral clay, usually lamellar, tend
to lie flat at the place of support. When transported by
water, the translocated clays tend to form films that are
oriented parallel to coated surfaces, whereas clays formed
in situ have a disordered orientation. However, other types
of colloidal inorganic coating materials are also taken into
account as characteristics of B horizons and recognized as
waxy.

The waxiness considered when identifying textural B
horizon includes mineral coatings of colloidal material whi-
ch, if well developed, are easily identifiable by their glossy
appearance and greasy shine in the form of pore fillings
and coating of structural units (aggregates or peds).

In the field identification of most textural B horizons,
waxiness is important. However, the mere occurrence of
waxiness may not be enough to characterize the textural B
horizons. Thus it is necessary to associate it with other au-
xiliary criteria because, due to the turbulent flow of water
through cracks, filling the pores can occur during a single
event of rain or flooding. For this reason, waxiness in a
textural B horizon must be present in different aspects of
the structural units and not solely on the vertical aspect.

Considered as textural horizon B is the occurrence
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of lamellae, of loam-sandy texture or finer, which together
make up 15cm or more of thickness, allowing that betwe-
en them sandy and sand-loamy texture classes can occur.

[t can be said that a textural B horizon is formed un-

der a surface horizon or horizons and has a thickness that
satisfies one of the following conditions:
a) has at least 10% of the sum of the thicknesses of
overlying horizons and at least 7.5 cm; or
b) has 15cm or more, if horizons A and B add up to
more than 150cm; or
¢) has 15cm or more, if the texture of horizon E or A
is loamy-sand or sand; or
d) if horizon B is entirely composed of lamellae, then
together they will have a joint thickness exceeding
15 cm; or
e) if the texture is medium or clayey, the textural B
horizon should have a thickness of at least 7.5cm.
In addition to this, for the characterization of a B
horizon, one or more of the following characteris-
tics must occur:
f) the presence of the E horizon on the sequum abo-
ve the identified B horizon, as long as B does not
satisfy the requirements of a spodic, plinthic or
planic B horizon;
g) a large increase of total clay from horizon A to B,
enough to characterize an abrupt textural chan-
ge; or
h) an increase in total clay from horizon A to B wi-
thin a control section defined according to the thi-
ckness of the A horizon, that is sufficient in order
for the textural relationship B/A8 to meet one of
the following alternatives:
h1) in soils with a clay content of more than 400
g/kg of soil in the A horizon, ratio greater
than 1.50; or
h2) in soils with a clay content of 150 to 400 g/kg
of soil in the A horizon, with a ratio greater
than 1.70; or
h3) in soils with a clay content of less than 150g/
kg of soil in the A horizon, with a ratio greater
than 1.80.
i) when the increase of the total clay from horizon
A to B is less than that specified in item h, the
textural B horizon must meet one of the following
conditions:
i1)soils of medium or sandy/medium texture with
no macro aggregates should present illuvial
clay, represented by moderate waxiness in the
form of coatings of individual grains of sand,
oriented according to their surface, or forming
bridges connecting the grains;

i2) soils with medium texture B horizon and pris-
matic or moderate or more developed block
structure must present at least moderate wa-
Xiness in one or more sub-horizons, from the
upper part of B;

i3) soils with clayey or very clayey B horizon textu-
res and prismatic or block structures must have
a waxiness that is at least common and weak
or low and moderate in one or more sub-hori-

Downloaded from http://iwaponline.com/ebooks/book-pdf/868060/wic9781780406480.pdf
bv IWA Publichina publications@iwan co uk

zons, from the upper part of B;

i4) soil with a textural relationship B/A equal to or
greater than 1.4, combined with the presen-
ce of fragipan within 200cm of the surface as
long as it does not meet the requirements for
spodic B;

j) if the profile presents discontinuity of original ma-
terial between the A or E horizons and textural B
(mainly soils developed on recently added mate-
rial, such as alluvial sediments) or if only one plo-
wed layer is above textural B, it needs to satisfy
one of the requirements specified in items h and/
ori.

Oxic B Horizon

This is a subsurface mineral horizon, the elements
of which show an advanced stage of weathering through
the nearly complete transformation of alterable minerals,
followed by intense desilting, leaching of bases, and re-
sidual concentration of sesquioxides and/or 1:1 clay-type
minerals and minerals resistant to weathering. In general, it
consists of variable amounts of iron and aluminum oxides,
1:1 type clay minerals, quartz and other minerals more re-
sistant to weathering.

In the oxic B horizon there should be no more than
4% of changeable primary minerals (low resistance to
weathering), or 6% in the case of muscovite, determined
from the sandy fraction and recalculated for the fine earth
fraction. The fraction smaller than 0.05 mm (silt + clay) can
present small amounts of interstratified clay minerals or illi-
tes but should not contain more than mere traces of clay
minerals of the smectite group. No more than 5% of the
volume of the mass of the oxic B horizon can be made up
of the original rock as thin stratifications, saprolite, or rock
fragments with low resistance to weathering.

The oxic B horizon must have a minimum thickness
of 50cm, loam-sandy texture or finer, and low silt content,
so that the silt/clay ratio is less than 0.7 in medium textured
soils and below 0.6 in clayey soils in most B sub-horizons
to a depth of 200 cm (or 300 cm if the A horizon exceeds
a thickness of 150 cm).

The oxic B horizon may have minimal and weak wa-
xiness. It may contain more clay than the overlying horizon
but the increase in clay with increasing depth is minimal.
As such, comparisons made at intervals of 30cm or less
between horizons A and B (or within the control section
for calculating the textural relationship) present insufficient
differences needed to characterize a textural B horizon.

The oxic B horizon has unclear differentiation betwe-
en its sub-horizons with a generally diffuse transition. In
some cases, the upper limit of the oxic B horizon is diffi-
cult to identify in the field as it presents minimal transition
contrast with the horizon that precedes it, checking only a
sharp contrast almost exclusively of color and structure be-
tween the bottom of the A horizon and the oxic B horizon.

The structure of this horizon may be strongly develo-
ped, when the elemental structures are granular and of a
very small to small size, or weak and only moderately de-
veloped when dealing with sub-angular block structures.
The consistency of the material of the B horizon, when dry,
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ranges from soft to very hard and from firm to very brittle
when moist.

Variations in structure, consistency, and waxiness for
retractable oxic horizons are accepted.

Oxic horizons usually have a high degree of floccu-
lation in sub-horizons further away from the surface and
with lower organic matter content, which shows the low
mobility of clays and high resistance to dispersion.

Many medium textured soils may not have high
flocculation, especially those with lower levels of clay and
those that are very weathered with a balance of positive
charges.

Incipient B Horizon

This is a sub-superficial horizon underlying the A, Ap
or AB that has undergone physical and chemical change to
a limited degree. The changes are, however, sufficient for
the development of color or structural units in which over
half of the volume of all sub-horizons should not consist of
original rock structure.

Nitic B Horizon

The Nitic horizon is a mineral subsurface horizon that
is not hydromorphic, with a clayey or very clayey texture,
and without an increasing amount (or with a small incre-
ment) of clay from surface to subsurface horizon, which
creates a textural relationship of B/A that is always less
than 1.5. They ordinarily exhibit low activity clay or clay of
an alitic character.

The structure, at a moderate or strong stage of de-
velopment, is in sub-angular and/or angular blocks, or pris-
matic, which can be composed of blocks. Aggregates usu-
ally present a gleaming surface. This characteristic is usually
described in the field as waxy in a quantity and degree
of development that is described at least as common and
moderate. It shows diffuse or gradual transition between
the sub-horizons. This horizon can be found at the surface
if the soil has been eroded.

Gley Horizon

This is a subsurface, or sometimes surface, mineral
horizon with a thickness of 15cm or more, characterized
by iron reduction and a prevalence of a reduced state, in
whole or in part, mainly due to stagnant water, as eviden-
ced by a neutral or close to neutral color in the matrix of
the horizon, with or without mottling of more vivid colors.
The horizon is strongly influenced by groundwater and
reducing moisture regime. It is virtually free of dissolved
oxygen because of water saturation throughout the year,
or at least for long periods of time, associated with oxygen
demand by biological activity.

This horizon may be comprised of any class of mate-
rial texture and color with very low, neutral or near neutral
chroma. However, the horizon turns more brown or yello-
wish when exposed to the air. When there is an aggre-
gated structure, the faces of the structural elements have
a continuous phase of gray, blue, green or neutral color
and mottling may be in more vivid colors. The inside of
the structural elements may have prominent mottling but
usually there are a network of lineaments or low chroma
bands surrounding the mottles. When structural elements
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are absent, the horizon matrix (bottom) generally has a
chrome 1 or less, with or without mottling.

If periodically saturated with water or if the soil has
been drained, the horizon should show some mottling of
high chroma of yellowish or reddish colors resulting from
iron segregation and precipitation in the form of oxides.
Accumulations can occur in the form of black or black-red
mottles, mild or semi-consolidated, or possibly nodules or
concretions of manganese or manganese and iron.

4. GENERAL CHARACTERISTICS OF
THE BASIN SOILS

The Basin is located on recent lithological formations
typical of the sedimentary basin of Curitiba. On floodplains
and in most significant drainage areas, recent alluvial se-
diments predominate. On slopes and elevated areas, wide
and flattened features dominate that are typical of the
clayey sediments of the Guabirotuba Formation.

In the Iguacu River Basin, the predominant soils are
characterized by the pluvial deposition of sediments, high
levels of organic matter and hydromorphism. At the he-
adwater, soils are shallow and rocky outcrops can occur.
In both cases the soils may be classified as Entisols (fluvic
and litholic, respectively). In the middle portions of the ba-
sin, at higher elevations, one can see the predominance of
developed soils, such as oxisols and Alfisols, and soils that
are minimally developed, such as inceptisols. Near the drai-
nage channels gleysols may be present (hydromorphism).

The geomorphology of the Basin is characterized
by short slopes and valleys in the shape of a “V”, with a
mountainous relief in areas of higher elevation in the upper
reaches of the basin. These elevated areas have greater de-
clivity, typically greater than 45°, and altitudes above 1000
meters mainly in the western slopes of the Serra do Mar,
which is home to the sources of the tributaries of the Igua-
cu River.

The central part of the Basin has a more even relief
with large, rounded, half dome-shaped hills, and lower
declivity. The presence of alluvial deposits is more signifi-
cant than in the upper reaches of the basin (GUIMARAES,
2000).

In the lower third, the southwest is characterized by
the floodplains of the Iguacu River with long slopes and
low declivity. Outcrops of the Guabirotuba Formation oc-
cur as softly rounded hills and limit the floodplain of the
Iguacu River with flattened fluvial terraces, broad interflu-
ves and alluvial deposits influenced by the confluence with
the river.

The soils encountered in the Rio Verde Basin are: In-
ceptisol, Oxisol, Alfisol, Gleysol and Histosols. Their mor-
phological characteristics are important determining fac-
tors that must be considered in an integrated analysis of an
environment because the conventions used to establish the
use and/or parceling of the land, among others, is related
to soil genesis and formation, which will enable parame-
ters to be established that limit or not their use.

A description of the main types of soil found, as well
as a description of some key characteristics in the process
of soil classification, is given below.
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Oxisol:

A grouping of soils of the oxic B horizon with: very
advanced evolution with significant oxisol formation pro-
cesses (ferralitization or laterization); intense weathering
of primary mineral elements and even weathering of less
resistant secondary elements; relative concentration of re-
sistant clay minerals and/or oxides and hydroxides of iron
and aluminum; negligible mobilization or migration of clay,
ferrolysis, gleyzation or plinthitization.

Gleysol:

A group of soils with significant gleyzation. The
hydromorphy is seen through strong gleyzation resulting
from processes of marked reduction of iron compounds in
the presence of organic matter, with or without alternating
of oxidation due to fluctuations in groundwater level un-
der permanent or periodic conditions of excessive moistu-
re. The preponderance and depth of gleyzation attributes
are coupled with the characterization of the gley horizon.

Inceptisol:

A group of poorly developed soils of the incipient B
horizon. Pedogenesis is little advanced, as shown by: soil
structure development; alteration in source material shown
by the near absence of rock structures or layering of sedi-
ments; stronger chroma; redder hue or higher clay content
than the underlying horizons. Development of incipient B
horizon following the surface horizon of any kind, inclu-
ding the chernozemic A horizon, the incipient B should
present low activity clay and/or low base saturation.

Alfisol:

A grouping of soils of the nitic B horizon with low
activity clay or alitic characteristics. Advanced pedogenetic
evolution through ferralitization with intense hydrolysis,
yielding kaolinitic-oxidic or virtually kaolinite composition,
or with hydroxy-Al interlayers. The development (expres-
sion) of diagnostic nitic B horizon following any type A ho-
rizon, shows little textural gradient, but moderate to heavy
sub-angular or angular block or prismatic structures, with
significant waxiness in the structural units.

5. MAPPING UNITS

The relationships between the different types of soils
and the geomorphology (landscape) in which they occur
were determined using GIS and field survey. During this
phase, variations in soil morphological features such as tex-
ture (surface and subsurface), drainage, type and thickness
of the A and B horizons, hydromorphism and anthropoge-
nic impacts, etc., were assessed and recorded along with
the geomorphological characteristics, such as slope, leng-
th, shape and position of the incline, etc. Thus, it is possible
to relate the different soil classes to the landscape in which
they occur.

In assessing mapping units and soil types, it is ne-
cessary to create clusters with similar geomorphology and
conditions of soil hydromorphism. Detailing topography,
slope, type of incline and length, allows us to prepare a
preliminary map of the mapping units from which we
could define observation points.
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The density and frequency of observation points
were determined based on the geomorphologic heteroge-
neity of the area (slope, shape, length and type of incli-
ne, hydromorphism, anthropogenic disturbance, etc.) and
their correlations with the various types of soils.

The soil classes identified in the landscape were as-
sociated with simple and compound mapping units. Whe-
never possible we tried to create simple mapping units,
isolating different soil classes. However, due to the relative
morphological complexity, there is a very heterogeneous
soil distribution across the Basin. In general, the occurrence
of soils is correlated, forming mosaics that hinder the preci-
se delimitation of the different classes.

In delimiting composite units, also called associa-
tions, we sought primarily to group units with the most
relevant characteristics which were similar from the point
of view of the potential of the land for agricultural use. This
allowed for the development of recommendations for use,
occupancy, and management favorable for all units.

Based on morphological characteristics, soil analyzes
and landscape studies, the mapped units can be grouped
and identified in the landscape as follows (Figure 4):

LBd - Dystrophic Haplohumox Oxisol;

LVd - Dystrophic Red Oxisol;

NVd - Dystrophic Red Alfisol;

CXbd - Dystrophic Tb Haplic Inceptisol;

CXve - Eutrophic ta Haplic Inceptisol;

GlJo - Orthic tiomorphic Gleysol

LVe - Association of eutrophic Red Oxisol +

dystrophic Haplohumox

NBd - Association of dystrophic o alfisol +

dystrophic Tb haplic Inceptisol

It should be noted that the transition from one class
to another is gradual, i.e., there is no abrupt change from
one unit to another.

6. DESCRIPTION OF MAPPING UNITS

Alfisols

In Figure 5 we can see a Alfisol profile. This class
is made up of deep to very deep mineral soils, that are
non-hydromorphic, clayey to very clayey, red or reddish
in color, developed from basic and ultrabasic rocks. They
have a low textural gradient and a B horizon with low ac-
tivity clay, a moderate to strongly developed structure, and
shiny brightness due to moderate or strong waxiness and/
or compression surfaces. They are therefore considered pe-
dologically well-developed soils. In addition to these cha-
racteristics, they typically have relatively high contents of
Fe203 (3 150g.kg-1) and TiO2 (3 15g.kg-1).

The B horizon is considered a textural B horizon des-
pite the low textural gradient (<1.5), given the small incre-
ase in clay content in comparison to the A horizon. Howe-
ver, in light of this and other features, this type of soil has
recently been incorporated into the category of the nitic B
horizon (EMBRAPA, 1999).

These soils are deep to very deep with a horizon se-
guence of type A, Bt (or nitic B) and C, usually with poorly
differentiated horizons, except for the transition from A to
B which is usually clear and gradual.



PEDOLOGY AND LAND-USE SUITABILITY

640.000 645.000 650.000 655.000 660.000
[ ]
§ | \\ §
53' W - | g
P -
$
%o
)
5] S
(= Jr'
K
8
=
i
e
E T
i
Ll ﬂﬁs‘m
P" < RIO¢VERDE
640,000 650 000 655 000 660,000
Map Key:
J_J_,' Municipality Borders [ sub-basins TMI:IIE’ glgwaggtis%
[ Rio Verde Hydrographic Basin Resevoir —PARANA
Soils
) Ve - Association of Eutrptic Red Oxisol and = -t T
Dystrophic Bruna Oxisol ' GXvd - Dystrophic Haplic Gleysol e e—
NBd - Association of Dystrophic Bruno Nitosol | LBd-Dystrophi :
-mDyslruphicHapﬁclmepﬁsol S_-—"oa-1 _.cancc_msm Database:
CXbd - Dystrophic Haplic Inceptisol {7 Lvd - Dystophic Red Oxisal T | e .1
| CXve - Eutrophic Haplic Inceptisol " NVd - Dystrophic Red Nitosol Cenral Merdian 517 W, | | 5o i Subbmsrs - o R Ve,

FIGURE 4 — SOIL MAP OF THE RIO VERDE BASIN

Downloaded from http://iwaponline.com/ebooks/book-pdf/868060/wio9781780406480.pdf
bv IWA Publichina publications@iwan co uk



80

RESERVOIR EUTROPHICATION: PREVENTIVE MANAGEMENT
An applied example of Integrated Basin Management Interdisciplinary Research

They present an A horizon of the moderate type
with a thickness around 20 cm, dark reddish-brown color
(2.5 YR 3/3 and 5YR 3/3) of clay or very clayey texture,
with moderate to strong structure, and small to medium
granular and small sub-angular blocks. The consistency of
the soil in the dry state is usually hard, changing to brittle
when humid and becoming sticky and plastic when the
soil is wet. The transition to the B horizon occurs clearly
and gradually.

The B horizon, 2-3 meters thick with a clayey to very
clayey texture may have sub-horizons of BA, B1, B2 (or
BT1, BT2) and BC types. It appears with dark red to dark
reddish-brown color, in the 2.5YR hue, with value 3, and
a chroma of 4 to 8. It is comprised of moderate to strong
structures with a small size in the shape of sub-angular
or angular blocks, or of moderately medium prismatic
structures composed of blocks. In both cases the horizon
always appears with a gleaming brightness due to the
presence of waxiness and/or compression surfaces. The
amount of waxiness usually varies from low to high with a
weak to moderate level of development. The consistency
of the soil ranges from hard to very hard when dry, from
brittle to firm when humid, and becomes plastic and sti-
cky to very sticky when wet. In some restricted locations,
a line of quartz edged pebbles and small nodules were
observed at the top of the B horizon.

Horizon C is 1 to 2 m thick, with subdivisions of
type C1, C2, etc., and was observed with brownish colors
and/or was reddish in hue (2.5YR), with values of around
3 and more commonly chroma of 4 to 5. The texture was
observed to be silty or loam-silty. Where it was possible
to observe the C horizon, the structures appeared with
a weak to moderate degree of development, of small
size and sub-angular-block shape. Consistency of the soil
when dry varies from slightly hard to hard, brittle when
moist, and becomes slightly sticky and plastic when the
soil is wet.

As far as the physical properties, as a function of
the types and degrees of structural development, soils are
well drained, porous, and are considered to be under op-
timal conditions. There was virtually no occurrence of par-
ticles with a fraction greater than 2mm average diameter.
In the fine earth fraction (<2 mm), clay was predominant,
with values in the range of 55-66% in the A horizon,
with a slight increase in the clay content in the B horizon
from 70 to 80%, which then decreases with depth at the
transition to the C horizon.

The percentage of silt is 23 and 33% in the A hori-
zon, decreases at the top of B and then increases again,
reaching values in the range of 33-83%, from the BC to
C horizon.

The percentage of coarse and fine sand, which is
around 12% in the Ap horizon, decreases from the top
of the B horizon. In the B horizon it ranges from 2-6%,
increasing again at the transition to C. Coarse sand pre-
dominates over fine sand in the superficial horizons, they
occur in equal proportions in the B horizon, and course
sand is reduced to values lower than those of fine sand in
the underlying horizons.

The silt/clay ratio, which does not exceed 0.6 in
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most A and B horizons, undergoes an increase from B to
C, and reaches values of up to 11 in the C horizon.

The clay dispersed in water varies between 28 to
45% in the A horizon and is nil in the other horizons,
resulting in flocculation ranging from 32 to 49% at the
surface and increasing to 100% in other horizons.

Regarding chemical characteristics, soils are stron-
gly to moderately acidic, with pH varying in the range of
4.9 to 5.6. Generally they present a base saturation of
less than 35% and aluminum saturation above 70% in
most of the subsurface layers. The base desaturation is
very low, with sum values from 0.6 to 3.6 cmolc.kg™ soil
in the surface and from 0.5 to 1.1 cmolc.kg™ soil in the
subsurface layers. With the contribution of exchangeable
and/or extractable aluminum and hydrogen, the cation
exchange capacity produces values of around 10 cmolc.
kg of soil in the surface and varies in the range of 4.2 to
13.3 cmolc.kg™” soil in subsurface horizons. The organic
carbon content ranges from 17.3 to 21.6 g.kg™ soil in the
A horizon.

The Ki ratio, which is indicative of the mineralogy of
clays, frequently shows values between 1.85 and 1.98 in
the Bt horizon. This suggests relatively weathered soils. As
the Kr ratio is greater than 0.75, even with high concen-
trations of Fe203, the soils are considered kaolin. Results
of mineralogical analyses also show the presence, and an
increase with depth, of ferruginous nodules.

The dominant relief of these soils corresponds to
rounded hills and hillocks with slightly convex slopes, val-
leys in a V shape, and declivity of usually 15 to 20%.

Soils are of average agricultural potential, with ex-
cellent physical conditions resulting in good drainage,
among other qualities. The main constraints are low na-
tural fertility and minimally active to active relief, with the
consequent risk of erosion.

Inceptisols

This group comprises mineral, non-hydromorphic
soils with an incipient B horizon that is very heterogeneous
in terms of color, thickness and texture as well as chemi-
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cal activity of the clay fraction and base saturation (Figure
6). This horizon occurs immediately below any A horizon,
except the weak or under a peat H horizon, producing a
sequence of A, Bi, C or H, Bi, C. The group is derived from
materials related to rocks of variable nature and compo-
sition, from the oldest which constitutes the foundation
of the Brazilian Complex, to those of more recent origin,
including metamorphic, intrusive granitic referred to as the
Eo-Paleozoic, Paleozoic sedimentary, Botucatu sandstone,
and extrusions of the Serra Geral Formation.

They are soils with a certain degree of progression
but have not progressed enough to completely meteori-
ze primary minerals that are more easily weathered, such
as feldspar, mica, hornblende, and augite. They have no
significant accumulations of iron oxide, clay and humus,
which allows them to be identifying as having textural B
or spodic B.

Due to the small difference in horizons and low
textural gradient, many Inceptisols, especially the deeper
ones, are mistaken for Oxisols. They differ from Oxisols be-
cause of: their lower pedogenetic development, reflected
in the presence of a higher percentage of primary minerals
less resistant to weathering (> 4%); or in the clay activity
that is higher than the Oxisols (> 13 meg/100 g clay); or in
the higher silt content and silt/clay ratio; or in the molecu-
lar relation of Si02/A1203 which is generally higher (> 2.2);
or the paler color of the soil.

They are well to moderately drained, not very deep
to deep, although both shallow profiles (<50cm) or very
deep profiles (> 200cm) can occur. The thickness of the
A horizon varies greatly, as a rule, from 15 to 80cm. As a
result of the heterogeneity of the source material and the
direct or indirect influence of climate, the soils in question
present an uneven color.

The texture and other characteristics related to it also
vary widely depending on the nature of the source ma-
terial. Regardless whether it is derived from claystone or
siltstone, the texture throughout the soil profile is usually
uniform, with a small decrease or a small increase of clay
from A to B, assuming a marked increase in Inceptisols de-
veloped from alluvial sediments or other cases of lithologi-
cal discontinuity.

The class covers soils with high aluminum saturation
(predominant) and eutrophic and dystrophic soils with low
(dominant) and high clay activity. These soils are found
throughout almost the entire state and occur from 20 to
1,200 meters of altitude, both in generally flat relief, such
as those developed in alluvial deposits, and in mountainous
landscapes, predominantly strongly undulated, undulated
or smoothly undulated relief. The vegetation they support
is related, among other causes, to climatic, edaphic and
topographic variations and is the reason why Inceptisols
have been identified as occurring under subtropical forest,
transitional tropical/subtropical forest, tropical forest, sub-
tropical grasslands and subtropical floodplain grasslands.

In the Rio Verde APA, they predominantly occupy the
southern portion of the area, in the municipality of Arauca-
ria, usually associated with Xanthic Kandiudox . They also
occur in the northwest border of the Basin, associated with
Haplohumox usually in undulated relief.
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Red Oxisol and Haplohumox

Soils in this class develop from various source mate-
rials because, with the exception of materials from basic
effusive rocks, they occur in virtually all other types of rocks
found in the state. They are formed in areas of smoothly
undulated to strongly undulated relief, under changing cli-
matic conditions from tropical to subtropical, dominated
by tropical, subtropical and intermediate tropical/subtropi-
cal forest and grasslands.

This class consists of non-hydromorphic mineral soils,
with a dark reddish oxisolic B horizon with levels of iron
oxides (Fe203) between 9 and 18% (Figure 7). They are
clayey, very deep, well drained and derived from acidic
effusive rocks and fine texture sedimentary rocks from the
Paleozoic. They present an A, B, C, horizon sequence with
usually clear transitions between A and B and gradual tran-
sitions among B sub-horizons.

They are typically more than 3 meters deep and the
thickness of the A horizon generally varies from 25 to 40
centimeters, although it can reach 80 centimeters or more
in humic varieties. The color of the A horizon varies greatly
depending on the organic matter content but in general, it
is more red in hue than 4YR with a value of 3 and chroma
between 2 and 4. The B horizon varies from dark reddish-
-brown to dark red, with hues of 3.5 YR or redder in the
upper section, with a tendency to become redder with
depth. The value is 3 or very rarely 4 and chroma varies
from 4 to 8. The distribution of clay is quite uniform throu-
ghout the profile, usually with a clay content greater than
60%. While the surface horizon has a granular structure
from weak to moderately developed and soft or slightly
hard consistency, friable, slightly plastic to plastic, and sli-
ghtly sticky to sticky, the B horizon shows sub-angular blo-
cky, weak to moderately developed structure, and variable
consistency from slightly hard to hard with dry soil, from
brittle to firm when moist, and slightly plastic to plastic and
slightly sticky to sticky when wet.

Striking features of these soils are: a low silt/clay ra-
tio, relatively uniform distribution of clay in the solum, and
low clay mobility. Another important feature relates to the
relatively low magnetic susceptibility as compared to the
Purple Oxisol. This property is used in the field to differen-
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tiate Dark Red Oxisol clay texture from Purple Oxisol, which
it resembles.

The cation exchange capacity is low, although at the
soil surface, due to the contribution of organic matter, the
T value is in general higher. The low percentages of base
saturation (V% value) demonstrate the severe desaturation
that the soil has undergone.

This group occurs in parts of the APA landscape with
less sharp relief (smoothly undulated to undulated), such
as the eastern part of the reservoir in the municipality of
Araucéria and the western portion of the basin with a
more flat relief. They also occur in the northwest border of
the basin in association with Oxisols.

FIGURE 7 — OXISOL PROFILE

Gleysols

Gleysols include hydromorphic soils consisting of mi-
neral material which present a gley horizon within the first
150 c¢m of the soil surface, immediately below horizons A
or E (with or without gleyzation) or of histic horizon with
less than 40 cm thickness. They do not present exclusively
sand or loamy-sand texture for all horizons within the first
150 cm of the soil surface or up to lithic contact. They also
do not present a vertical horizon, nor a horizontal textural
B horizon with abrupt textural change above, or coincident
with the gley horizon, or any other type of B horizon iden-
tified above the gley horizon. A Plinthic horizon, if present,
must be at a depth greater than 200cm of the soil surface.

The soils of this class are permanently or periodically
saturated by water, unless artificially drained. The water
stagnates within or saturation is caused by a lateral flow in
the soil. In any event, ground water may reach the surface
by capillarity.

They are characterized by strong gleyzation due to
the moisture characteristics and virtually free from dissol-
ved oxygen because of water saturation throughout the
year, or for a long period of time, associated with the oxy-
gen demand of biological activity.

The gleyzation process produces colors of gray,
bluish or greenish, due to the reduction and solubility of
iron which allows for the expression of neutral colors of
clay minerals, or precipitation of ferrous compounds.

Under natural conditions, soils are poorly or very poor-
ly drained and present the following sequence of horizons:
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A-Cg, A-Big-Cg, A-Btg-Cg, A-E Btg-Cg, A-Eg-Bt-Cg, Ag-Cg,
H-Cg. The surface horizon has colors from gray to black (so-
metimes reaching 18), the A or E horizon itself can be con-
currently a gley horizon, usually between 10 and 50cm thi-
ckness, and with medium to high levels of organic carbon.

The gley horizon, which may be a C, B, E or an A
horizon, has more dominant blue color than 10Y, a very
low, nearly neutral, chroma.

Occasionally, these soils may have a sandy texture
(sand or loam-sandy) only on the surface horizons, as long
as they are followed by a gley horizon of loam-sandy tex-
ture or finer.

Aside from the horizons A, H or E that might be pre-
sent, the B horizon presents blocks or prismatic structures
composed (or not) of angular and sub-angular blocks.

In the case of the C horizon, the structure is generally
solid, but may have cracks and resemble prismatic structures
when dry or after exposure for several days on the trench
wall. They may present horizons that are sulfuric, calcic, so-
lodic, sodic, salic or plinthitic in a quantity, or position insu-
fficient to place or diagnose them as Plinthosols.

They are soils formed by original materials, stratified
or not, and subject to periodic or constant excess of water,
which can occur in many situations.

They commonly develop in recently formed sediments
in the vicinity of watercourses and in colluvial-alluvial mate-
rials subject to hydromorphic conditions. They may also be
formed in areas of flat relief along rivers, lakes and marine
terraces, as well as in residual materials in basin areas and
depressions. They are sometimes formed in sloped areas
under the influence of emerging groundwater. They are
soils that occur beneath hydrophilic or herbaceous hygro-
philous vegetation, shrubs or trees.

7. UNIT SUITABILITY AND POTENTIAL
CONSTRAINTS

Due to the characteristics discussed above, the re-
gion presents typical geotechnical, hydrological, pedologi-
cal/agricultural, environmental and mineral characteristics.

The alluvial plains are occupied by Gleysols. For a va-
riety of reasons, alluvial plains are the environments that
require special care in planning, decision making, and envi-
ronmental management. In the majority of cases, this type
of soil is not taken into account in decision making related
to land-use and occupancy. This results in a number of en-
vironmental problems, loss of life, and large amounts of
money wasted on recovery projects, which in most cases
are either ineffective or generate other larger problems ra-
ther than solving them.

It is curious to note that although this is known, inap-
propriate occupation in alluvial plains continues. In urban are-
as they are usually the first to be occupied; these regions are
often invaded by low-income sectors of the population, crea-
ting a multitude of difficulties for public authorities, who end
up having to provide them with urban infrastructure. As dis-
cussed below, this is quite complicated to do in these areas.

In planning, it is important to take into account that
alluvial plains are very problematic for any kind of infras-
tructure, for the following reasons:
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e In particular, the plains are likely to experience floo-
ding which is often very rapid and long-lasting. Al-
though the frequency of flooding is greater in areas
closer to the riverbed, it is noted that even the most
distant plains will at some point be flooded. They are
areas of the river domain and as such they are ina-
ppropriate for urbanization. It is important to take
into account that infrastructure to prevent floods are
complex, expensive, and in most cases inefficient, or
they can lead to more serious problems;

e for almost the entire expanse of the alluvial plain
area, the ability to drain the surface and subsurfa-
ce is very limited, i.e. the water barely circulates or
circulate very slowly and in the majority of alluvial
plains the groundwater emerges on the surface or
is present at depths generally less than 2 meters;

e infrastructure that is placed below the surface of
alluvial plains very quickly corrode and become da-
maged. Thus, special care must be taken with the
quality of the materials used, especially in projects
for the movement and storage of pollutants, such
as gas pipelines, oil pipelines, fuel tanks, etc. We
emphasize that if a leak occurs there is a strong
possibility that the pollutants will directly conta-
minate the groundwater. If this happens, it will
cause major, long-lasting, negative impacts, and
much money will be spent on recovery. If these
types of works exist on floodplains, it is important
for them to be constantly monitored. These are
environments that are naturally quite unhealthy
for humans because soil moisture remains high
most of the year and in the summer becomes very
hot, supporting the proliferation of various types
of insects, fungi and bacteria;

e it is a transitional land between terrestrial and
aquatic environments, with fairly typical vegetation
that survives well in both dry and aqueous envi-
ronments. This vegetation has an important envi-
ronmental role and as such it should be preserved.
It acts as a barrier to retain debris washed down
from the highlands by the rushing waters, preven-
ting them from reaching the watercourses. Fur-
thermore, they are the habitat of many predators
of insects and rats, such as frogs, toads and snakes.
Among the typical vegetation of these areas, there
is the cattail, which can be used for making various
items such as baskets, bags, mats, etc.

The areas occupied by Oxisols are those with the le-
ast constraints on usage. Because of the geology, the relief
is characterized as undulating to smoothly undulating, al-
though very active, i.e. a softened relief but with moderate
to high density of elevated areas and drainage channels.
The elevations are low, ranging between 30 and 50 me-
ters, with relatively large flat tops, short convex slopes, and
declivity between 5 and 15%, which in some cases may
vary between 20 and 25%. The main drainage system pre-
sents open valleys and relatively wide plains.

These are lands where runoff occurs quite differently
depending on the location in the relief. At the top, because
the relief is smooth and covered with a thick layer of very

Downloaded from http://iwaponline.com/ebooks/book-pdf/868060/wic9781780406480.pdf
bv IWA Publichina publications@iwan co uk

permeable black soil, runoff is relatively slow. But on the
slopes, with steep declivity, runoff is quite rapid. Thus, when
laying draining networks and storm water management sys-
tems, especially at the lower levels, it is important to plan
for a large volume of water and strong, erosive torrents that
can occur suddenly even during rain of moderate intensity.

It is important to note that due to good hydrody-
namic characteristics of surface soils, these terrains are
important for local replenishment of groundwater, which
in most of the basin is very low. They are also areas that
contain many patches of natural forest with large popu-
lations of the Parana Pine. Considering the forest cover,
coupled with the contrast of its relief with the surrounding
mountainous areas, it makes for beautiful rural landscapes.

The portions of the Basin in which Alfisols and In-
ceptisols occur have an intermediate level of restrictions in
relation to usage. Because of the predominance of litholo-
gies and soils that are poorly permeable, and because most
lithology is folded, the entire length of this Subdomain is
characterized as an environment of extremely active relief,
that is diverse and mountainous. Even the more level areas
contain a high-density of elevations intersected by a dense
system of drainage channels of short and compact valleys.
These characteristics indicate that the land is naturally of
very low permeability with a high potential for hydric ero-
sion. Thus, special care must be taken in order to preserve
the natural vegetation and not increase impermeability.

Clay soils, independent from other variables, are qui-
te porous and have the ability to retain and secure ele-
ments. As such, they respond well to fertilization, have
good assimilation of organic matter, and during the dry
season retain water availability for plants over a long pe-
riod (high water capacity soils).

Soils of low fertility that are very rich in aluminum
should predominate, so they should be quite acidic. As a
consequence they often need to be fertilized and modified
by applying dolomitic limestone.

Clayed soils are naturally of low permeability, indica-
ting that drip irrigation methods should be used. If using
other methods, rather than penetrating the soil, most of
the water runs off creating highly erosive torrents.

These soils become compacted and impermeable if
heavy mechanized equipment is continuously used or if the
soils are trampled by cattle. Continuous high loads cause
the formation of a very hardened and impermeable sub-
surface layer. The difference in permeability between this
layer and the more friable and permeable upper layer ge-
nerates a situation in which during rainfall the upper layer
becomes saturated in water and is easily removed by sheet
erosion. Thus, if handled improperly, a clayey soil that is
naturally resistant to erosion becomes as erosive as or more
than a sandy soil.

Much of this land, although it is quite rugged, was
cleared and occupied by pastureland and particularly refo-
restation. There are also many abandoned pastures that
are today covered by ferns, a type of vegetation highly sus-
ceptible to fire.

Because of their more adequate topographical and
pedologic features, it is the granitic terrain that is most den-
sely occupied in the region, mainly by agriculture and pas-
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tureland. For this reason they are also the most devoid of
their natural features, especially because of deforestation.

They have many water springs that have good year-
-round flow, thus they are important for the maintenance
of the regular river flow during dry periods

A positive aspect of this soil is the fact that in almost

the entire area the alteration mantle is clayey and conse-
quently of low natural erosion. In most parts of the region
it can be easily excavated with only with tools and cutting
machinery at depths greater than 10 meters.

As a downside, we note the predominance of the

following factors:

e it is common to have soils and rocks with the
more contrasting geotechnical characteristics
side by side or within a few meters of each other.
Thus, in the case of linear construction projects,
very detailed geotechnical studies should be con-
ducted and supported by sampling and testing of
materials collected at various depths and across
a tightly laid grid, which means high costs, both
in the planning phase and during the execution
of the work. Localized Geotechnical testing points
have little lateral and vertical representation in
most of the region;

e where the relief has significant and accelerated
wear, it presents favorable topographic features
for the natural movement of large amounts of
water and erosion processes, both sheet and con-
centrated;

e when excavating a little deeper, the slopes of the
cut are more likely to have exposed materials that
are highly susceptible to erosion when subjected to
concentrations of rainwater. In most of the area,
the C horizon was very erosive and unstable along
cut slopes, outcrops or was present at low depths;

e the lands tend to have very fast-running runoff.
Therefore, drainage networks and storm water
management should be planned in order to su-
pport the large volume of water and strong tor-
rents with high erosive potential that are suddenly
formed with stronger rain.

Because runoff is very fast when it rains, most of
the water flows quickly to the drainage channels that, for
the most part, are devoid of floodplains, thus creating tur-
bulent waters with a high potential for transporting sedi-
ment. It is therefore an environment with high potential
for water erosion, that can transport a high load of debris
leading to the silting of rivers, with dispersed, rather than
concentrated hydrogeological characteristics. Therefore, if
a pollutant reaches a watercourse it can be quickly carried
over long distances.

8. PHYSICAL AND CHEMICAL CHA-
RACTERIZATION OF IDENTIFIED
UNITS

Table 1 shows a summary of the main physical and
chemical characteristics of soil units mapped in the Basin,
which served as the basis for their classification with crite-
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TABLE 1 — RESULTS OF SOIL ANALYSIS FOR THE CHARACTERISTIC PROFILES OF MAPPING UNITS
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ria established by EMBRAPA.

9. CONCLUSION

The study of the pedology of the region of the Rio
Verde Basin allows us to conclude that the factor that most
influences the soil typology is geomorphology.

The geological base of the Basin differs little across
the study area and the determinant factors in the characte-
rization of the type of soil are declivity, length of the slope,
position in the relief, and altitude.

In terms of fertility, in their natural state soils nor-
mally exhibit dystrophic characteristics (V% <50%) and
average saturations of aluminum, producing a medium aci-
dity in the soil. However, in this same aspect, there are soils
that when corrected and managed, show good produc-
tion potential. We observed that most of these cultivated
soils are modified for normal fertility and the main problem
identified was excess and not a lack of nutrients in the soil,
especially phosphorus.

Regarding the environment, the cultivated soils are
quite degraded due to intensive use combined with the
lack of soil conservation practices.

The intersection of these factors (high level of fer-
tilization + intensive use + inappropriate management)
results in agricultural practices that have a high potential
impact on the environment, especially in relation to water
resources.

Given this reality, fertility management, adoption of
conservationist cultural and mechanical practices, and pro-
per land-use according to suitability, are of vital importan-
ce for both maintaining existing production systems in the
Basin, as well as maintaining the quality of water resources.

10. REFERENCES

CHUEH, A.M. (2005) Andlise do Potencial de Degradacao Ambiental
na Bacia Hidrogréfica do Rio Pequeno em S&o José dos Pinhais/PR,
por meio do DFC — Diagndstico Fisico Conservacionista. R. RAE GA,
Curitiba, n. 10, p. 61-71, Editora UFPR.

COORDENADORIA DA REGIAO METROPOLITANA DE CURITIBA —
COMEC. (1988) Plano Diretor da Bacia hidrogréfica: estudos geo-
légicos. CURITIBA: COMEC, 32 p.

COORDENADORIA DA REGIAO METROPOLITANA DE CURITIBA —
COMEC. (2002) Proposta de Macrozoneamento da Bacia do Rio
Verde. CURITIBA: COMEC.

EMPRESA BRASILEIRA DE PESQUISA AGROPECUARIA / CENTRO
NACIONAL DE PESQUISA DE SOLOS — EMBRAPA/CNPF. (1999)
Sistema brasileiro de classificacdo de solos. Brasilia: Embrapa/SPI
e Embrapa Solos, 412 p.

EMPRESA BRASILEIRA DE PESQUISA AGROPECUARIA / SERVICO
NACIONAL DE LEVANTAMENTO E CONSERVACAO DE SOLOS -
EMBRAPA/SNLCS. (1984) Levantamento de Reconhecimento de
Solos do Estado do Parana. Curitiba: Embrapa/ SNLCS/SUDESUL/
IAPAR, 791 p.

FONTES, J.L. (2006) Programa de Microbacias Hidrograficas: jus-
tificativa, historico, estratégia e resultados. In: RODRIGUES, V.A,;
BUCCI, L.A. Manejo de microbacias hidrogréficas: experiéncias na-
cionais e internacionais (Org.). Botucatu, FEPAF, p. 200-215.
FREISCHFRESSER, V. (1999) Politicas publicas e a formacao de re-
des conservacionistas em microbacias hidrogréficas: o exemplo do
Parand Rural. Revista Paranaense de Desenvolvimento. Curitiba, n.
95, jan./abr., p. 61-77.

Downloaded from http://iwaponline.com/ebooks/book-pdf/868060/wic9781780406480.pdf
bv IWA Publichina publications@iwan co uk

HESPANHOL, A.N.; HESPANHOL; R.A.M. (2004) Desenvolvimento
rural e poder local: a situacao dos CMDRS na regiao de presidente
prudente — SP. In: | Semindrio Internacional, 2004, Rio Claro. CD
do | Seminério Internacional. Rio Claro: IGCE-UNESP, p. 1-11.

LEPSCH, I.F. (1983) Manual para Levantamento utilitario de meio
fisico e classificacao de terras no sistema de capacidade de uso. 4°
aproximacao. Campinas: Sociedade Brasileira de Ciéncia do Solo.

MACHADO, M. L. da S. & RODRIGUES, A. dos S. (1997) A geracao
de tecnologia e o desenvolvimento da agricultura familiar. Londri-
na, IAPAR, 80 p. (IAPAR. Boletim Técnico, 57).

MINEROPAR - (2000) Proposicdo de Expansao Urbana na Regido
Metropolitana de Curitiba, com Base em Levantamentos e Cadas-
tramentos Geotécnicos. Curitiba.

MIRANDA, M. & MIRANDA, G.M. (1995) A experiéncia do Institu-
to Agronémico do Parana — IAPAR, na busca do desenvolvimento
da agricultura familiar. In: WORKSHOP O DESENVOLVIMENTO DE
UMA OUTRA AGRICULTURA: ACESSO A TERRA E A MEIOS DE
PRODUCAO, A QUESTAO DA FOME E A 3 Sistemas de producdo
equilibrados e coerentes, em harmonia com seu meio ambiente,
adaptados a diversidade das situacoes locais, reproduziveis por
um grande nimero de agricultores, rentaveis e sustentaveis. INTE-
GRACAO SOCIAL (1995: Curitiba). Anais... Curitiba: Cooperacao
Inter-Universitaria Franco-Brasileira, sp.

NAVARRO, Z. (2001) Manejo de recursos naturais e desenvolvi-
mento rural. Porto Alegre: Programa de Pés-graduacdo em Desen-
volvimento Rural. (Relatorio preliminar).

PARANA. (1999) Secretaria de Estado da Agricultura e do Abaste-
cimento. Manual Operativo do Projeto Parand 12 Meses. Curitiba,
241 p.

PASSINI, J.J. Geracdo e comunicacdo de inovagées tecnoldgicas
para a agricultura familiar. Curitiba, 1999. Dissertation (Master’s
degree) — Graduation Program in Technology, CEFET/PR, 154p.
PASSINI, J.J. (1997) Redes de propriedades de referéncia. In: IA-
PAR. Enfoque Sistémico em P&D: a experiéncia metodolégica do
IAPAR. Londrina, 152 p. llust. (IAPAR. Circular, 97).

PAYES, M. A. M. (1989) Sistemas de producdo predominantes no
municipio de Rio Azul — Parand — uma proposta teérico-metodold-
gica. Londrina: IAPAR (IAPAR. Boletim técnico, 27).

PRADO, H. (1993) Manual de Classificacao de Solos do Brasil. Ja-
boticabal: FUNEP, 218 p.

RASCHIATORE R.A.; MOREIRA, D.A. (2006) Inovacao na imple-
mentacao do Programa Estadual de Microbacias Hidrograficas do
Estado de S&o Paulo. Gestdo & Produgdo, v. 13, n. 3, p. 517-529,
Set.-Dez.

SABANES, L. (2002) Manejo soécio-ambiental de recursos naturais
e politicas publicas: um estudo comparativo dos Projetos Parana
Rural e Microbacias. Programa de P6s-Graduacao em Desenvolvi-
mento Rural da UFRGS. (Master Dissertation)

VIEIRA, L.S.; VIEIRA, M.N. F. Manual de Morfologia e Classificacdo
de Solos. 2. ed. Sao Paulo: Editora Agronémica Ceres Ltda. 313 p.
WORLD BANK. (1997) Land Management Il — Project Sado Paulo,
— Environmentally and socially sustanaible development — Sector
Management Unit — Latin America and the Caribbean region.

85



Downloaded from http://iwaponline.com/ebooks/book-pdf/868060/wic9781780406480.pdf
bv IWA Publichina publications@iwan co uk



CHAPTER

VEGETATION COVER AND LAND USE
MAPPING, CHARACTERIZATION
AND DIAGNOSIS

Carlos Vellozo Roderjan
Pyramon Accioly

Downloaded from http://iwaponline.com/ebooks/book-pdf/868060/wic9781780406480.pdf
bv IWA Publichina publications@iwan co uk

87



38 RESERVOIR EUTROPHICATION: PREVENTIVE MANAGEMENT
An applied example of Integrated Basin Management Interdisciplinary Research

Downloaded from http://iwaponline.com/ebooks/book-pdf/868060/wic9781780406480.pdf
bv IWA Publichina publications@iwan co uk



VEGETATION COVER AND LAND USE MAPPING, CHARACTERIZATION AND DIAGNOSIS

VEGETATION COVER AND LAND USE MAPPING,
CHARACTERIZATION AND DIAGNOSIS

Carlos Vellozo Roderjan
Pyramon Accioly

SUMMARY

The Rio Verde Basin was mapped in order to identify and quantify the natural vegetation cover. Different types of
land-use were also mapped to identify places where the there is a need to modify land-use and promote vegetation
restoration based on the region’s natural characteristics. To meet the purposes of this study, a map legend was estab-
lished that incorporated the most characteristic and significant types. Considering Middle and Advanced Vegetation
Succession stages, Gallery Forests and Floodplains as complex environments with high levels of biodiversity that main-
tain environmental quality, together they represent a protected area of 36.78% of the total mapped area. Agriculture
involving crops and pastureland are the most significant form of human modified land-use in the Rio Verde Basin,
occupying almost half of its surface (48.56%). Productive stands or Reforestations, using Pinus and Eucalyptus species,
are not very significant in the Rio Verde Basin, occupying only 1.51% of the surface area (360.85ha). The Urban and/
or Built areas make-up 6.34% of the basin surface and are concentrated mainly in the municipality of Campo Largo,
within the vicinity of highway BR 277, and at the north end of the basin within the municipality of Campo Magro

around the town center.

KEYWORDS

Rio Verde, vegetation cover, land use, mapping, diagnosis.

1. INTRODUCTION

Among the environmental impacts caused by the ex-
pansion of human occupation of the land, the impact on
water resources is undoubtedly the most serious. Of more
concern, however, is the protective function of vegetation
around natural and artificial water bodies that has been
poorly understood throughout human history. Hitherto,
humans have ignored the facts and used the soil at their
own convenience. Now, they seek for solutions to reverse
this situation, starting with the obvious: the restoration of
protective vegetation around springs and water sources,
river banks, lakes and reservoirs.

To this end, the Rio Verde Basin was mapped and
its natural vegetation cover and different forms of land-
use were identified and quantified, aiming to detect areas
where modifications in land-use or vegetation restoration
are needed based on the region’s natural characteristics.

2. NATURAL VEGETATION COVER IN
THE RIO VERDE BASIN

The region of the Rio Verde Basin was originally cov-
ered by predominantly forest vegetation, where Araucéria
(Mixed Ombrophilous Forest) thrived. These forests are
characterized by the dominant presence of Araucaria (Ar-
aucaria angustifolia) and a diverse set of other tree species,
some of which are of high commercial value, such as the
Brazilian walnut (Ocotea porosa), cedar (Cedrela fissilis),
and cinnamon-sassafras (Ocotea odorifera).

In the plains along the basin’s rivers, there was a dif-
ferent vegetation complex that was adapted to the con-
ditions of water saturation (hydromorphic soils), popularly
known as floodplain or swamps (Pioneer Formations with
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Fluvio-Lacustrine Influence). Depending on its develop-
ment, the vegetation in floodplains could have an exclusive
herbaceous physiognomy or it could be interspersed with
isolated trees (corticeiras — Erythrina crista-galli, branquil-
hos — Sebastiania spp. and gerivds — Syagrus romanzof-
fiana). Usually associated with floodplains and in specific
pedologic conditions, gallery forests or riparian forests
(Alluvial Mixed Ombrophilous Forest) occurred in places
where the substrate presented better drainage conditions.

3. CURRENT VEGETATION COVER OF
THE RIO VERDE BASIN

Over the past two centuries, the region that includes
the Rio Verde Basin has been heavily modified by a wide
range of human interventions, beginning with logging and
followed by the conversion of forests into crops and pas-
tureland. In recent decades it was strongly influenced by
urban and industrial expansion and currently there is little
remaining natural vegetation.

To diagnose and quantify this transformation, a map
legend was established that included the most character-
istic and typical scenarios of natural vegetation cover and
the most significant land-use activities, aiming at meeting
the purposes of the present study. Thus, the following clas-
sification was defined:

Mixed Ombrophilous Forest

1. Initial Stage of Vegetation Succession — shrub
(capoeirinhas).

2. Initial Stage of Vegetation Succession — arboreal
(bracatingais or capoeiras).

3. Middle Stage of Vegetation Succession (capoeirdo)

89



90

RESERVOIR EUTROPHICATION: PREVENTIVE MANAGEMENT
An applied example of Integrated Basin Management Interdisciplinary Research

4. Advanced Stage of Vegetation Succession (forest)
5. Gallery forest

Pioneer Formation Areas
6. Floodplain

Areas of Anthropogenic Intervention
7. Reforestation

8. Agriculture and Livestock

9. Urban and/or Built Areas

10. Exposed soil

11. Water bodies

Table 1 presents the Rio Verde Basin surface occupa-
tion, in hectares and percent, for the entire mapped area
(Figure 1) according to the proposed typology.

3.1 CHARACTERIZATION OF NATURAL
VEGETATION COVER AND LAND-USE

3.1.1 Mixed Ombrophilous Forest (forest with
Araucaria)

Initial Stage of Vegetation Succession - shrub
(capoeirinhas)

This category included the initial phases of vegeta-
tion occupation after abandonment of an area, popularly
called capoeirinhas or quicacas. These are sparsely distrib-
uted over the study area, accounting for only 2.12% of the
total mapped area. They are usually the result of recent in-
terventions (agricultural areas or pastureland that has been
abandoned or is temporary left fallow), on smoothly-un-
dulated to undulated lands, free from hydromorphy. The
vegetation varies from herbaceous-graminoid formations
to the establishment of pioneer shrub species and the type
of vegetation is directly related to the amount of time the
land has been left undisturbed.

Among the herbaceous plants, the presence of pam-
pas grass (Cortaderia selloana) is striking, with beautiful
inflorescences, interspersed with Eupatorium (E. laeviga-
tum), Senecio (S. brasiliensis), Solidago and Mikania (M.
cordifolia) genera of Asteraceae, Verbenaceae Lantana
camara, Phytolacca thirsiflora, species of Phytolaccaceae,
Eryngium sp, species of Apiaceae, and Pteridium aracnoi-
deae, among others.

TABLE 1 — VEGETATION COVER IN HECTARES AND PERCENT

In subsequent stages of the natural succession pro-
cess, these formations are occupied by shrub species of the
Baccharis genus of Asteraceae, particularly represented by
B. uncinella, forming dense bunches called “vassourais”,
associated with other species of the same genus (Figure 2).

Initial Stage of Vegetation Succession — arboreal
(bracatingais or capoeiras)

This stage was identified by tree formations where
bracatinga (Mimosa scabrella) prevails. Mimosa scabrellaia
is a pioneer leguminous species that grows quickly and has
a short life-span (15 — 20 years). It spontaneously grows
in abandoned or unused areas. It is widely cultivated in
the Southern highlands as a source of energy (charcoal)
and the production of stanchions used in civil construction.
They form dense populations of a single stratification and
can reach 10 to 15m in height at maturity. If these areas
are not exploited, they provide a suitable environment for
the establishment of another stage of tree growth enabling
the succession process to occur naturally. This type of land
cover occupies only 1.32% of the surface (316.45ha) of
the study area and it is rapidly being replaced by planta-
tions of fast-growing tree species (reforestations of Pinus
and Eucalyptus spp.) (Figure 3).

Middle
(capoeirao)

The vegetation that composes this stage of vegeta-
tion succession is formed by relatively homogenous and
dense tree communities, with a canopy height varying be-
tween 10 and 15m, under which a second layer of trees
may occur (understory). It consists of pioneer tree species,
mainly established due to ornithologic dispersal (by birds),
such as the Brazilian pepper (Schinus terebinthifolius), the
pinho-bravo (Podocarpus lambertii), the vacum (Alophyllus
edulis), the canjica (Rhamnus sphaerosperma), the miguel-
pintado (Matayba elaeagnoides), the guabiroba (Campo-
manesia xanthocarpa), mamica-de-porca (Zanthoxyllum
kleinii and Z. rhoifolia) and the pessegueiro-bravo (Prunus
brasiliensis); and by anemochory (dispersal by the wind),
trees such as the vassourdo-branco (Piptocarpha angustifo-
lia), the vassourdo-preto (Vernonia discolor), and the cam-
bara (Gochnatia polymorpha).

Stage of Vegetation Succession

TYPE AREA (ha) %
1. Initial Stage of Vegetation Succession — shrub (capoeirinhas) 506.16 2.12
2.Initial Stage of Vegetation Succession — arboreal (bracatingais)capoeiras)capoeira) 316.45 1.32
3. Middle Stage of Vegetation Succession (capoeirdo) 6,313.35 26.44
4. Advanced Stage of Vegetation Succession (forest) 973.23 4.08
5. Gallery forest 801.58 3.36
6. Floodplain 691.82 2.90
7. Reforestation 360.85 1.51
8. Agriculture and Livestock 11,595.74 48.56
9. Urban and/or Built Areas 1,514.97 6.34
10. Exposed soll 49.35 0.21
11. Water bodies 754.80 3.16
TOTAL 23,878.31 100.00
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FIGURE 2 — AN INITIAL STAGE OF VEGETATION SUCCES-
SION, SHRUB PHASE

FIGURE 3 — THE INITIAL STAGE OF VEGETATION SUCCES-
SION — ARBOREAL (BRACATINGA)

These areas constitute a more significant type of
natural vegetation in the mapped area, occupying 26.44%
of its surface (6,313.35 ha) (Figure 4). According to current
environmental legislation, they are areas in which harvest-
ing or land conversion is prohibited, ensuring the preser-
vation of about one third of the surface of the drainage
basin.

noai R

FIGURE 4 — THE MIDDLE STAGE OF VEGETATION SUCCES-
SION (CAPOEIRA)

Advanced Stage of Vegetation Succession (ca-
poeirao/forest)

This type of land cover consists of the most evolved,
diversified and stratified forests, that demonstrate more ad-
vanced phases of secondary succession (due to anthropo-
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genic interventions) or have remnant individuals in forests
that have been deeply altered by selective harvesting of the
best wood. This stage of succession is usually character-
ized by the presence of Araucaria (Araucaria anqustifolia).
These areas are not significant in the Basin, constituting
only 4.08% of the surface or 973.23 hectares. However,
these areas have the greatest diversity and richness as seen
through the presence of several life forms (trees, shrubs,
herbs, epiphytes and lianas) (Figure 5) and the associated
fauna.

Dominating the canopy, between 15 and 20m in
height or below the tops of the remnant pine trees, it is
common to find miguel-pintado (Matayba elaeagnoides),
cedar (Cedrela fissilis), guabiroba (Campomanesia xan-
thocarpa), pinho-bravo (Podocarpus lambertii) and cuvata
(Cupania vernalis), among other tree species. In clearings
opened by selective harvesting, some pioneer species such
as canela-guaica (Ocotea puberula), vassourdo-branco,
vassourdo-preto and even bracatinga can be found.

FIGURE 5 — THE ADVANCED STAGE OF VEGETATION SUC-
CESSION (CAPOEIRAO/FOREST), CHARACTERIZED BY THE
PRESENCE OF ARAUCARIA (ARAUCARIA ANGUSTIFOLIA)

Gallery Forest or riparian forest (Alluvial mixed
ombrophilous Forest)

This type of land cover is composed of forest forma-
tions established in alluvial plains adjacent to watercourses
that are subject to the fluctuations of the water table as
the result of rainfall and may present variable size and di-
versity depending on the degree of soil development that
supports them (Fluvic Entisol and Gleysol). At any time,
however, they are characterized by the striking presence
and dominance of the branquilho (Sebastiania commerso-
niana), a pioneer tree species that colonizes these environ-
ments. This type of land cover can include dense group-
ings of trees of small stature (5 — 7 m in height) at early
succession stages (branquilha) and varies to diversified,
stratified, taller (up to 15 — 18 m in height) forests in more
advanced stages of succession when the branquilho shares
the area with the aroeira (Schinus terebinthifolius), murta
(Blepharocalyx salicifolius), veludo (Myrrhynium loranthoi-
des), guabiroba, pessegueiro-bravo (Prunus brasiliensis)
and jeriva (Syagrus romanzoffianum), among others. In the
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understory, a second layer may be found characterized by
the presence of vacum (Allophylus edulis), embiras (Daph-
nopsis spp.) and cambui (Myrciaria tenella), among oth-
ers. Araucaria (A. angustifolia) occurs sometimes forming
round clusters in dykes and shoulders that are free from
hydromorphy. This type of land cover constitutes 3.34% of
the mapped area (801.58 ha) (Figure 6).

FIGURE 6 — THE GALLERY FOREST (ALLUVIAL MIXED
OMBROPHILOUS FOREST), USUALLY ASSOCIATED WITH
FLOODPLAINS

3.1.2 Pioneer Formations Areas with Floodplain
influence (floodplains)

This type of land cover corresponds to herbaceous
vegetation occupying the floodplain, subject to the fluc-
tuations of the water table, depending on the local water
conditions. Generally on Histosols and Gleysols, which are
both hydromorphic soils, the floodplains are restrictive en-
vironments for the establishment of arboreal vegetation.
On the other hand, these soils are efficient regulators of
the water flow, mainly during periods of heavy rainfall
and flooding. Their degree of development and their geo-
graphic coverage are variable depending on the character-
istics of the location.

These areas are characterized by the prevalence of
caespitose and rhizomatous herbaceous species along
with some herbaceous and erect sub-shrubs, creating a
vegetation formation up to 2 meters in height. Many of
the species typical of this formation create clusters of vary-
ing sizes depending on the geomorphic design of the site.
The caespitose species that physiognomically stand out
are: Panicum urticans and Echinochloa crusgalli (Poaceae),
Carex brasiliensis and Cyperus ferax (Cyperaceae), besides
some other less conspicuous species of the same families.
Among the rhizomatous, Thalia geniculata (Marantaceae),
Scirpus californicus (Cyperaceae), Echinodorus grandiflorus
(Alismataceae) and Typha domingensis (Typhaceae) occur
more frequently. In the mapped area, 691.82 hectares of
floodplains were recorded corresponding to 2.90% of the
area (Figure 7).

3.1.3 Areas of anthropogenic interventions

Reforestation
These areas include all the commercial plantations of
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FIGURE 7 — VIEW OF A FLOODPLAIN AREA (PIONEER FOR-
MATION WITH FLUVIO-LACUSTRINE INFLUENCE)

fast-growing tree species, mainly of Pinus and Eucalyptus
genera, with varying ages, shapes and sizes. The surface
occupied by this activity is not significant, corresponding
to only 1.51% (360.85ha) of the mapped area (Figure 8).

Agriculture and Livestock

This land-use classification includes the diverse forms
of agricultural land uses, particularly crops and pasture-
land. This classification makes up the most significant sur-
face area representing 48.56% of the mapped area, equal-
ing 11,595.74 ha (Figure 9).

Exposed soil

Areas of exposed soil consist of areas where mining
activities were detected, or areas that were void of vegeta-
tion cover when flying over the region in 2000. It com-
poses only 49.34 ha, or 0.21% of the mapped surface.

Urban and/or built areas

This classification consists of all urban spaces, wheth-
er or not they are amalgamated. This land-use makes-up
6.34% of the mapped area, or 1,514.97 ha.

FIGURE 8 — A REFORESTATION (STAND) OF EUCALYPTUS
SP. IN THE CENTRE AND A MIDDLE STAGE OF VEGETA-
TION SUCCESSION IN THE BACKGROUND

93



94

RESERVOIR EUTROPHICATION: PREVENTIVE MANAGEMENT
An applied example of Integrated Basin Management Interdisciplinary Research

C

FIGURE 9 — OTHER FORMS OF LAND-USE CONSIDERED IN THE MAPPING (A: AGRICULTURAL CROPS; B: PASTURES; C:

EXPOSED SOIL; D: URBAN AND/OR BUILT AREAS)

3.2 DIAGNOSIS OF VEGETATION COVER AND
LAND-USE IN AREAS OF PERMANENT
PRESERVATION (APP)

3.2.1 Categories of Areas of Permanent
Preservation (APPs)

Considering the Brazilian Forest Code (Federal Law
4.771/65 from September 15, 1965), the CONAMA reso-
lutions complementary to the Forest Code, and the Joint
Resolution IBAMA/SEMA/IAP 5/2008 that defines the cri-
teria for the assessment of Wetlands and their Protective
Environs in the State of Parang, the following areas were
considered as areas of environmental sensitivity that are
protected by law:

* 30 meter marginal strip along the water courses

up to 10 meters in width;

e 50 meter radius around springs;

e 100 meter strip around the Rio V erde Reservoir

(comprised as rural area);

e 50 meter strip around ponds and lakes;

* 50 meter marginal strip around floodplains*, basi-

cally represented by alluvial plains;

e areas with slopes greater than 45¢;

e areas located on hilltops;

e crests lines;

¢ middle and advanced stages of vegetation succession.
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* Minimum value adopted in this diagnosis is based
on the scale adopted for the Protective Environs estab-
lished by the Joint Resolution IBAMA/SEMA/IAP 5/2008,
that varies from 50 to 90 m depending on the slope and
the texture of the soil.

In order to identify inconsistencies between land-use
practices observed in the Rio Verde Basin and the areas
legally established as APPs, the legal constraints mentioned
above were spatialized using GIS (Geographic Information
System) and subsequently compared with the vegetation
cover and land-use maps. From this, we assessed the level
of environmental preservation of the APPs by cross-refer-
encing the selected geo-environmental parameters which
allowed us to determine the different forms of land-use in
the APPs in terms of area and representativeness (%). The
method of analysis using raster models gives flexibility to
the data cross-referencing; however, it does require a small
amount of rounding-off but this represents a variation not
greater than 2% of the calculated areas.

3.2.2 Vegetation cover and land-use in areas of
permanent preservation
Federal Law 4771/65 establishes that the function
of the areas of permanent preservation is to “preserve the
water resources, landscape, geological stability, biodiversity,
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gene flow of fauna and flora, protect the soil and ensure
the well-being of human populations.” The objective of Mu-
nicipal Law 1.963/2007 of Land Use and Occupancy is to
“protect the valley floors, springs, public parks, and other ar-
eas of environmental interest.” From this, it was possible to
define, identify and quantify the inappropriate uses of APPs.
Thus, the classifications of Agriculture and Livestock, Re-
forestation, Urbanized Areas and Exposed Soil represented
36.6% (2,705.34 ha) of inappropriate land-use in the APPs,
revealing significant disagreement between what is defined
by the legislation and what is practiced in an area of interest,
such as a source for public water supply for the Metropolitan

Region of Curitiba (DE 3411/2008).

On the other hand, it is important to note that
59.22% (4,377.29 ha) or practically half of the surface of
the APPs is occupied by natural forms of vegetation, mainly
the Middle Stage of Vegetation Succession with 40.93%
and Gallery Forests with 6.75%.

Table 2 shows the total values of surface area for
each land-use classification in the APPs, in both hectares
and percent.

Table 3 contains the classes of vegetation cover and
land-use for each legal constraint on land-use included in
the present analysis.

TABLE 2 — NATURAL VEGETATION COVER AND LAND-USE IN AREAS OF PERMANENT PRESERVATION (APP) IN THE RIO

VERDE BASIN
TYPEC AREA (ha) %
APP Shrub Initial Stage 184.31 2.49
APP Arboreal Initial Stage 79.99 1.08
APP Middle Stage 3,025.92 40.93
APP Advanced Stage (Forest) 280.53 3.79
APP Gallery Forest 499.11 6.75
APP Floodplain 307.43 4.16
APP Reforestation 74.07 1.00
APP Agriculture and Livestock 2,398.98 32.45
APP Urbanized and/or Built Areas 223.47 3.02
APP Exposed Soil 8.82 0.12
APP Water bodies 309.38 4.18
TOTAL 7,392.01 100.00

TABLE 3 — CLASSES OF NATURAL VEGETATION COVER AND LAND-USE IN AREAS OF PERMANENT PRESERVATION IN THE

RIO VERDE BASIN

100M AROUND THE RIO VERDE DAM
TYPE AREA (ha) %
100m dam + shrub initial stage 14.66 4.16
100m dam + arboreal initial stage 1.01 0.29
100m dam + middle stage 189.60 53.82
100m dam + advanced stage 5.19 1.47
100m dam + gallery forest 1.98 0.56
100m dam + floodplain 25.01 7.10
100m dam + reforestation 5.82 1.65
100m dam + agriculture and livestock 103.94 29.51
100m dam + exposed soil 4.03 1.14
100m dam + water bodies 1.01 0.29
TOTAL 352.25 100.00
30M FROM THE RIVER BANKS

TYPE AREA (ha) %
30m rivers + shrub initial stage 103.76 2.49
30m rivers + arboreal initial stage 39.95 0.96
30m rivers + middle stage 1940.13 46.48
30m rivers + advanced stage 165.20 3.96
30m rivers + gallery 285.69 6.84
30m rivers + floodplain 232.08 5.56
30m rivers + reforestation 39.03 0.93
30m rivers + agriculture and livestock 973.86 23.33
30m rivers + urbanized areas 114.12 2.74
30m rivers + exposed soil 1.54 0.04
30m rivers + water bodies 278.61 6.67
TOTAL 4,173.97 100.00
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50M RADIUS AROUND SPRINGS
TYPE AREA (ha) %
50m springs + shrub initial stage 24.37 1.87
50m springs + arboreal initial stage 15.85 1.22
50m springs + middle stage 539.69 41.48
50m springs + advanced stage 53.64 4.12
50m springs + gallery forest 5.48 0.42
50m springs + floodplains 2.59 1.20
50m springs + reforestation 13.17 1.01
50m springs + agriculture and livestock 571.93 43.96
50m springs + urbanized areas 61.78 4.75
50m springs + exposed soil 1.09 0.08
50m springs + water bodies 3.32 0.25
TOTAL 1,292.91 100.00
50M AROUND FLOODPLAINS
TYPE AREA (ha) %
floodplain + shrub initial stage 16.55 3.01
floodplain + arboreal initial stage 10.67 1.94
floodplain + middle stage 126.94 23.13
floodplain + advanced stage 20.89 3.80
floodplain + gallery forest 104.79 19.09
floodplain+ reforestation 4.86 0.88
floodplain + agriculture and livestock 220.47 40.17
floodplain + urbanized areas 15.28 2.78
floodplain + exposed soil 2.10 0.38
floodplain + water bodies 24.05 4.38
TOTAL 5 100.00
SLOPES > 450
TYPE AREA (ha) %
slope > 45° + shrub initial stage 0.36 1.56
slope > 45° + arboreal initial stage 0.47 2.04
slope > 45° + middle stage 8.37 36.00
slope > 45° + advanced stage 0.80 3.46
slope > 45° + gallery forest 0.16 0.67
slope > 45° + floodplain 0.05 0.24
slope > 45° + reforestation 0.14 0.62
slope > 45° + agriculture and livestock 8.30 35.73
slope > 45° + urbanized areas 4.51 19.42
slope > 45° + exposed soil 0.02 0.09
slope > 45° + water bodies 0.03 0.14
TOTAL 23.21 100.00
50M AROUND LAKES

TYPE AREA (HA) %
lakes + shrub initial stage 9.52 1.52
lakes + arboreal initial stage 2.43 0.39
lakes + middle stage 110.29 17.59
lakes + advanced stage 27.86 4.44
lakes + gallery forest 101.00 16.11
lakes + floodplain 47.49 7.57
lakes + reforestation 7.88 1.26
lakes + agriculture and livestock 288.77 46.05
lakes + urbanized areas 23.76 3.79
lakes + exposed soil 0.05 0.01
lakes + water bodies 2.37 0.34
TOTAL 621.43 100.00
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HILLTOPS
TYPE AREA (ha) %
hilltop + shrub initial stage 7.87 2.69
hilltop + arboreal initial stage 2.18 0.75
hilltop + middle stage 82.89 28.34
hilltop + advanced stage 6.95 2.38
hilltop + floodplain 0.21 0.07
hilltop + reforestation 3.16 1.08
hilltop + agriculture and livestock 185.24 63.32
hilltop + urbanized areas 4.02 1.37
TOTAL 292.52 100.00

CRESTS
TYPE AREA (ha) %
crest + shrub initial stage 7.22 8.11
crest + arboreal initial stage 7.42 8.33
crest + middle stage 28.01 31.43
crest + agriculture and livestock 46.48 52.15
TOTAL 89.13 100.00

Areas with constraints on usage in accordance
with the Mata Atlantica (Riparian Forest) Law

The natural forms of forest vegetation classified
herein as Middle Stage and Advanced Stage of Vegeta-
tion Succession (capoeiras, capoeirées and forests) should
be considered areas with constraints on usage, even if not
required under the various APPs (Areas of Permanent Pres-
ervation, Table 3). If we consider compliance with this legal
provision, a total of 3,980.13 ha can be added to the to-
tal amount of protected areas, raising the percent of the
protected surface area from 30.96% to 47.62%. In Figure
10 the different mapping classifications are superimposed
over of the entire area defined as APPs.

4. CONSIDERATIONS OF VEGETATION

COVER IN THE MAPPED AREA

If we consider the Middle and Advanced Stages of
Vegetation Succession, the Gallery Forests and Flood-
plains as more complex environments with greater biodi-
versity, these areas are useful in maintaining environmental
quality. All these areas combined equal a significant pro-
portion of the mapped surface, 36.78%, that is protected.

Among the different forms of land-use in the Rio
Verde Basin, Agriculture and Livestock, involving agri-
cultural crops and pastureland, is very significant as it oc-
cupies almost half of the surface area (48.56%).

Productive stands or Reforestations, using Pinus
and Eucalyptus species, are not very significant in the Rio
Verde Basin, occupying only 1.51% of the surface area
(360.85ha).

The Urban and/or Built areas total 6.34% of the
basin surface and are concentrated mainly in Campo Lar-
go, in the vicinity of highway BR 277, and in the north of
the basin within the municipality of Campo Magro.

Although the Initial Stage of Vegetation Succes-
sion does not have any legal environmental restraints on
its conversion in another form of land-use (i.e., agricul-
ture, livestock, urbanization, etc.) it is an initial stage in the
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process of vegetation re-occupation that, although small
in size and limited in biodiversity, is the most immediate
form of soil protection as the soil is usually left exposed to
weathering and erosion.

As such, the appearance and occupation of shrub
and tree species, besides providing the soil with physical
protection and nutrients, creates a favorable environment
and shelter for birds. Birds, in turn, bring seeds of a greater
variety of species which become the foundations of future
forests. The major function of this form of land cover is
therefore to provide an appropriate environment (microcli-
mate) for the establishment and restoration of the original
forest environments naturally and time is the only invest-
ment required.

As the succession process continues, the initial plant
communities mature and progressively incorporate great-
er biodiversity and structural complexity. The subsequent
Middle and Advanced stages (capoeiras, capoeirbes and
forests) occur, which at this stage fall under strict legal con-
straints and become increasingly effective in their environ-
mental functions (maintaining soil and water resources and
providing flora and fauna resources for humans).

The alluvial plains, here understood as Floodplains
or swamps on the margins of watercourses, or as Wetlands
by current environmental legislation, should be seen as es-
sential components in maintaining drainage channels that
regulate water flow during flooding. They are, therefore,
inseparable from this function and thus should not be af-
fected by any form of human use.

In these plains, in addition to the prevalent herba-
ceous formations, tree communities defined as Gallery For-
ests occur. These forests are usually located close to rivers,
in better drainage conditions, supported by the “heighten-
ing” of river banks (marginal dikes or “shoulders”) due to
the deposition of sediments of larger granulometry, result-
ing in soils with greater porosity. For this reason, these en-
vironments are more vulnerable to erosion caused by water
flow which justifies their classification as areas of permanent
preservation by the Brazilian Forest Code since the 1960s.
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5. CONCLUSIONS AND
RECOMMENDATIONS

5.1 VEGETATION COVER

The unequivocal functionality and vulnerability of the
vegetation cover and the unquestionable richness of the
biodiversity that occurs in these areas, urges the unrestrict-
ed preservation and conservation of all remaining natural
formations. Therefore, we propose:

e compliance with all aspects of the environmental
legislation, particularly those related to Areas of
Permanent Preservation, with the immediate ces-
sation of any form of use (agriculture, livestock,
urbanization and mining), as well as the imple-
mentation of programs aimed at the restoration
of these areas when degraded. Such a compliance
would almost entirely recuperate the connectivity
of the existing vegetation communities and there-
fore the associated fauna, except those already
part of the consolidated urban areas, which ac-
count for only 3.02% of the entire APPs and are
mainly concentrated along highway BR-277;

e for the conversion and restoration of the areas
with legal constraints (APPs) that are currently used
inappropriately, we suggest the immediate devel-
opment of a program of seedling production of
bracatinga (Mimosa scabrella), a fast-growing na-
tive leguminous tree, which significantly contrib-
utes to soil fertilization and “prepares” the land for
the establishment and continuity of the succession
process. Not considering the portions of the APPs
with urban occupation (because they present a
complex social problem), the proportion occupied
by Agriculture and Livestock, Reforestation
and Exposed Soil constitute 2,481.87 hectares.
With conventional tillage spacing of 2 x 2m, con-
version of these areas would require an immense
production program of 6,204,675 seedlings; at an
average cost of R$0.20/seedling, an investment of
approximately R$ 1,240,935.00 would be required.

e increase and improve environmental education in
primary and secondary levels of public education.
The restoration of the APPs will not be effective
without local people’s awareness and knowledge
of the environmental reality in the region. This
can only be possible with the development and
implementation of a consistent program of envi-
ronmental education and rural outreach aimed at
providing knowledge as well as production and in-
come alternatives for the local population, which
in turn will improve their quality of life;

e strengthen the environmental agencies through
investment in infrastructure and training of human
resources.

5.2 AGRICULTURE AND LIVESTOCK
ACTIVITIES AND REFORESTATION

Local demands for produce, cattle, dairy, and wood,
must be met without the conversion of the remaining veg-
etation areas (removal or deforestation) to agriculture and
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pastureland. Therefore, we suggest:

* maintenance and possible expansion of agriculture
and livestock activities to areas already devoid of
their original vegetation;

e conversion of these activities to activities with mini-
mal impact on the environment, such as the imple-
mentation of infrastructure and training of human
resources for the development of leisure and envi-
ronmental tourism, with investments from the pub-
lic and private sectors;

¢ encourage the planting of fast-growing, hardy spe-
cies (Pinus and Eucalyptus spp.) to produce raw
material for saw mills;

e encourage the use of bracatinga (Mimosa scabrel-
la) in restoration programs in degraded areas.

5.3 CONSERVATION UNITS AND URBAN
GREEN SPACES

The improvement of the environmental quality, and
therefore, the quality of life of the population, requires the
protection, rescue, maintenance, research on and appre-
ciation of biodiversity. We suggest strengthening institu-
tions focusing on the creation and maintenance of green
spaces and/or municipal conservation units, protecting
remnants (of any nature and size) in areas forecast for ur-
ban and industrial expansion, providing leisure for the cur-
rent and future population. Furthermore, this action would
strengthen the previous proposal of the restoration of the
APPs and their functions.

5.4 TREE PLANTING ON STREETS AND IN
PUBLIC PLACES

The revitalization of tree planting along streets, roads
and in squares provides countless direct or indirect benefits
to residents, tourists and visitors. Therefore, we suggest:

e diagnose and redistribute the established tree

populations;

¢ implement additional and new planting projects;

e provide and train human resources or outsource

the service;

e create an infrastructure of seedling production

(nurseries and orchards) or outsource the service.

5.5 URBAN AND INDUSTRIAL EXPANSION

The demands of urban and industrial expansion must
be met without converting the remaining vegetation areas
(removal or deforestation). Therefore, we suggest:

channeling these activities to areas already converted
to low productivity agriculture and initial stages of vegeta-
tion succession (capoeirinhas).
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POTENTIAL AND EMERGING FRAGILITY OF THE SOIL

Everton Passos
Ana Maria Muratori

SUMMARY

The life span of the Rio Verde reservoir is directly related to the environmental dynamics that occur in the basin. Thus,
it is essential to comprehend and control the environmental impacts resulting from the characteristics and dynamics
of the biophysical environment, as well as anthropogenic interventions and their respective interactions in the trans-
formation of environmental stability. In this context, the purpose of this study was to determine the potential and
emerging fragility of the Rio Verde Hydrographic Basin, as the result of geologic-geomorphologic processes, integrat-
ing the lithological and tectonic-structural aspects that interact with the past and current climatic characteristics, the
relief, the soils and vegetation, in face of human actions within the basin. The methodology used was based on the
concept of ecodynamics, which considers the degree of stability of the environment through Empirical Analysis of
Natural Environments, advocating for the intersection of automated data with geo-processing techniques and field
assessment. After proceeding to the relevant correlations, a Potential Fragility Map and an Emerging Fragility Map of
the Rio Verde Hydrographic Basin were obtained to be used in the planning and sustainable management of the use
of their natural resources.

KEYWORDS

Declivity, degradation, fragility, geomorphology, environmental impacts.

From this point of view, the impact on water resources is

1. INTRODUCTION

The environment, depending on its genetic character-
istics, presents different degrees of fragility which is based on
the physical environment. In this context, the development of
urban centers in inappropriate areas, such as on steep slopes
or in alluvial floodplains, in addition to industry, forestry, min-
ing, agricultural and cattle raising activities are significant. By
not considering the capacity and fragility associated with the
environment, processes of degradation are accelerated.

This question becomes more worrisome in Brazilian
metropolitan regions, such as the Metropolitan Region of
Curitiba (RMC), in which increasing population density has
occurred randomly in relation to existing natural resources.

the most worrying.

In the case of the Rio Verde Basin, unplanned hu-
man occupation occurs throughout the region but it is par-
ticularly concentrated in the municipalities of Campo Largo
(Figure 1) and Araucéria.

Urban expansion originated largely as a consequence
of industrial activities; however, the basin had already been
compromised due to extensive primary resource exploita-
tion activities and agricultural practices without proper
control (whether through deforestation and occupation of
areas that should be preserved, or lack of management
practices to ensure soil conservation).

FIGURE 1 — UNPLANNED OCCUPATION OF AREAS OF THE RIO VERDE BASIN

An important indication of the very high emerging fragility in urban areas located upstream of the dam includes urbanization on slopes
above 30%, pictured on the left from the municipality of Campo Largo. In the municipality of Campo Magro, there are similar problems
in relation to the land-use, as well as the most diverse forms of urban occupation. In the urban area of Campo Magro, located on the
headwaters of the Rio Verde, the waste collection system is precarious, as shown above right. Source: PASSOS, 2010.
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We can add to these problems the indiscriminate use
of pesticides and fertilizers, not to mention mining activi-
ties and the transportation of hazardous goods along high-
ways such as BR-277 and PR-423.

When the occupation of an area occurs without prop-
er planning, as is the case in the Rio Verde Basin, it favors the
development of high-energy conditions in the environment,
through hydrological changes brought about by widespread
deforestation, and changes in the characteristics of surface
formations, such as the reduction in the permeability of
large areas (soil sealing), among other factors.

It is important to note that these modifications oc-
cur without significant climate changes to justify them.
Anthropogenic activities intensify the morphogenetic pro-
cesses in which water erosion through diffuse and con-
centrated runoff predominates. In these conditions, the
morphogenesis overcomes the pedogenesis, thus leading
to accelerated degradation of the environment.

According to Bigarella & Mazuchowski (1985), these
types of environmental degradation occur through laminar
or sheet erosion that transports the superficial and fertile
horizons of the agricultural soils, truncating them and ren-
dering them infertile. It also occurs through concentrated
erosion, creating furrows, ravines, and in extreme cases,
gullies, when the terrain is dissected, affecting slopes and
drainage basins. The removal of riparian forests from the
watercourses increases fluvial erosion, thus modifying and/
or destroying natural marginal levees during periods of
flooding.

Therefore, according to Justus (1985), widespread
anthropogenic activity, without proper planning, is caus-
ing many paleo-landforms to regain their functional condi-
tions. This interference is also responsible for new shapes
generated through morphogenetic processes related to
hydrological conditions similar to the ones that would be
caused by climate changes during a dryer period, as shown
by the increased concentration of gravel on the surfaces of
cultivation areas (Figure 2).

i sk sl o wEBt
FIGURE 2 — EVIDENCE OF SOIL LOSS

Detail of a cultivation area where the soil was totally eroded and the
agriculture is currently undertaken on decomposed rock material

which, due to its richness in quartz, creates a detrital cover of gravel
composed mainly of this material and sand. Source: PASSOS, 2010
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In this sense, studies and investigations that support
the evaluation of the natural physical environment accord-
ing to anthropogenic modifications prove to be extremely
important in planning and organizing land-use because
they can incorporate social and economic development
with the preservation of the environment.

Studies on soil fragility have been conducted mainly
to support agriculture and livestock activities. However,
based on the approaches used, they can be useful in in-
forming a broader perspective in the planning and man-
agement of land-use. In this context, the present study is
justified and its goals are presented below.

Considering the information presented above, the
general goal of the project was to:

e Analyze the environmental fragility of the Rio

Verde Basin.

In order to achieve this, the specific goals were to:

e Conduct a survey of the physical and environmen-
tal characteristics and limitations of the Rio Verde
Basin;

e Build a physical-environmental database as tool
to be used in decision making related to planning
and managing the Rio Verde Basin;

e Evaluate physical-environmental characteristics of
the Rio Verde Basin in relation to its support ca-
pacity and environmental fragility;

e Generate a map of potential fragility and one of
emerging fragility of the Rio Verde Basin.

1.1 CHARACTERIZATION OF THE RIO VERDE
BASIN

From a geo-environmental point of view, the Rio
Verde Basin is located in the Morphostructural Unit of the
Orogenic Belt of the Atlantic, in the structural unit defined
by Maack (1968) as the First Plateau of Parand, under the
domain of the (Araucéria) Mixed Ombrophilous Forest, of
which only fragments remain.

The morphological partitioning of the Rio Verde Ba-
sin reflects, in part, the partitioning of the Metropolitan
Region of Curitiba which is located in the First Plateau of
Parand. This area may be understood from geomorphic
zones that can be seen mainly through the relief, some-
times uneven (Morraria do Acungui, in the Campo Magro
region), sometimes flat (Sedimentary Basin of Curitiba, in
the Campo Largo Region), and strongly influenced by the
geology (MURATORI, et al.,1987).

Considering the distinct aspects mentioned above
and a morphologic point of view (MURATORI, 1966),
these subareas of the First Plateau of Parana are clearly
distinct, presenting a rugged, residual, sculpted relief of
Crystalophylian rocks from the Acungui Group in the north
to northwest portion, that stands out from the pediplain
relief of the Curitiba Plateau in the south-central portion,
where crystalline basement rocks are present and partially
covered by the materials that constitute a small taphrogen-
ic continental basin, known as the Sedimentary Basin of
Curitiba (SALAMUNI, 1998; CANALI & MURATORI, 1981;
SALAMUNI, EBERT & HASUI, 2004).

The northern portion of the Basin, which encom-
passes the headwaters of the Rio Verde, is located at the
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limitrophe of the Mountainous Region of Acungui. The
central-southern portion of the basin up to the mouth of
the river flowing into the Iguacgu River, is located in the
physiographic unit known as the Plateau of Curitiba.

In the northern portion, which corresponds to the
Acungui, despite the carving caused by current dissect-
ing processes, features of an ancient morphoclimatogical
formation still remain, particularly in areas where quartzite
ridges or limestone preserve remnants of former inselbergs,
showing evidence of pedimentation. The pediplain of the
Campo Largo region (related to the pediplain surface of
Curitiba, MURATORI, op cit.) represents the western por-
tion of the Curitiba Basin that was the base of material
deposition resulting from the pediplanation process and
Pleistocene pedimentation.

This surface feature which comprises the largest area
of the basin is more dissected and recessed in the east-
ern and southern portion, constrained by the base level of
the lguacu River valley with wide plains, which originally
featured the Floodplain Mixed Ombrophilous Forest, rec-
ognized by Klein (1962) as Riparian Forest and associated
with the Edaphic Fields.

The relief of the above mentioned pediplaned sur-
face is locally more preserved than the west-central and
the northwest portion of the Basin, in which the compo-
sition of the landscape was related to the occurrence of
steppe vegetation covering the edaphic fields. These were
interspersed with forest fragments of Mixed Ombrophilous
Forest with the presence of the Parana Pine (Araucaria
anqustifolia) emerging from the canopy, in addition to
eventual woodlands of Pinho Bravo (Podocarpus lambertii)
which are still found in the area surrounding Campo Largo.

Locally, the pediplain region is made up of an area
with hills of soft undulating relief and the occurrence of
more developed soils. The interfluves are relatively broad
and flattened, with broad concave valleys at their headwa-
ters that are connected to alluvial plains, over which the
river course meanders.

From the hydrographic point of view, the Rio Verde
Basin is a subsystem of the Iguacu River Basin and it con-
stitutes a set of sub-basins restricted by divisions of hills
and hillocks in general, with hilltops that are remnants of
ancient plains and smoothly convex in the less dissected
areas. In the areas with more sharp relief, these hilltops
are more mamelon in shape, with interfluves that are nar-
rower and more affected by the geology, including struc-
tural alignments (layers, flaws or joints) and intrusions that
together define the system, generally with northeast to
southwest and northwest to southeast directions.

The main drainage of these sub-basins begins in the
elevated regions, in small amphitheaters of erosion (grottos,
hollows or drainage headwaters) from which channels of
first order streams (registered in 1:10,000 topographic maps
generated through stereographic interpretation of aerial
photographs) converge, forming small streams. In periods of
relative drought, the small watercourses of the headwater
that have spring sources and in the drainage system consti-
tutes the proto network of drainage, dry out or their volume
is lowered, thereby affecting the flow of the main collectors
(small streams) which define the micro basin.
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The continuity of these small streams is linked to
physical factors such as: amounts of rainfall in the region;
good annual rain distribution; dense fog that frequently
covers the region during the winter and maintains the hu-
midity when the rains are slightly reduced. The main factor
in the continuity of these streams is the preservation of
the vegetation in the drainage headwaters and along the
waterways.

Considering the litho-structural characteristics, the
drainage in this region presents various patterns. In the
northern part, corresponding to rock formations of the
Acungui group, a sub-parallel pattern predominates,
where incising tends to form V-shaped valleys, with poorly
developed soils (Inceptisols). However, in this same por-
tion, the upper section of the Rio Verde, there is an oc-
casional tendency toward a dendritic pattern especially
where the stream gradient is wider with concave valleys.
This pattern presents a more significant covering of collu-
vium over which more developed soils, such as Oxisol and
Ultisol soils, are found and generally associated with Incep-
tisol at points of sharper relief. Finally, in areas with more
dissected relief, where slopes are relatively short (less than
200m), declivity is around 20%, and the very weathered
crystalline base is exposed, the Inceptisol is frequently as-
sociated with the Ultisol in areas where colluvium occurs
and is frequently truncated by pebbles. Eventually, Oxisols
can occur in residual portions of planation surfaces, related
to pediments and colluvial-alluvial ramps.

At the base of the slopes near the valley floors and
adjacent to the thalwegs, alluvial or organic materials
sometimes occur, in which Gleysols and Histosol are devel-
oped, respectively.

The examination of sections in road cuts in the Rio
Verde Basin shows the polycyclic nature of the landscape
in this section of the Alto Iguacu River Basin. The relief is
preliminarily divided into three units based on the distribu-
tion of three main planation surfaces related to the level of
erosion or sedimentation (Pd1, P2, P1) as well as the oc-
currence of terraces, ramps and Holocene alluvial sedimen-
tary plains along the main river and tributaries, forming
its flood channel, and, therefore, areas subject to seasonal
flooding (PASSOS, 1980-ab).

The interpretation of the various levels found, as well
as the sharp changes of slope (knick points) identified and
correlated to the mentioned planation surfaces, resulted
from exploratory field survey, which should be supple-
mented with more detailed studies. However, the presence
of overlap of colluvium and incipient lines of pebbles in
the researched area and its surroundings leaves no doubt.
The occurrence of such surfaces and materials allows us to
confirm morphoclimatic factors in the evolution of hillsides
and thalwegs in question through the identification of
correlated deposits mentioned above. This is further sup-
ported by the occurrence of alluvial and alluvial-colluvial
deposits, as well as their resulting contribution to the cur-
rent distribution of the soils. In particular, such observa-
tions confirm the aspects that have been attributed to the
nature and origin of laterite soils (Oxisol) in the Alto Iguacu
and that correlate its lateritic nature to the alternate paleo-
climate in favorable and unfavorable stages to its develop-
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ment in the recent past.

According to Bigarella & Mazuchowski (1985), the
iron content in Oxisols of the slopes is mainly due to the
precipitation of crystalline and amorphous iron compounds
in the voids of soils and of colluvial deposits of the slopes.
With the dissection of the terrain, the previously deposited
iron may be remobilized and form new deposits and soils
in the recessed portions of the slope.

Planation surface remnants are recorded in the cur-
rent morphology of the staggered relief, marked by slope
ruptures, identified in features such as shoulders and plat-
forms, cut by erosive trenches and local deposition of col-
luvium, interspersed with lines of pebbles and thereby pro-
ducing its topographic sequence’. Upon characterization
of these surfaces, it is possible to establish a classification
of degrees of stability over time when a combined analysis
is performed integrating information on the soil character-
istics and aspects of land-use.

According to Passos (1987), the geomorphologic
units of this region have been, or are subject to, physical or
physicochemical stability changes, according to variations
in morphogenetic and pedologic processes. These process-
es remain broadly recorded in the terrain morphology and
in the geomorphological structures and allow a temporal-
spatial analysis of the Paleosols, while also helping to un-
derstand the current topographic sequence.

Besides establishing a clear differentiation of age
between several edaphic formations, the topographic se-
quences provide information about the transformations
that have occurred, as well as the sequential deposition of
the soils in various landscapes.

Aspects of geomorphology and altitude have a pas-
sive influence on the development of the soil profile, while
the climate and the vegetation are active factors. Thus, we
note that the surface morphology and its modeling agents
play an important role in the distribution of the many types
of sails.

The influence of the relief in the development and
stability of the soil (potential or emerging fragility) is not a
simple and direct determining factor of declivity, but rath-
er of its relation with parent material and with drainage,
among other environmental factors. Both can be affected
by the declivity as well as by the position in the slope.

When the parent material is uniform in the slope, it is
possible to find a sequence of similar profiles with deterio-
rating drainage conditions. However, the parent material
does not always present a uniform distribution across the
slope. Variations in parent material and topography create
a complex interrelation that often makes it difficult to pre-
dict the type of originating soil. We must also consider
that the soil formation is directly influenced by the char-
acteristics of the parent material or the altered substrate

' Bigarella and Mazuchowski (1985) highlighted the importance of
using the concept of topographic sequence in the environmental
interpretation of soils. The integration of the geologic,
geomorphologic and pedologic information allows for a better
understanding of the soil evolution across space and time, as well
as relates pedogenetic processes with environmental variations.
According to the authors, the topopraphic sequence not only
clarifies the edaphic chronostratigraphy, but also provides
information on the transformations of the various soil units.
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and not specifically by the morphology or the origin of the
slope deposit (BIGARELLA, BECKER & PASSQOS, 1996).

Considering what occurs in a large part of the Rio
Verde Basin, and according to Bigarella & Mazuchowski
(1985), human occupation that occurs without ad-
equate planning, favors the occurrence of high-energy
conditions, through the hydrological changes provoked
by general deforestation, or by changes to the charac-
teristics of surface formations. Such interventions (pro-
ducing new landscapes) are factors that can cause a
potential increase in erosion, among other facts, that
result in various environmental impacts. One impact
that deserve to be highlighted is the hydric imbalances
that affect springs and their respective watercourses,
creating numerous disturbances to the population (PAS-
SOS & CANEPARO, Unpublished).

The changes in hydrological conditions result in in-
creased runoff and the alteration of groundwater flow,
leading to the local degradation of the groundwater.
This degradation can result in the disappearance of
springs and, consequently, many first order watercours-
es become intermittent or disappear altogether.

The increase in runoff implies a higher rate of ero-
sion and the removal of debris from slopes, which are
transported to the lowlands, filling them in and silting
the beds of rivers and dams. As such, the usual course
of a river undergoes significant changes to its channels’
patterns, with torrential characteristics.

Thus, anthropogenic activities enhance mor-
phogenetic processes, predominantly water erosion by
diffuse runoff (sheet erosion) and concentrated runoff
(erosion in furrows or ravines). Under these conditions
of morphodynamic instability (TRICART, 1977), morpho-
genesis overcomes the pedogenesis leading to a process
of accelerated environmental degradation (Figure 3).
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FIGURE 3 — ACCELERATED EROSION

Crops on slopes without proper soil management, leading to an
acceleration of morphogenetic processes (severe loss of soil throu-
gh erosion), a very common phenomenon in most cultivated areas
of the Rio Verde Basin. Source: MURATORI, 2009.

This degradation takes place through sheet ero-
sion, silting the superficial horizons and fertile agricultural
soil, truncating and making them infertile. It also occurs
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through concentrated erosion, forming furrows or ravines
(Figure 4) that may develop into gullies. In such cases, the
terrain is dissected and both slopes and water abstraction
basins are affected.

In summary, these geo-environmental degradation
processes are closely linked with anthropogenic activity
and are significant factors in the degradation of the Basin’s
water resources. Such processes may create the risk of silt-
ation and eutrophication of the dam.

FIGURE 4 — ACCELERATED EROSION
Exposed soil with cracks due to dryness. The drainage furrow in
the middle of the plantation is a technique that enhances erosion
in areas of annual cropping (in this case, bean cultivation), as sho-
wn in the picture. Source: PASSOS, 2010

2. MATERIALS AND METHODS

2.1 MATERIALS

For this study, we used the resources available from
the Rio Verde area, such as academic papers, project re-
ports, various types of maps at different scales, aerial
photographs, satellite images, as well as equipment and
software available in the Geo-processing Laboratories
(LAPIGEO and LAGEAMB) of the Geography Department
of the Federal University of Parana (UFPR), that were ac-
quired through resources provided by Petrobras. We also
included information gathered in the field.

2.2 THEORETICAL-METHODOLOGICAL
APPROACH

With the objective of the project being the identi-
fication of the potential and emerging fragility of the
Rio Verde Basin, it is necessary to briefly comment on
the methodological approach used to address this goal.
Among the various methodological approaches to envi-
ronmental issues, the systemic approach (BERTALANFFY,
1973; KUMPERA, 1979) was considered the most ade-
guate, given that it allows for environmental changes and
organizes interconnected systems based on their differ-
ences or their similarities.

This approach allows for different viewpoints.
Among the best known and used, the work of the geog-
rapher Jean Tricart was chosen, considering that it is the
basis of institutional environmental studies, such as the
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Ecological Economic Zoning (ZEE, for its Portuguese ac-
ronym) according to INPE methodology (CREPANI et al.,
2000). Tricart (1977; TRICART & KILIAN, 1979) uses as a
foundation the interaction of matter and energy flows that
shape ecosystems and drive their dynamics and sensitivity
to change, considering three major geodynamic processes
for classification, as follows:

e Stable Environments — present a slow evolution
and are subject to low internal geodynamic activity
where the mechanical processes of external activ-
ity are also of little importance and pedogenetic
processes prevail;

e Intergrade (intermediary) Environment — the dy-
namic is characterized by interdependency of mor-
phogenesis/pedogenesis. If morphogenesis pre-
dominates, the environment becomes unstable,
but if processes of pedogenetics predominate, the
environment tends to remain stable;

e Unstable Environment — predominance of mor-
phogenesis over pedogenesis. The causes may be
related to aggressive bioclimatic conditions that
disfavor the presence of vegetation cover and/or
a much more intense internal geodynamics, and
human action in the distinct environments.

With this approach, the main objective was to use
data and scientific knowledge to understand the dynam-
ics of the natural environment and highlight the fac-
tors that can define certain land-uses, which are useful
in managing water resources. To achieve this goal, the
methodological procedures were based on the cartogra-
phy of natural elements (lithology, relief, vegetation cov-
er, hydrography, human actions) and the identification,
localization and analysis of various processes and systems
in dynamic interaction.

Such procedures included: collection and analysis of
bibliographic and cartographic documents; preparation of
field work, with visual interpretation of aerial photographs
and images, aiming at constructing a GIS (Geographic In-
formation System) platform; field work to check the back-
ground and laboratory data; plotting of the maps from
topographic charts and themed maps; analysis of collected
data; interpretation; development of the GIS; plotting of
maps; and creation of the final report.

Although computer software greatly facilitates di-
agnosis by using automated procedures, fieldwork is still
an essential part of the analysis, as well as following a set
of procedures in order to obtain consistent data for the
analysis.

Important steps taken during field work were: the
observation of the entire landscape and its limits, con-
sidering the landscape in the larger context of the relief,
hydrography, and vegetation; the observation of natural
and anthropogenic elements that compose the landscape;
evidence of environmental degradation (erosion, defores-
tation, pollution, among others); immediate comparison of
the data collected through direct observation with aerial
photography or images and topographic maps; schema-
tized notes, with succinct descriptions of the observed
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facts with geographic coordinates or UTM and drawing of
profiles with relevant descriptions; quick measurement of
soil thickness and others; sample collection.

From this, the methodology applied to the data
collection, mapping and analysis of the potential and
emerging fragility of the Rio Verde Basin sought to re-
fine the assessment of the information based on the
extent and nature of the units studied, as well as the
instruments used, considering the preparation of maps
of geomorphology, land-use, and vegetation cover, us-
ing already existing geological, pedological and climatic
information.

This methodology involved three high levels of treat-

ment:

a. Categorization of the relief based on the topo-
graphic map, with precise description of the relief
forms, according to Ab’Saber (1969);

b. Systematic extraction of information from the sur-
face structure of the landscape, which follows the
integrated mapping model presented by Bigarella
et al. (1979) that, in using digital cartography,
considers qualitative and quantitative aspects of
the relief, transformed into information layers to
construct the relief on a wide scale;

¢. Analysis of the physiology of the landscape by
means of understanding morphogenic and pedo-
genic processes, in this case integrated with the
concept of ecosystems and adapted to a perspec-
tive that defines as resultants of said processes the
ecodynamic systematic units suggested by Tricart
(1977) and complemented by the mapping-syn-
thesis adapted from Ross (1990), with the indica-
tion of soil fragility based on potential and emerg-
ing instability.

The classifications of land-use, soils, declivity, as
coded in GIS, were given a value on a scale that varies
from very low to extreme (see Chart 1). Such valuation is
relative and has an exploratory character regarding the
relative sensitivity to the emerging fragility of the soils. Al-
though land-use is considered an aggravating factor in the
eutrophication of the dam, as it is a factor in the produc-
tion of sediments and soluble materials favorable to the
phenomenon, the soils, combined with declivity and geo-
morphological aspects, were a priori considered with the
same weight in the evaluation. Thus, in the creation of the
final maps of potential and emerging fragility of the sail,
we adopted the value that defines the maximum fragility,
for instance: a unit determined by the potential fragility as
low or very low under original vegetation cover and thus a
stable area, when considered under a modified condition
of exposed soils, the unit can present a condition of in-
stability and, consequently, at risk of generating materials
that favor eutrophication.

The creation of the geomorphological map relied
on images and topographic maps at a scale of 1:10,000
and was supported by observations and measurements
taken in the field. The units were classified according to
the taxonomic order suggested by Ross (1990), based on
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TABLE 1 — SCALE OF VALUES ADOPTED IN THE DETERMI-
NATION OF DEGREE OF FRAGILITY (POTENTIAL OR EMER-
GENT)
FRAGILITY VALUE
Insignificant 1
Very Low
Low
Low to Moderate
Moderate
Moderate to High
High
Very High
SOURCE: Org.: MURATORI & PASSOS

[ NN No) R NU | ISy UV S

the taxonomic levels of Demek? (1967) and concepts of
morphostructure and morphosculpture from Gerasimov?
(1946) and Gerasimov and Mescherikov* (1968), using the
following levels: morphostructural units; morphosculptural
units; denudational and aggradational forms; units of simi-
lar patterns and shapes; mensuration and indication of the
forms through morphometric data; linear and punctual
forms of the relief.

Firstly, the analysis involved the identification of the
relief in different dimensions. By establishing a classifica-
tion of shapes from greatest to smallest, we reached the
level of segments of slopes based on scale, adapting to this
level the units suggested by Bigarella et al. (1979) and Mu-
ratori et al. (1987) for the Metropolitan Region of Curitiba.

The following step was the determination of degrees
of potential and emerging fragility (with preliminary explor-
atory tests performed by developing a monographic study
in light of the present sub-project, concluded in 2009).

To this end, the relief dissection index, in other
words, the intensity of dissection or the intensity of the
topographic roughness, which is the first significant indi-
cator of potential fragility that the natural environment
presents, was used as a reference. The density of drain-
age associated with the degree of carving of the combined
channels determines the topographic roughness, or the
relief dissection index, that enables the definition of the
average interfluvial dimension of the homogenous set of
shapes or sets of similar shapes.

This way, the work was done with morphomet-
ric data of the fluvial dimension versus carving degree of
the channels and consequently with classes of average
declivities (declivities obtained in MNT generated from
topographic map 1:10,000, associated with the pattern of
shapes identified in the images), creating a hierarchy of re-
lief dissection indexes. With this hierarchy, an information
layer was produced containing the “homogenous units or
spots” that properly classified the relief dissection indexes.

2 DEMEK, J. Generalization of Geomorphological Maps. In:
Progress Made In Geomorphological Mapping, Brno, 1967.

3 GERASIMOV, I.P. (1946). Essai d'interprétation geomorpholo-
gique du schéma general de La structure geologique de I'URSS.
Problemes de Geographie Physique, Vol. 12, Tzd. Vo AN SSSR,
Moscow.

4 GERASIMOV, I.P. & MESCHERIKQOV, J.A. Morphostructure. In:
The encyclopedia of geomorphology. Ed. R.W. Fairbridge, 731-
732, New York: Reinhold Book Co., 1968.
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The lithopedologic information was ranked from
greatest or smallest degree of fragility of the substrate and
of the soil considering: the degree of weathering and soil
development; its physical and mineral characteristics in re-
lation to the anthropogenic action (land-use); and, above
all, implications of pluvial waters. An information layer was
also produced with this data, in which “homogenous units
or spots” of various types of rock-soils were registered and
classified by greatest to smallest degree of fragility in rela-
tion to erosion (sheet and in furrows) and to solifluction or
mass soil movements.

The data on vegetation cover and land-use that were
obtained using satellite images and secondary sources also
allowed us to establish a ranking of fragility according to
the categories presented in the table below, considering
the level of land protection, defining values of fragility ac-
cording to categories presented in Chart 2.

TABLE 2 — VALUES OF FRAGILITY ATTRIBUTED TO DIFFE-
RENT CATEGORIES OF LAND-USE IN THE RIO VERDE BA-
SIN, 2009

CATEGORY OF LAND USE CODE VALUE*
Exposed soil 1 8
Urban 2 8
Agriculture and livestock 3 7
Shrub initial 4 6
Gallery 8 6
Floodplain 10 6
Arboreal-bracatinga initial 5 5
Reforestation 6 4
Intermediary 7 2
Advanced 9 1
Water bodies 11 n/d

FONTE: Org.: MURATORI and PASSOS

The superposition of information layers, elaborated
and manipulated in GIS with a few generalizations, al-
lowed for the classification of ecodynamic units or units
of morphodynamic behavior, divided basically in two main
groups: units of stable ecodynamics or in morphodynamic
balance; and unstable units or out of morphodynamic bal-
ance. Both unit types (in balance and out of balance) were
classified according to all analyzed variables resulting in
six degrees of instability from weak to strong (potential to
emerging). The forested units, despite being in morphody-
namic balance, present degrees of potential instability as a
result of geomorphologic and edaphic aspects. The units
that are on land without natural forest cover or with vari-
ous degrees of degradation due to anthropogenic activi-
ties, are classified in degrees of emerging instability.

In the present proposition, the classes of decliv-
ity used to classify relief units were defined based on the
percent limits adapted from Herz and De Biasi (1989) and
EMBRAPA (1989):

e <-3%- Class of lands that are not susceptible to
erosion and have no limitations, except for those
outlined in the legislation (Riparian forest, man-
grove, etc.), when in use with simple manage-
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ment practices;

* <-5% — Class that defines the boundaries of ur-
ban/industrial use, used internationally as well as
in urban planning;

e 5—12% — The maximum limit of this class (12%)
varies because some sources have adopted a limit
of 10% and/or 13%. The difference is minimal
because this section defines the maximum limit of
the use of mechanization in agriculture (CHIARINI
and DONZELLI, 1973);

e 12 — 20% - The class considers the maximum
inclination of tolerable risk for plowing the land
with a tractor in contour lines;

e 20-30% — The limit of 30% is defined by federal
legislation (Law 6.766/79) also called Lehmann’s
Law, that defines the maximum limit for urbaniza-
tion without constraints, from which all and any
form of subdivision will be made based on specific
requirements;

e 30— 45% — The Forestry Code states the limit of
25° (47 %) as the limit of clear cut. Exploitation is
only allowed if sustained by the cover of forests.
Law 4.771/65 of 15/09/65, on the other hand,
states that a relief above 45% is characterized as
mountainous and is a relief unit that is more re-
strictive than strongly undulated. It is considered
the practical limit for forest exploitation;

e 45—-75% — Article 10 of the Forestry Code states
that in the range between 25° (47%) to 45°
(100%), “it is not allowed the cutting of forests,
[...] only being tolerated log extraction, when
under a sustainable use system, aimed at perma-
nent income.” However, it is also justified in be-
ing a mountainous area of high natural instability,
where even the code itself mentions the need for
conservation of hilltops. It is recommended that
the escarpment (see classification of relief phases)
below them remain equally preserved. This way, it
is common sense to indicate this unit as restricted
to any anthropogenic action because even with
sustainable extraction the natural risks are en-
hanced during log removal, with the rare excep-
tion of when removal is necessary to reduce the
risk.

e >75%. Although the Forestry Code has a slope
limit of 100% for areas of permanent preserva-
tion, as discussed in the previous class, it sensible
to classify such a steep relief as restricted from any
anthropogenic action because even in sustainable
extractive operations, the natural risks are en-
hanced during log removal, with the rare excep-
tion of when it is necessary to reduce the risk.

As with any technique of variable representation that
depends on the elevation levels of the relief, it was nec-
essary to construct a base map representing the relief in
contour lines. Regarding the scale of the base map and its
relation to various applications, the suggestions made by
Cunha et al. (1989) were considered. They call attention
to the fact that “in the representation of the map’s energy
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relief, this observation is directly linked to the equidistance
that the different scales provide”.

Consequently, the spatial equidistance of the relief
only allows contours of average declivity. As such, at smaller
scales the result can be very different from reality, particu-
larly in landscapes with low topographic amplitude where
important ruptures in the hillside gradient are not registered,
giving the false impression of relief homogeneity.

2.2.1 Land elevation model

surveys were based on cartographic sources, scanned
and edited for this project, from the COMEC maps (1976),
from stereographic interpretation of aerial photographs at a
scale of 1:10,000, with 5m contour lines, sheet numbers 233
to 240, 277 to 282, 389 to 396, and 529 to 534 (COMEC
numeric codes). These maps were digitalized in Tiff, geore-
ferenced in the Projection System UTM Datum SAD69, and
exported to GeoTiff (available through the host institution).
Such planialtimetric images were imported to IDRISI (version
15) and vectorized, concatenated into mosaics, and edited
in GIS using the software CartaLinx (version 1.2), in the LAPI-
GEO/LAGEAMB-DEGEO/CT/UFPR. This process generated a
georeferenced database called SIG-BRV.

The SIG-BRYV, later manipulated in the software IDRISI
16-Taiga, Clark Labs (2009), allowed for the production of
the Digital Model of Land-use of the Rio Verde Basin with
a spatial resolution (pixel) of 2.5 meters. This model was
created using the method of interpolation by triangulation
with edge smoothing, based on the mosaic of the map
vectors encompassing the basin area and its surroundings.

2.2.2 Hypsometry and declivity

the analysis and the processing of the Rio Verde Ba-
sin MNT manipulated in IDRISI enabled the development
of the Hypsometry map, which was obtained through
resampling of the MNT and the Declivity maps generated
with a specific module used for calculating the algorithm
proposed by Monmonier (1982) and later reclassified ac-
cording to Chart 3.

TABLE 3 — SCALE OF VALUES ADOPTED FOR DETERMINING
THE RELATIVE DEGREE OF POTENTIAL FRAGILITY ATTRIBU-
TED TO THE DECLIVITY CLASSES

DECLIVITY CLASSES (%) FRAGILITY VALUE*
0-3 Insignificant 1
3-5 Very Low 2
5-12 Low 3
12-30 Low to moderate 4
30-47 Moderate 5
47-75 Moderate to high 6
75-100 High 7
>100 Very High 8

2.2.3 Relief and pedologic cover

The basin soils were subjectively evaluated and clas-
sified on a scale adopted for fragility. To develop the scale,
the degree of development was considered, i.e., stability
from the ecodynamic perspective, according to the sugges-
tions of Tricart (discussed above).
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In relation to the main limitations of agriculture in
the Basin, as it is the pedologic cover of a spring, there are
many constraints to the indiscriminate use of agriculture,
although these are not always represented for all mapping
units. The units that present more constraints for agricul-
ture are those with more active topography, very strong
slopes (undulated and strong undulated relief), and con-
sequently of lower stability and more fragility when used
for seasonal cultivation, which generally determines a high
emerging fragility.

Among the most common limitations in areas of
rugged relief are the soils of greater usage fragility, where
direct effects of agriculture mechanization on vulnerability
to erosion can be observed and when exposed, were con-
sidered units of very high emerging fragility.

TABLE 4 — SCALE OF VALUES ADOPTED IN DETERMINING
RELATIVE DEGREE OF POTENTIAL FRAGILITY OF THE RIO
VERDE BASIN SOILS

SOIL CATEGORY CODE | VALUE
Dystrophic Brown Oxisol 1 3
Dystrophic Red Oxisol 2 1
Association of Dystrophic Red Oxisol and 4 3
Dystrophic Brown Nitisol
Asso;iation of Euterhic Red Oxisoland 5 3
Haplic and Eutrophic Inceptisols
Dystrophic Brown Nitisol 6 4
Association of Dystrophic Brown Nitisol and 7 3
Dystrophic Red Oxisol
Association of Dystrophic Red Nitisol and 8 6

Plintic Dystrophic Red Ultisol
Abrupt Dystrophic Red Ultisol 9 7
Association of Eutrophic Red Oxisol, Dystro-

phic Brown Oxisol and Eutrophic Red Nitisol 10 3
Association of Dystrophic Brown Nitisol and 1 4
Haplic and Dystrophic Inceptisol

Eutrophic and Haplic Inceptisol 12 5
Dystrophic and Haplic Inceptisol 13

Ortic Tiomorphic Gleysol 14 8

3. RESULTS AND DISCUSSION

The identification of environmental fragility of the
Rio Verde Basin was established through analysis of the
components of the landscape, integrating the biophysical
aspects and its transformation due to human activities.

In this context, the potential fragility of the soil was
considered a result of geologic and geomorphologic as-
pects, integrating the lithostructural and tectonic aspects
with current and inherited climate characteristics, the soils
and the vegetation. From these parameters, classification of
emerging fragility resulted from diverse forms of land-use.

3.1 ANALYSIS OF ENVIRONMENTAL
FRAGILITY OF THE RIO VERDE BASIN

3.1.1 The Potential Fragility of the Rio Verde
Basin

Considering Tricart (1977), the Rio Verde Basin was
categorized into geodynamic units of stable, intergrade
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and unstable environments, which were mapped accord-
ing to the methodology adapted from Ross (1990) in spa-
tial units, organized by fragility categories, according to
Figure 5 and Table 5.

TABLE 5 — POTENTIAL FRAGILITY OF THE RIO VERDE BASIN

of the Rio Verde Basin (Figure 6), the information layers of
the geodynamic units established and represented in the
Potential Fragility map were integrated with the informa-
tion layers related to anthropogenic factors, expressed in
Table 6.

TABLE 6 — EMERGING FRAGILITY OF THE RIO VERDE BASIN

FRAGILITY CATEGORIES POTENTIAL FRAGILITY %
Insignificant 6.2
Low 65.0
Low to moderate 14.5
Moderate 14.3
TOTAL 100.0

Org.: MURATORI and PASSOS
Source: GIS-LAPIGEO (2009) and LAGEAMB (2010)

The categories of potential fragility vary from insig-
nificant, very low, low, low to moderate and moderate. Ac-
cording to the data obtained, we found that from a geoen-
vironmental perspective, almost the entire basin (86%) is
categorized as intergrade or intermediary geodynamic unit.

The following is a description of each category indi-
vidually:

¢ Insignificant: does not depend on the lithology,
considering that it generally presents a thick pedo-
logic cover (Oxisol) and occurs under the cover of
forest (Mixed Ombrophilous Forest), in declivities
below 3%, and on elevated surfaces.

e Low: does not depend on the lithology, consider-
ing that it generally has a thick pedologic cover of
Oxisol and Ultisol, occurring under forest (Mixed
Ombrophilous Forest) and steppe (grasslands) cov-
er, in declivities from 3% to 12%, distributed on
medium hilltops and along slopes.

e Low to Moderate: lithology from the rocks of the
Acungui group with an intermediary pedologic
cover of Ultisol and Oxisol, occurring under forest
(Mixed Ombrophilous Forest) and associated with
patches of steppe (grasslands), in declivities from
12 to 30%, distributed on medium and narrow
hilltops and along slopes. It is important to men-
tion that areas of little significance for the study
with very steep slopes and declivity above 30%
were included in this category.

e Moderate: Lithology related to alluvials under the
Alluvial Mixed Ombrophilous Forest, the occur-
rence of sections of organic deposits under the
steppe (grasslands), and hydromorphic soil in de-
clivities of less than 3%.

In summary, it can be concluded that in consider-
ing the potential fragility, the natural components of the
Rio Verde Basin determine an intermediary stage between
morphogenetic and pedogenetic processes, or in other
words, interdependence between the stability/instability of
the environment.

3.1.2 The Emerging Fragility of the Rio Verde
Basin

For the construction of the Emerging Fragility Map
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FRAGILITY CATEGORIES EMERGING FRAGILITY (%)
Insignificant 0.3
Very Low 21.5
Low 6.6
Low to Moderate 3.0
Moderate 8.0
Moderate to High 3.9
High 48.6
Very High 9.7
TOTAL 100.0

Org.: MURATORI and PASSOS
Source: SIG-LAPIGEO (2009) and LAGEAMB (2010)

The categories of emerging fragility, obtained
through the integration of the information layers (Pls) of
the natural environment and of anthropogenic factors vary
from insignificant, very low, low, low to moderate, moder-
ate, moderate to high, high and very high. According to
the data obtained, we found that from a geoenvironmen-
tal perspective, almost the entire basin (86%) is catego-
rized as intergrade or intermediary geodynamic unit.

Each category can be described as:

¢ Insignificant: Preserved areas with forest (Mixed
Ombrophilous Forest) cover, that do not depend
on lithology, considering that they generally have
a thick pedologic cover (Oxisol) in declivities below
3%, located on elevated surfaces (wide hilltops).

e Very Low: preserved areas with secondary forest
cover in advanced stage of Mixed Ombrophilous
Forest and patches of grassland (steppe) with de-
clivities between 3% and 12%, distributed on
medium hilltops and along slopes.

e Low to Moderate: are associated with the litho-
gy of rocks of the Acungui group under Mixed
Ombrophilous Forest and patches of grassland
(steppe), in declivities from 12 to 30%, distrib-
uted on medium and narrow hilltops and along
slopes. Associated with this category are areas of
little significance that are not mappable because
of scale, with declivities above 30%, and related
to categories of Moderate to High with the pres-
ence of carbonaceous and phylite rocks.

e Moderate: Lithology of alluvials under the Alluvial
Mixed Ombrophilous Forest, the occurrence of or-
ganic deposits under grassland cover, and hydro-
morphic soils in declivities of less than 3%.

e Moderate to High: this category does not depend
on lithology and relates to areas modified by an-
thropogenic activities, where management tech-
niques compromise soil preservation (Figure 7) in
areas of slope, in general below 30%, distributed
across various types of relief, from low slopes
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alongside the river plain to the higher surfaces
near the interfluves.

e High: This category does not depend on lithology
and relates to areas modified by anthropogenic
activities where management techniques can
have a more significant impact than the previous
category on conservation of the soils in areas of
declivity in general above 12%, distributed on
narrow hilltops and along slopes.

e Very High: This category does not depend on the
lithology or morphology of the land although the
situation can be aggravated by a greater degree
of susceptibility to destabilization of these compo-
nents and sensitivity to external agents of morpho-
genesis. Fundamentally, it relates to areas that have
been significantly altered by anthropogenic activi-
ties, areas with exposed soils, and water bodies in
general (these in particular because of the constant
modification of sediment load in suspension and
the risk of contamination by soluble materials).

From the data above, Table 3 was prepared to com-
pare the potential and emerging fragility of the Rio Verde
Basin and the distribution of stability degrees in relation to
the geoenvironmental units.

The data synthetized in Table 7 demonstrates that
anthropogenic activities have had a significant impact on
the Basin; from a total of 71.2% of the area that originally
was included as part of the stable geoenvironmental unit,
only 21.8% remains.

With regard to areas of low to moderate fragility,
composed primarily of the floodplains, a little more than
55% of the original area remains. This value was reduced
from 28.8% of the total basin area to 16% but the inter-
mittent areas of high instability that, according to the re-
sults of potential fragility were insignificant to the adopted
scale with less than 1% and therefore irrelevant, occupied
approximately 62% of the basin based on emerging fra-

gility. This value demonstrates an elevated environmental
change due to anthropogenic factors.

The study also identified that the areas classified as
moderate to very high emerging fragility at various points
in the basin could significantly minimize their degree of
instability if the use of conservationist soil management
techniques or cultivation were adopted, such as the adop-
tion of contour line systems and tillage. Such procedures
would certainly lead to a reduction in the areas categorized
as high or very high emerging fragility, reducing them to
a category of low emerging fragility. Such actions could
contribute significantly to minimizing the risk of eutrophi-
cation of the reservoir and conserving the water resources
of the Basin.

4. FINAL CONSIDERATIONS

The geoenvironmental characterization of the Rio
Verde Basin allowed for the identification of the potential
fragility from the point of view of intrinsic characteristics,
as well as emerging fragility in the face of destabilization
factors represented by anthropogenic activities. While as
a whole, the potential fragility was considered as low to
moderate, the emerging fragility presented some elevated
indexes that are considered critical. This highlights the ur-
gent need to restrict certain uses so as to not exceed the
limits of stability and to protect the water of the Basin and
as such maintain the stability of the reservoir.

From the ecodynamic perspective of Tricart and from
the point of view of environmental preservation of the
Rio Verde Basin and the recovery of the areas considered
critical, it is absolutely necessary to apply guidelines that
structure environmental planning in the Basin. We propose
the realization of more detailed studies that facilitate the
monitoring of the Rio Verde Basin with the aim of consoli-
dating the institutional mechanisms towards sustainable
management.

TABLE 7 — COMPARISON BETWEEN THE POTENTIAL AND EMERGING FRAGILITY OF THE RIO VERDE BASIN

FRAGILITY

FRAGILITY CATEGORIES POTENTIAL % EMERGING % GEOENVIRONMENTAL UNIT
Insignificant 6.2 0.3
Very Low 65.0 21.5 STABLE
Subtotal 71.2 21.8
Low 14.5 6.6
Moderate 14.3 9.4 INTERMEDIARY
Subtotal 28.8 16.0
Moderate to High 0.0 3.9
High 0.0 486
Very High 0.0 9.7 UNSTABLE
Subtotal 0.0 62.2
TOTAL 100.0 100.0

Org.: MURATORI and PASSOS

Source: Maps of Potential Fragility and Emerging Fragility of the Rio Verde Basin
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POTENTIAL AND EMERGING FRAGILITY OF THE SOIL

FIGURE 7 — INADEQUATE MANAGEMENT OF THE SOIL

lllustration of an area in which land-use, although without legal
constraints, is improperly managed and with inadequate conser-
vationist techniques. Even with low declivities (less than 12% in-
clination) soil erosion occurs (observed in field and marked with
number 1 in red).

Source: PASSOS, 2010.
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ABSTRACT

SUPPLY CAPACITY OF THE
RIO VERDE RESERVOIR

Mauricio Felga Gobbi
Helder Nocko

The Rio Verde Reservoir has supplied the President Getulio Vargas Refinery (REPAR) since the 1970s and it also pro-
vides water for urban use through SANEPAR, the local state sanitation company. Little hydrologic (runoff and rainfall)
information is available for the Rio Verde Basin which feeds the reservoir. Within the context of current and future
shortages of water resources, the expansion of REPAR'’s activities and a potential increase in demand for public water
supply, the intent of this chapter is to complement existing information on the Basin by presenting a study with a
different technical perspective to those currently available. As such, this study will provide REPAR and water resource
managers with assistance in decision making regarding the management of the reservoir.

KEYWORDS

Hydrologic modeling, rainfall-runoff model, public supply, water availability, markov process.

1. INTRODUCTION

This chapter presents diverse techniques and results
aiming at estimating the capacity of the Rio Verde Reser-
voir to regulate flow rates with varying water consumption
scenarios and respective probabilistic rates of error.

The study’s main concept is as follows. First,
considering there is no historic information on hydrologic
inflow rates to the reservoir (runoff), these rates must be
generated based on past rainfall data. This is performed
by means of a mathematical model which converts
rainfall data to runoff. However, data on precipitation is
also scarce; no hydrologic station with a long-term record
of rainfall exists within the Rio Verde Basin. Therefore,
it was necessary to use data from nearby stations. The
rainfall-runoff model must also be calibrated; this was
accomplished using a comparable neighboring basin
(Passauna) for which runoff data is available, providing
a first approximation of the calibration for the Rio Verde
Basin. The aim of this study is to estimate the long-term
regulating capacity of the reservoir. Thus, a much longer
rainfall record is needed than those observed in existing
records for the region. The following technique was used
to circumvent this limitation: precipitation data were
used to generate a calibrated local probability distribution
and data for each month was simulated using a Monte-
Carlo1 simulation in a Markov process2 with a matrix of
transition probabilities. From this, a rainfall record can
be generated with the desired number of years and this
long-term data series can be used to inform the rainfall-
runoff model, which in turn is used to model the temporal
evolution of the water volume in the reservoir. Given
water abstraction from the reservoir, one can estimate,
for instance, the probability of a 1-day failure in water

' In a Monte-Carlo simulation, random events (e.g. rainfall) are
drawn from a probability distribution deemed appropriate for
the specific phenomenon. It is a manner of generating an artifi-
cial time series.

2 Markov Processes are those in which a future event depends
only on present conditions and not on past occurrences.
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supply, or the estimated number of days of failure in
water supply over a one hundred year period.

2. REGIONAL HYDROLOGY

Presented within this section are various existing
data sources and information on the Rio Verde Basin, as
well as sources from neighboring watersheds whose data
may contribute to this study. The main information consists
of existing studies on the regionalization of flow data for
small watersheds in the region (source: IPAGUAS) and rain-
fall data (source: ANEEL) from hydrologic stations found
within the region.

2.1 RIO VERDE BASIN

Rio Verde Basin (indicated in Figure 1 by a purple
outline) is found at the approximate geographical coordi-
nates of 25°30" S (latitude) 49°30" W (longitude). The basin
has a total area of 257 km2. In the center of the watershed
is the Rio Verde Reservoir, the main focus of the present
study. The only hydrologic stations in the Rio Verde Ba-
sin are the Formigas station and the Rodeio station, both
downstream from the reservoir and strongly influenced by
its regulating activity. Adjacent and to the east of the Rio
Verde Basin is the Passalina River Basin.

2.2 STUDIES OF MINIMUM AND MEAN FLOW

Figure 2 shows maps (Source: IPAGUAS) of specific
mean and minimum flow values, respectively, within the
region of the Rio Verde Basin. These maps were obtained
by means of flow regionalization studies for small water-
sheds in Parana State (Source: IPAGUAS). One notes that
the gradients (spatial variation rates) of these flow values
are relatively small in the whole region (between Campo
Largo and Curitiba). Mean specific runoff values range be-
tween 15 and 17 liters/s/km2 (or 1.5x10° to 1.7x10° m3/s/
km?2) and minimum specific runoff values for the region
are in the range of 2.5 to 3.5 liters/s/lkm? (or 2.5x10* to
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3.5%10“ m3/s/km?). For the Rio Verde Basin in particular, stud-
ies from CEHPAR show that the estimate of Q, , flow at the
Rodeio station, which has a catchment area of 234 km2 (see
Figure 1), is 0.59m3/s. For the Rio Verde dam, with a catch-
ment area of 167 m3, Qmﬂow corresponds to 0.42m?3/s.
The permanence curve for the catchment area of the Rio
Verde dam is shown in Figure 3 and provides a Q. flow of
0.66 m3/s.

Studies on flow regulation and regulated volumes
for Parana State using classic techniques of intra-annual
regulation (Project HG-77) suggest the volume V neces-
sary to regulate an outflow Q, can be calculated as: V
= (Q,— q,X_(t) t, where X_() is the minimum (annual)
mean flow in given drought period t, and gT is the uni-
form minimum flow (normalized by the mean) associated
with a recurrence time T. These studies show that the Rio
Verde Reservoir is able to regulate a little over 70% of the
historical mean flow of 25471 L/s, or more specifically,
18751 Us. This information must be interpreted correctly
and used with caution, since: (i) it assumes that the reser-
voir is completely full at the start of the supposed drought
period; (ii) this methodology is based on minimum flow
values calculated from probabilistic distributions which

SETACAMPO LARGO

are based in turn on relatively short-term data series. In
the case of the Rio Verde Basin it consists of data from
the nearby Rodeio station, with just 20 years of data, col-
lected after the construction of the Rio Verde dam at a
position slightly downstream from it, which greatly reduc-
es the variability of the minimum flow data; (iii) one final
important limitation is that this technique does not apply
to cases of multi-annual variability. The present study in-
tends to address these limitations by using an alternative
approach.

2.3 RAINFALL DATA

Figure 4 shows the location of conventional rainfall
stations within the region under study, labeled with their
official codes. These stations collect daily rainfall data.
The data from all stations had some gaps. When these
gaps extended for a period of many consecutive months,
the data (or the station itself) was simply discarded. When
the number of gaps was relatively small, they were filled
in with data from the nearest station. In all cases of gap
filling, verifications were carried out to confirm that the
data supplied would not cause significant and qualitative
changes in the statistics for the respective station.
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FIGURE 1 - RIO VERDE BASIN AND LOCATION OF HYDROLOGIC STATIONS
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FIGURE 2 — MAP OF SPECIFIC MEAN (ABOVE) AND MINI-
MUM (BELOW) FLOWS IN liters’/km2 IN THE RIO VERDE RE-
GION. SOURCE: IPAGUAS
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FIGURE 3 — PERMANENCE CURVE FOR THE RIO VERDE
DAM (CATCHMENT AREA = 167km?)

[ Mbb' s i ‘*L_ <

W Wi B B N 7 A T

FIGURE 4 — RAINFALL STATIONS WITHIN THE REGION UN-
DER STUDY

The oldest station in the region is station 02549006,
located in Curitiba and it has been collecting data since
the late 19 century. If the data from this station could
be used as a sufficient representation for the Rio Verde
Basin, it would represent an ideal situation since the
statistical reliability of this station is unmatched within
the region. It is also important that the stations’ data
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be statistically stationary stable, particularly long-term
data and drought statistics. To assess the properties of
the data from station 02549006 for the present study,
this station was compared with other stations located
in closer proximity to the watershed of interest (Rio
Verde), taking into consideration that these stations
do not hold long-term data and only the common
period of data collection between the stations may be
used in this comparison. The stations used (besides
station 02549006) were stations 02549019, 02549040,
02549045 and 02549048 over the period of 01/01/1975
to 12/31/2006 (32 years). The Olaria Pioli telemetry
station (see Passatina Dam in Figure 1) was also used as it
possesses rainfall data at 15 minute intervals since 1999.
This latter station is not climatologically representative
but was used to verify possible problems related to errors
in reading conventional rainfall gauges. Such errors are
more pronounced in areas of low precipitation, in which
relative reading errors are higher.

The first test carried out consisted of calculating
empirical cumulative distributions of monthly rainfall
(disregarding seasonality) for stations 02549006,
02549019, 02549040, 02549045 and 02549048. Figure
5 plots the comparison of these distributions. Monthly
rainfall values may be considered independent events, so
it is possible to test whether two cumulative distributions
originate from different theoretical distributions. One of
the tests most often used for this purpose is Kolmogorov-
Smirnoff Test (K-S) (EADIE etal., 1971). The null hypothesis
of the test is that the two time series do not come from
different distributions. If the null hypothesis is rejected,
the variables do come from different distributions, which
casts doubts on the suitability of using data from one
station (e.g. station 02549006) as representative of
data from another station (e.g. station 02549019). The
test provides a p value corresponding to the probability
(between 0 and 100%, or between 0 and 1) that the
rejection of the null hypothesis is a statistical coincidence
and not a fact. That is, if the p value is low, 5% for
instance, one can say that both variables come from
different theoretical distributions with 95% certainty.
Higher p values (i.e., higher than 20%) indicate it is
possible or even likely that both variables originate from
a single theoretical distribution. Table 1 shows the results
of the K-S test for pairs involving station 02549006 and
the four other stations used. The results indicate that
only station 02549040 seems to present a problem due
to high values of cumulative probability in the monthly
rainfall range between 100mm and 200mm.

TABLE 1 — KOLMOGOROV-SMIRNOFF TEST. p VALUES
BELOW 5% CAST DOUBT  ON THE USE OF STATION
02549006 FOR THE RIO VERDE BASIN

STATION COMPARED TO 02549006 p VALUE
02549019 79%
02549040 10%
02549045 96%
02549048 79%
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FIGURE 5 — MONTHLY RAINFALL CUMULATIVE PROBA-
BILITY CURVE FOR STATIONS 02549006, 02549019,
02549040, 02549045, AND 02549048

Figure 6 shows a plot similar to that presented in Fig-
ure 5 but without calculating monthly rainfall values, so
that the horizontal axis represents daily rainfall and the ver-
tical axis is the cumulative probability of occurrence. Figure
7 shows a close-up the initial values in for small values of
precipitation of Figure 6. Daily rainfall cannot be consid-
ered a variable for which subsequent events are indepen-
dent; therefore the K-S test is not recommended in this
case. A visual analysis, however, reveals a problem: there
is a noticeable difference between stations in the cumula-
tive probability mass at the initial values low precipitation
values. In other words, the registered number of days with-
out rain is very different between stations. For rainfall val-
ues above zero, the distributions seem to behave similarly.
Once again, station 02549040 appears to be the most
problematic. The fact that these stations are located in rel-
atively homogenous regions, however, leads us to believe
that there may be a real problem with systematic errors
in measuring low rainfall values. What is clear is that the
number of days without rain recorded at station 02549006
is approximately 59%, whereas at the other stations this
number ranges between 67% and 76%.
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FIGURE 6 — DAILY RAINFALL CUMULATIVE PROBABILITY

CURVE FOR STATIONS 02549006, 02549019, 02549040,

02549045 AND 02549048
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FIGURE 7 — DAILY RAINFALL CUMULATIVE PROBABILITY
CURVE FOR STATIONS 02549006, 02549019, 02549040,
02549045 AND 02549048

As noted above, rhere is one automatic telemetry
station, Olaria Pioli which is located within the Passalna
River watershed adjacent to the Rio Verde Basin and
operated by SIMEPAR, which electronically registers
rainfall every 15 minutes. This station started operation
in 1999 and has a significant number of gaps from 2006
onwards but the number of gaps between 2000 and
2005 is arerelatively small. As this is a modern station, it is
believed that — at least in the first years of operation — it has
much higher precision in daily rainfall measurements for
two reasons: there are no human errors (operator error)
and measurements are taken progressively throughout
the day, so it is able to more precisely capture events
over the course of a day. Data from this station show
a percentage of dry days of 60%. This number agrees
with station 02549006 and is much lower than the values
indicated by stations 02549019, 02549040, 02549045
and 02549048.

Figure 8 shows the double cumulative rainfall curve
between station 02549040 and the mean of the other
four stations: 02549006, 02549019, 02549045 and
02549048. One clearly notes a problem with the data from
this station. A similar plot is shown in Figure 9; however,
it shows the relation between station 02549006 and the
mean of stations 02549019, 02549040, 02549045 and
02549048. It can be seen in this plot that the behavior of
station 02549006 presents no major anomalies.

The question left concerning the use of the 117
years of data from station 02549006 is whether this series
is sufficiently stationarystable. Figure 10 shows the series
with 30 day-cumulative rainfall data (monthly rainfall).
There is no visual evidence of significant variations in
rainfall statistics, so the stability stationarity of the
station’s rainfall series is accepted for the purposes of this
study.

3. RIO VERDE RESERVOIR

Rio Verde Reservoir was built in the mid-1970s by
Petrobras to supply the President Getulio Vargas Refinery
(REPAR). The reservoir works run-of-the-river most of the
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time, with a water level at an elevation of 885.5 m, spilling
the excess water that is not pumped to the refinery. Data
on water surface area, drainage basin area and bathymetry
of the Rio Verde Reservoir can be found in other chapters
of this book.
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FIGURE 8 - DOUBLE CUMULATIVE RAINFALL CURVE
BETWEEN STATION 02549040 AND THE MEAN OF STA-
TIONS 02549006, 02549019, 02549045 AND 02549048

3.1 BATHYMETRY MEASUREMENT

The volume of the Rio Verde Reservoir was deter-
mined from two data sources. The main source was the
data obtained during the data collection for bathymetry
measurements of the reservoir. The second source of infor-
mation was topographic charts from before the construc-
tion of the dam. These maps have been fully digitalized by
the team involved in the present project.

The bathymetric survey was carried out between
April 7 and April 10, 2008. The water surface of the reser-
voir during this period was at approximately 885-885.5m.
Figures 11 and 12 illustrate the equipment installed on the
vessel used during data collection.
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FIGURE 9 — DOUBLE CUMULATIVE RAINFALL CURVE BE-
TWEEN STATION 02549006 AND THE MEAN OF STATIONS
02549019, 02549040, 02549045 AND 02549048
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FIGURE 10 — MONTHLY RAINFALL. STATION 02549006
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A great difficulty faced by the project’s bathymetry
team was that the reservoir has vast areas with a large
amount of vegetation submerged under the water or at
the water's surface. No adequate vegetation clearing oc-
curred prior to the filling of the reservoir and for that rea-
son there were great difficulties in accessing various areas
of the lake by boat, rendering work almost impossible in
these areas (see Figure 13). The results of the bathymetric
survey can be seen in the Chapter 12, Hydrodynamics and
Transportation in the Rio Verde Reservoir. Figure 14 shows
the same result in terms of elevation (meters above sea
level) with three cross sections.

FIGURE 11 — COMPUTER SYSTEM AND LEVELING SYSTEM INSTALLED ON THE VESSEL
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The elevation-volume curve was calculated up to an
elevation of 888m (results presented in Table 2 and Figure
15). It is important to stress that the maximum assumed
elevation of 888 relates to the crest of the dam, which
cannot be reached during standard operation. Moreover,
the volumes considered do not include backwater effects.
Taking into consideration backwater effects would result
in a slight increase in volume compared to that calculated
here.

FIGURE 12 — VESSEL DURING BATHYMETRIC SURVEY
NEAR THE DAM

FIGURE 13 — ILLUSTRATION OF AREAS WITH EXCESSIVE VEGETATION IN THE RIO VERDE RESERVOIR
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TABLE 2 — ALTITUDE x VOLUME/AREA RELATION FOR THE

RIO VERDE RESERVOIR

ALTITUDE (m) VOLUME (m?3) AREA (m?)
870 0 0
871 88 526
872 2068 3959
873 9533 13256
874 61821 177227
875 427932 593799
876 1230442 1003399
877 2468309 1457180
878 4153012 1937132
879 6413160 2532907
880 9217492 3075908
881 12582010 3647825
882 16479408 4157587
883 20927355 4704043
884 25879607 5204554
885 31319126 6127291
885.5 34012645 6493733
886 37806164 6860176
887 45195020 7289502
888 52916670 8234320
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FIGURE 15 — ALTITUDE x VOLUME RELATION FOR THE RIO
VERDE RESERVOIR
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Besides the spillway, the dam of the Rio Verde
Reservoir includes four floodgates located at altitudes of
882.7m, 879.7m, 876.7m and 873.5m. The volumes cor-
responding to each floodgate may be inferred from Table
2 (intermediate values can easily be interpolated). These
floodgates allow for the removal of water from the reser-
voir at any level, although the quality of the water that is
removed likely varies as the water level in the reservoir falls
and floodgates at lower levels are used.

4. RAINFALL-RUNOFF MODELING

This section presents the technique used to gener-
ate runoff values from rainfall data. As this rainfall-runoff
modeling needs calibration and no long-term data on run-
off exists for Rio Verde, the solution found was to use the
Rio Passalina basin for calibration, since there is long-term
data from a station located upstream from the reservoir.
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4.1 TOPMODEL

The model chosen for the purposes of this study
work is TOPMODEL (BEVEN & KIRKBY, 1975; BEVEN et al.,
1995). This model was chosen for the following reasons:

1. Itis a deterministic model, not a stochastic one;
that is, the stochastic part of the process is fully
constrained by the occurrence of rainfall. If long-
term runoff data existed, it would be possible to
model runoff through stochastic modeling.

2. Itis a conceptual model and not an empirical
one. Purely empirical models need long-term
high quality data for their calibration. Such data
does not exist for the Rio Verde and therefore it is
advantageous that this model is based on conser-
vation laws of physics and contains parameters
with physical significance.

3. TOPMODEL is one of the few conceptual models
which, besides using the law of conservation of
mass, also uses information about the slope at
each section of the basin. Therefore, the model
explicitly contains dynamic components for all
the runoff in the basin.

4. ltis a simple model. TOPMODEL includes few pa-
rameters and therefore is less likely to work just
“by luck.”

At the watershed mouth, total runoff is given by the
sum:

q9=49.7%4q,, (1
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where g, is surface runoff, g, is subsurface runoff,
and q is total runoff. Surface runoff g, is given by:

.
qZ_ A p Qr’ (2)
where A is the total drainage area up to the section
under consideration, A, is the saturated area, p is un-in-
tercepted rainfall, and g, is the return flow or water that
eventually leaves the ground and emerges as runoff.
Subsurface runoff g, is made up of contributions g,
from each point i of the watershed, given by:

g2
f

¢ “tan B, 3)

where z, is the local groundwater depth, K, is the
saturated hydraulic conductivity at the surface, and fis the
factor of declining hydraulic conductivity with depth. B is
an important parameter representing the local slope.

The volume of water needed to saturate the soil is
expressed by the so-called storage deficit S. At point /, this
deficit (S) is related to the depth z, by:

Sr‘ = (gsaf B gcc) Zis )

where 0_, is saturation humidity and 0_is field capac-
ity humidity.

After a rainfall event, the sub-basin transfers the wa-
ter from the highest elevations to the lowest elevations of
the basin. In this manner, subsurface and surface flows ac-
cumulate water near valleys and streams, thus increasing
the water content in these portions of the basin. These
areas then start collecting water during a rainfall event,
saturating the soil and creating surface runoff. In order
to determine these saturation areas, TOPMODEL uses the
concept of a topographic index (/T) by means of the follow-
ing formulation:

IT=In (acf./tan ﬁ) (5)

In this formula, ac, represents the upstream catch-
ment area contributing to each cell’s runoff by unit of
width (normal to the slope and along a level curve), and
tanp represents a cell's local slope.

4.2 CALIBRATION FOR PASSAUNA
SUB-BASIN

TOPMODEL was applied to the upper portion of the
Passalina River watershed. The mouth defining this sub-
basin is located at the Col6nia Dom Pedro water level
gauging station (see Figure 1). The runoff and rainfall data
without any gaps ranged from 02/01/1985 to 07/24/1990.
The sub-basin has an area of 92 km2. The spatial distribution
of the topographic index in the area is shown in Figure 16.

175

15.0

125

100 —

T5 =

50

25

GOOO0 m
GOSDO0 m

1 ]

0.0 km 2.5km 5.0 km 7.5km

1 1
100km  125km

FIGURE 16 — TOPOGRAPHIC INDEX (UNIT In(m)) OF THE PASSAUNA SUB-BASIN WHICH FEEDS RUNOFF AT THE COLONIA

DOM PEDRO STATION. CATCHMENT AREA IS 92 km2.
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The model’s calibration was performed semi-auto-
matically. A rough first adjustment was done automatically
by software and followed by manual fine-tuning. Rainfall
and runoff data for the chosen period are shown in Figure
17 along with the model’s results. Measured runoff shows
much larger temporal variation than the simulation for two
main reasons: first, the model is a simplified version of real-
ity, using few parameters and mean values of these param-
eters for the whole basin; secondly, the rainfall values used
as the mean for the whole basin come from a single station
situated at the basin mouth, which is clearly an approxima-
tion since actual rainfall in the basin possesses both spatial
and temporal variability (within the time unit of 1 day used

in the model).

Despite these limitations, the model works appro-
priately for long term runoff simulations, since the errors
stemming from rainfall variability tend to cancel each other
out, and the errors arising from parameter variability tend
to disappear when the results are smoothed by calculating
temporal means. This is substantiated by comparing mean
runoff over nearly six years of simulation. This comparison
is shown in Table 3. The relative error between calculated
and measured runoff is 0.45%. Both measured and cal-
culated runoff provide values compatible with the results
shown in Figure 2. Figure 18 shows the comparison be-
tween measured and calculated mean monthly runoff.
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FIGURE 17 — DAILY RAINFALL, MEASURED DAILY RUNOFF, AND CALCULATED DAILY RUNOFF FROM COLONIA DOM PE-
DRO STATION, PASSAUNA RIVER. PERIOD SHOWN: 02/01/1985 TO 07/24/1990.
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FIGURE 18 — MEASURED MEAN MONTHLY RUNOFF AND CALCULATED MEAN MONTHLY RUNOFF FROM COLONIA DOM
PEDRO STATION, PASSAUNA RIVER. (axes: x= months; y= Runoff; in legend: measured runoff (blue line); calculated runoff (green line)

TABLE 3 — COMPARISON BETWEEN MEASURED MEAN
RUNOFF AND MODELED MEAN RUNOFF FOR THE SUB-
BASIN OF COLONIA DOM PEDRO STATION, PASSAUNA
RIVER.

MEASURED MODELED ABSOLUTE | RELATIVE
MEAN RUNOFF | MEAN RUNOFF ERROR ERROR
(m3/s) (m3/s) (m3/s) (%)
1.2194 1.2249 0.0055 0.45
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4.3 CALIBRATION FOR RIO VERDE
SUB-BASIN

No real calibration of the model is possible for the
sub-basin feeding the Rio Verde Reservoir due to the lack
of local natural runoff data (unregulated by the reservoir).
Therefore, the parameters used were the same applied for
the Passaulina River, with the exception of the topographic
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index, which was obtained specifically for the Rio Verde
Basin. Preliminarily, the sub-basin up to the Rodeio station
was used, which has an area of 236 km2 and for which
useful long term runoff data (equaling 4.46m3/s) is avail-
able. The topographic index map for the Rio Verde sub-
basin which drains towards the Rodeio station is shown in
Figure 19. The rainfall data used included the entire histori-
cal series from station 02549006.

Figure 20 shows part of the runoff simulation for the
Rodeio station. The mean long-term value resulting from
the simulation was 3.82 m3/s, which compares favorably
to the measured long-term mean of 3.92 m3/s (Table 4). It
is worth noting that this long-term mean was taken with
only 20 years of data and is influenced by the reservoir op-
eration. A simulation that considered this calibration was
done for the Reservoir's basin (Figure 21).

0.0 km 5.0 km 10.0 km

GOS0 m|

GOON0O m

15.0 km

FIGURE 19 — TOPOGRAPHIC INDEX (UNIT In(m)) FOR THE RIO VERDE SUB-BASIN DRAINING TOWARDS THE RODEIO STA-

TION. CATCHMENT AREA IS 234km2.
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FIGURE 20 — DAILY RAINFALL (STATION 02549006) AND MODELED DAILY RUNOFF AT RODEIO STATION, RIO VERDE. PE-
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TABLE 4 — COMPARISON BETWEEN MEASURED AND
MODELED MEAN RUNOFF FOR THE SUB-BASIN OF THE
RODEIO STATION IN THE RIO VERDE

MEASURED MODELED ABSOLUTE | RELATIVE
MEAN RUNOFF | MEAN RUNOFF ERROR ERROR
(m3/s) (m3/s) (m3/s) (%)
3.82 3.92 0.1 2.55

5. RAINFALL-RUNOFF SIMULATION
This section presents the stochastic model of rain-
fall generation for an arbitrary time period. In the present
study, station 02549006 provided data for the modeling
and a series of 1,000 years was generated for use with the
model. This series informs the deterministic rainfall-runoff
model, calibrated as described in the previous section. The
period of 1,000 years was chosen to allow for the estima-
tion of very rare events with reasonable statistical reliability.

5.1 RAINFALL GENERATION METHOD

Rainfall generation was done using a Markov chain
multi-state model of daily rainfall and the associated tran-
sition probability matrix (TPM) (MEYN, 1993). The criteria
for choosing the number of rainfall bands (system states)
and the thresholds of rainfall within each system state took
into account existing scientific literature (e.g. SRIKANTHAN
& McMAHON, 1985) and used trial and error, attempting
to preserve the statistical long-term mean. The maximum
error accepted was 5% for annual rainfall and 20% for an-

Downloaded from http://iwaponline.com/ebooks/book-pdf/868060/wic9781780406480.pdf
bv IWA Publichina publications@iwan co uk

nual rainfall variance. These classes are shown in Table 5.

With the data from station 02549006, a TPM was
built which indicates the probability that rainfall on day
n+1 is state j ( = 1, ...,7), given the state on day n. For
each new day of simulation, a random sampling is per-
formed (Monte-Carlo simulation) and provides a class for
that day. To determine the value of rainfall within a class,
for all states (except for state 1 — no rain) another ran-
dom sampling is performed and used to calculate rainfall
on a given quantile of that state, assuming a probability
distribution for each state. In the present study, intercon-
necting linear distributions were assumed for states 2 to 6
and a Pearson Type lll distribution (Ord, 1972) of extreme
events was assumed for state 7. The parameters for the
latter were calculated by the method of moments using
rainfall data above 70 mm/day measured at the station. It
is worth noting that 12 matrices (TPM) were produced, one
for each month, with their respective distributions. Thus,
seasonal dataeffects waswere reasonably reproduced in
the simulation.

At the end of the simulation, a proportionality con-
stant ¢, obtained by multiplying the rainfall generated for
each year i, may be used to correct the variability of annual
mean rainfall (BOUGHTON, 1999):

M+(T~ M)F
c~ 7 (6)

i
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where T is the generated annual rainfall, M is the TABLE 5 — POSSIBLE STATES OF THE MARKOV-CHAIN AC-
sample mean of annual rainfall, and F is an empirical ad- CORDING TO DAILY RAINFALL VALUES

justment factor determined so that simulated total annual

: , : STATE RAINFALL (mm)
rainfall variances reflect those of the measured annual rain- 1 0
fall. Boughton (1999) suggests: 5 00-29
a, 3 3.0-59
F=—%, @) 4 6.0-10.9
o 5 11.0-30.9
with o, and o, being the standard deviations of gen- 6 40.0-60.9
erated and observed annual rainfall, respectively. 7 -+

With this method, it is then possible to generate rain-
fall series of arbitrary duration which preserves the long-
term rainfall mean and inter-annual long-ter m variances 5.2 RUNOFF GENERATION
rather well. Rainfall data produced using the techniques present-
ed in Section 5.1 can be used in the previously presented
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FIGURE 22 - EXAMPLE OF ARTIFICIAL GENERATION AND SIMULATION OF RAINFALL AND RUNOFF IN THE RIO VERDE

SUB-BASIN DRAINING TOWARDS THE RESERVOIR. THE PLOTS SHOW A SEQUENCE OF RAINFALL AND RUNOFF SEPARATED
IN THREE PANELS
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model, calibrated for the area draining the Rio Verde Res-
ervoir, to generate runoff data with an arbitrary duration.
Figure 22 illustrates part of the rainfall-runoff data series
artificially generated by the techniques described herein.

Such runoff data may be used as natural runoff in-
flows into the reservoir, enabling the simulation of the ca-
pacity of the reservoir to regulate a given outflow. These
simulations are covered in the next section.

6. RESERVOIR SIMULATIONS

This section presents a series of simulations for the
Rio Verde Reservoir using a long time period (1,000 years)
of runoff values generated by the techniques discussed in
the previous sections. First shown are simulations of water
balance in the reservoir with daily data. Then, cumulative
deficits are calculated based on annual runoff values. Such
deficit volumes are frequently used as design criteria for
reservoir sizing.

Prior to presenting the simulations, some consider-
ations are discussed regarding the water volume of the
reservoir (and consequently its water level) and the impact
of the reservoir's water level on water quality, using total
phosphorus as an indicator.

The Rio Verde Reservoir eutrophication project mea-
sured total phosphorus concentrations of about 7.4 mg/m3.
Values close to 30 mg/m3 are anticipated for a reservoir to
be deemed eutrophic. Consider the following situation: the
reservoir is at its maximum volume with a phosphorus con-
centration of 7.0 mg/m3 and a (typical) phosphorus load of
1,123 kg/year, calculated by Sperling’s (1985) formula. If,
because of an increased demand, the reservoir level lowers,
maintaining the same phosphorus load and the same mean
runoff, the question is: at what volume will the reservoir
be susceptible to an eutrophic state? The answer to that
question also comes from the solution of Sperling’s (1985)
equation and results in a volume of 8 million m3, which cor-
responds to the approximate level of the reservoir at an al-
titude of 880 m. This level is immediately above the second
floodgate. Thus, it is considered that if the reservoir level is
below the first floodgate, there is a risk of degrading water
quality due to an excessive phosphorus load. Therefore, the
water level reaching below the first floodgate is used as a
critical event for the simulations below and if the level reach-
es the second floodgate, the reservoir may be compromised
with regard to its water quality.

6.1 WATER BALANCE SIMULATIONS FOR
THE EXISTING RESERVOIR

In this section we present five examples of simula-
tions for the existing reservoir, with its maximum volume
of approximately 34,000,000m3, roughly corresponding to
an elevation of 885.5m. The simulations consider a work-
ing volume of 30 million m3 (4 million are considered dead
volume) and the demands increase progressively from sim-
ulations 1 to 3. The simulation scheme is shown in Figure
27. All simulations in this section use 1,000 years and the
reservoir is always completely full at the start of each simu-
lation. These simulations are similar to those proposed by
Moran (1954), although he used the Probability Transition
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Matrix and Markov-Chain techniques to advance the reser-
voir's water volume over time. The results are summarized
in Table 4.

The aim of these simulations is to illustrate the type
of result that the model may supply, as well as to show
how such results must be interpreted. They are therefore
didactic simulations.

All water demands and losses (herein referred to sim-
ply as demands) used in the simulations are shown below:

Demands and Losses

1. Ecological runoff — the ecological runoff used for
this study is ¥2Q,; = 0.33 m?/s.

2. Water license to REPAR - license to REPAR in
April, 2011 was 0.84 m3/s.

3. Future expected consumption by REPAR =
0.94 m3/s.

4. Water license to Fosfertii Company — Fosfertil’s
water license in April, 2011 was 0.125 m3/s.

5. license slicense was Water license to SANEPAR
(Parana State Sanitation Company) — SANEPAR’s
water license in April, 2011 was 0.304 m3/s.

6. Direct evaporation of the water surface — using
Penman’s equation for potential evaporation E:

A

E= -

A+y " Aty 9T S

4098e c,p

~, 9= . (8)
(T-35,7) ! 0,62217,

In the equation above, e_is the saturation vapor
pressure, T is air temperature, Cp is the heat ca-
pacity of air, p is air pressure, and / the latent heat
of vaporization. This equation was used with val-
ues for a typical year of data (historical mean) of
the SIMEPAR weather station, located in Pinhais.
Calculation details can be found in Nocko (2004).
The value found for direct evaporation was ap-
proximately 3.3mm/day, which after multiplica-
tion based on the reservoir's area of 6493733 m?
at the altitude of 885.5 m (see Table 2) and unit
conversion results in approximately 0.25 m3/s. Ac-
cordingly, evaporation losses represent approxi-
mately 0.25 m3/s.

7. Infiltration and percolation through the embank-
ment — it is difficult to obtain a precise estimate
of these losses without exact knowledge of the
distribution of the soil under the embankment
and complex three-dimensional computational
modeling. A somewhat rough estimate is to use
the following equation for the percolated runoff
along the approximate length of the embank-
ment B=600 m:

N ;
Qp(’n' _RHL ‘;\]d

B . 9

In this equation, k is the soil’s hydraulic conductiv-
ity, H, is the reservoir's hydraulic load, and N,/ N,
is the aspect ratio of the current lines between
hydraulic equipotential under the embankment.
This ratio is unknown for the Rio Verde Reservoir
but may be estimated as approximately 0.5. Hy-
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draulic conductivity for a typical silt+sand soil is
3x10®% m/s. The reservoir's load is approximately
13m. The value found for percolation losses is
therefore 0.012 m3/s.

8. Other losses — No detailed studies on illegal ab-
straction, measurement errors and other losses
for the region are available. We thus decided to
consider losses of 10% of the total value of the
demands outlined above.

The following section describes simulations with ar-
bitrary demand flows intended for use in decision making
processes by Rio Verde Reservoir's managers.

e Simulation 1: Current REPAR water license + eco-
logical runoff + current SANEPAR water license +
current FOSFERTIL water license

This simulation is carried out with the demands
above, totaling 1.599m3/s. First we consider no spillway

discharge, that is, the reservoir is kept below its maximum
level. For this demand, however, which is slightly higher
than in the previous case, the reservoir will be full 80%
of the time and there is no spillway discharge 20% of the
time. That is, on average for this scenario, for each 100
days, there will be less than 20 days in which the volume
of the reservoir will not work to supply this simulation’s
flow demand.

The expected number of events with no spillway dis-
charge in the 1,000 years of the simulation was 676. The
expected time interval between two consecutive events
was 434 days. The expected duration of each event (level
below maximum) is 107 days.

Figure 24 shows the percentage of decreases in
reservoir volume over the 1,000 years of simulation. The
greatest decrease is slightly over 60% of the original vol-
ume.

Measured rainfall
(random variable)

b

) Stochastic rainfall Rainfall for
Rainfall-Runoff model generation model input
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Model ~  runoff generation
parameters

[ Reservoir outflow J

Excess
+
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+
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|
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FIGURE 23 - SIMULATION SCHEME
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FIGURE 24 — PERCENTAGE DECREASE IN RESERVOIR VOL-
UME. SIMULATION 1.

For the event in which the water level reaches a level
below the first floodgate (altitude 882.7 m), this simulation
yielded the following results: the expected time percent-
age in which the event occurred is 0.31%; the number of
events expected in 1,000 years is 8; the expected duration
of each event is 153 days; and the expected time interval
between such events is 155 years.

e Simulation 2: future REPAR consumption + eco-
logical runoff + current SANEPAR water license +
current FOSFERTIL water license

The second simulation uses the demands above, to-

taling 1.7m3/s. As in the previous simulation, the first event
considered is that of no spillway discharge (level below
maximum). According to the simulation’s results, the res-
ervoir was below its maximum level 26% of the time. The
expected number of these events (level below maximum)
was 774 in 1,000 years, the mean duration of the event
was 124 days, and the expected interval between events
was 348 days.

Figure 25 shows percentage decreases in reservoir

volume over the 1,000 years of simulation (plots for sub-
sequent simulations are similar and shown in Figure 26).
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FIGURE 25 — PERCENTAGE DECREASE IN RESERVOIR VOL-
UME. SIMULATION 2

8OO 800 1000

As in the previous simulation, the event of the res-
ervoir level below the first floodgate was also considered.
On average, the reservoir would reach such a state 0.83%
of the time. The expected number of such events is 19 (in
1,000 years), each one with an expected duration of 167
days, and with an expected interval between events of ap-
proximately 56 years.

Downloaded from http://iwaponline.com/ebooks/book-pdf/868060/wic9781780406480.pdf
bv IWA Publichina publications@iwan co uk

200 30 400 500 600 700 800 800 1000
years

FIGURE 26 — PERCENTAGE DECREASE IN RESERVOIR VO-

LUME. SIMULATION 3

|
0 100

e Simulation 3: future REPAR consumption + eco-
logical runoff + current SANEPAR water license +
current FOSFERTIL water license + Evaporation +
percolation + 10% other losses

The third imulation uses the demands above, totaling
2.16 m3/s. The demand for this simulation was increased
to include losses due to evaporation, percolation, illegal
abstraction, etc.

The following results are found for the event ‘level
below maximum’ (no spillway discharge): the reservoir was
below its maximum level 58% of the time; the expected
number of such events (level below maximum) was 848 in
1,000 years; the mean duration of the event was 249 days,
and the expected interval between events was 182 days.

As in previous simulations, the event of the reservoir
reaching a level below the first floodgate was also consid-
ered. The reservoir would be in this state 13% of the time.
It is expected that this event will occur 160 times (in 1,000
years), each event with an expected length of 290 days,
and an expected interval between events of approximately
5.5 years.

In this simulation, the reservoir became completely
empty on several occasions (Figure 26).

6.2 SIMULATIONS CONSIDERING
FLOODGATE LEVELS AND ARBITRARY
DEMANDS

The simulations within this section are probably more
useful as a support for decision making processes regard-
ing the increase of water abstraction licenses from the Rio
Verde Reservoir.

Any value of outflow from the reservoir can be used
in the following graphs, since they have been devised con-
sidering a wide range of demand values.

The following simulations were performed for de-
mand values above 1.5 m3/s. The statistics were calculated
for the following events:

e Reservoir level below spillway

e Reservoir level below first floodgate (882.7 m)

e Reservoir level below second floodgate (879.7 m)

The statistics resulting from simulations and shown
in the figures below for each of the events above are:

e Total percentage of time spent within that event;

e Mean number of events each 100 years;

e Mean length (in years) of each event;

e Mean time interval (in years) between two con-

secutive events.
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Figures 27 through 30 show the variables listed
above for the event Reservoir level below spillway level.

Figures 31 through 38 show the above mentioned
variables for the event Reservoir level below first floodgate.
In this case there are two plots for each variable, one of
them being a close-up of the demand values most likely
to occur given current and possible future water licenses,
which fall between 1.5 m3/s and 2 m3/s.

Figures 39 through 42 show the variables listed above
for the event Reservoir level below second floodgate.

The graphs below should be read as follows: the
sum of desired water licenses/demands is plotted on the
horizontal axis, the vertical axis provides the value of the
variable for the event in question (found in the title to each
plot).

%

15 2 25 3 35 4
demand (m?¥/s)

FIGURE 27 — PERCENTAGE OF TIME WITH LEVEL BELOW
SPILLWAY AS A FUNCTION OF DEMAND

70

15 2 25 3 35 4
demand (m¥/s)

FIGURE 28 — NUMBER OF EVENTS (IN 100 YEARS) WITH
LEVEL BELOW SPILLWAY AS A FUNCTION OF DEMAND.
NOTE THAT THE NUMBER OF EVENTS STARTS TO FALL (AT
APPROX. 2M3/s) WITH THE INCREASE IN DEMAND. THIS IS
NOT CONTRADICTORY AS THE EVENTS BECOME MUCH
LONGER IN DURATION.
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FIGURE 29 — MEAN LENGTH OF EVENTS WITH LEVEL BE-
LOW SPILLWAY
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FIGURE 30 — MEAN INTERVAL (YEARS) BETWEEN TWO
CONSECUTIVE EVENTS WITH LEVEL BELOW SPILLWAY AS
A FUNCTION OF DEMAND.
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FIGURE 31 — PERCENTAGE OF TIME WITH LEVEL BELOW
FIRST FLOODGATE AS A FUNCTION OF DEMAND
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FIGURE 32 — PERCENTAGE TIME WITH LEVEL BELOW FIRST
FLOODGATE AS A FUNCTION OF DEMAND (DETAIL)
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FIGURE 33 — NUMBER OF EVENTS (IN 100 YEARS) WITH
LEVEL BELOW FIRST FLOODGATE AS A FUNCTION OF DE-
MAND. NOTE THAT THE NUMBER OF EVENTS STARTS TO
FALL (AT APPROX. 2.7m°/s) WITH AN INCREASE IN DE-
MAND. THIS IS NOT CONTRADICTORY AS THESE EVENTS
THEN BECOME MUCH LONGER IN DURATION
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FIGURE 34 — NUMBER OF EVENTS EACH 100 YEARS WITH
LEVEL BELOW FIRST FLOODGATE AS A FUNCTION OF DE-
MAND (DETAIL)
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FIGURE 35 — MEAN LENGTH (YEARS) OF EVENTS WITH LEV-
EL BELOW FIRST FLOODGATE AS A FUNCTION OF DEMAND
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FIGURE 36 — MEAN LENGTH (YEARS) OF EVENTS WITH

LEVEL BELOW FIRST FLOODGATE AS A FUNCTION OF DE-

MAND (DETAIL)
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FIGURE 37 — MEAN INTERVAL (YEARS) BETWEEN TWO
CONSECUTIVE EVENTS WITH LEVEL BELOW FIRST FLOOD-
GATE AS A FUNCTION OF DEMAND
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FIGURE 38 — MEAN INTERVAL (YEARS) BETWEEN TWO
CONSECUTIVE EVENTS WITH LEVEL BELOW FIRST FLOOD-
GATE AS A FUNCTION OF DEMAND (DETAIL)
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FIGURE 39 — PERCENTAGE OF TIME WITH LEVEL BELOW
SECOND FLOODGATE AS A FUNCTION OF DEMAND
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FIGURE 40 — NUMBER OF EVENTS (IN 100 YEARS) WITH
LEVEL BELOW SECOND FLOODGATE AS A FUNCTION OF
DEMAND. NOTE THAT THE NUMBER OF EVENTS STARTS
TO FALL (AT APPROX. 3.1m3/s) WITH THE INCREASE IN
DEMAND. THIS IS NOT CONTRADICTORY BECAUSE THESE
EVENTS BECOME MUCH LONGER IN DURATION

Downloaded from http://iwaponline.com/ebooks/book-pdf/868060/wic9781780406480.pdf
bv IWA Publichina publications@iwan co uk

years
w

15 2 25 3 35 4 45 5
demand (m?%/s)

FIGURE 41 — MEAN LENGTH (YEARS) OF EVENTS WITH

LEVEL BELOW SECOND FLOODGATE AS A FUNCTION OF

DEMAND
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FIGURE 42 — MEAN INTERVAL (YEARS) BETWEEN TWO
CONSECUTIVE EVENTS WITH LEVEL BELOW SECOND
FLOODGATE AS A FUNCTION OF DEMAND

6.3 SIMULATIONS OF CUMULATIVE STORAGE
DEFICIT

Although the previous simulations are sufficient for
informing decision making criteria concerning the reser-
VOir, reservoir sizing criteria also exists based on simulations
in which inflow and demand are used as input data. One
of the variables most often used for determining reservoir
volume is the so-called cumulative storage deficit.

To render this study more complete, we present in
this section simulations which calculate, for arbitrary peri-
ods, the expected value of the maximum cumulative stor-
age deficit (GOMIDE, 1975), given inflow and demand
values.

With data on inflow and demand from a reservaoir,
one obtains, for each time period t, a variable X, (inflow
minus outflow). At each time period, one may calculate the
partial sum of X, by:

'
S.f o ZX, , [ = 1,2,...,}1 9)
i=1
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The maximum cumulative deficit D_is defined as the
highest value for deficit d, for the period n, by means of S,,
as shown in Figure 43.

The variable D_is often used in project criteria, such as
the volume of the reservoir when the problem at hand is one
of multi-annual regulation (in which the X, data represent
annual flow and n would be the number of years). Obvious-
ly, as this is a project criterion based on the worst drought
event, it cannot be applied when X, represents daily values,
since this would disregard the possibility of two (or more)
severe drought events, say, j=5 and j=6, separated by a brief
interval with normal flows. In this case we should sum both
these ds instead of using only the highest d, in the series.

W,

} =5 f
I O -
= Jfr’r l . f \"I-'I |
\

1700 N L L L I L
[} 500 1000 1500 2000 250 00 3500

aays'
FIGURE 43 - MAXIMUM CUMULATIVE DEFICIT D,

With this caveat in mind, one may calculate the volume
D, by this criterion and compare it to the maximum volume of
the Rio Verde Reservoir using both daily (not recommended,
but calculated as a curiosity) and annual data, as a means of
verifying the volume of the reservoir based on these criteria.

These simulations were carried out for a hypothetical
demand of 1.85 m3/s. Using daily data, calculating the sta-
tistics of 20 simulations, each encompassing 1,000 years,
the value of the maximum deficit D_is 20,136,600 m3, with
a standard deviation of 3,000,000 m3. This result demon-
strates that the calculated volume is relatively small and con-
firms that the use of D, is not a good design criterion when
using daily flows, which forces one to use longer-term flows.

Using annual flows for the same 20 simulations and
considering the lowest D for n=1,000 years, the statistics
change to a mean volume of 41,111,850 m3, with a stan-
dard deviation of 10,096,000 m3. Note that, as expected
and according to previous simulations, the volume of
34,000,000 m3 is almost sure to result in failures. However,
it is certainly more prudent and realistic to use a shorter
time frame n, and consider the maximum deficit in n years
with n equaling 10, 20, 40 and 100, for instance. To this
end one must simply divide the 20 samples encompass-
ing 1,000 years each into m samples of n years each, so
that nxm=20,000 years of annual inflows and outflows.
The plots for these four values of n are shown in Figures
44 through 47, which present various reservoir demand
values (each curve represents a distinct demand value), so
one can infer the probability of success (i.e. probability that
the highest deficit in n years will be lower than the reser-
voir volume) for each demand. Note that in all cases, de-
mands higher than 2m3/s rapidly increase the risk of failure
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in regulating flow.

The interpretation of the results of the D success
probability plots is as follows: if we take Figures 44 and 46
as examples and we suppose the demand is 2.3m3/s, Figure
44 shows that a volume of 30 million m3 is sufficient to con-
tain a “10 year maximum deficit” with a success probability
of 70%. That is, for each 100 intervals of 10 years, there will
be a failure, on average, in 100-70 = 30 of these periods.
Figure 46, similarly shows that the volume of 30 million m3 is
sufficient, with a probability of success slightly under 30%,
to contain a “40 year maximum deficit.” That is, a reservoir
failure will occur in 70 out of every 100 periods of 40 years.

For an outflow from the reservoir of Q. =1.85 m3s,
Figure 48 shows success probability curves for the volumes
(cumulative maximum deficit) D, , D,,, D,,, and D, . Note
that the success probability for this demand lies over 90%
for all four values of n.
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FIGURE 44 — SUCCESS PROBABILITY FOR VOLUME D10
(HIGHEST VOLUME DEFICIT IN 10 YEARS) FOR SEVERAL
DEMAND VALUES
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FIGURE 45 — SUCCESS PROBABILITY FOR VOLUME D20
(HIGHEST VOLUME DEFICIT IN 20 YEARS) FOR SEVERAL
DEMAND VALUES
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FIGURE 46 — SUCCESS PROBABILITY FOR VOLUME D40
(HIGHEST VOLUME DEFICIT IN 40 YEARS) WITH DIVERSE
DEMAND VALUES
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DEMAND VALUES
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7. CONCLUSIONS

Assuming rainfall data and the regionalization stud-
ies used to calibrate the models for this study are correct,
rainfall stability in the stations used, direct evaporation
from the reservoir to be negligible, and the inexistence of
extraordinary demands (leakages, illegal pumping, perco-
lation losses, etc.) beyond those considered in the simu-
lations, one concludes that the Rio Verde Reservoir can
regulate current water abstraction licenses (constant flow
of 1.689 m3/s) 80% of the time with spillway discharge,
with a low probability of working at low volume levels (less
than 1% of the time below the first floodgate). It can also
be concluded that a small increase in demand to 1.85 m3/s,
for instance, will lead the reservoir to operate 46% of the
time with its level below the spillway, with a chance of
approximately 2.5% of the time operating below half the
maximum volume. Further, such a situation suggests the
occurrence of approximately one total failure (empty reser-
voir) every 34 years (mean time) with an expected duration
of 15 days.

It can also be concluded that demands that are high-
er than the current water licenses will place the reservoir in
a situation in which the risk of failure increases rapidly with
an increase in outflow.
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SUMMARY

Suspended particles, as well as dissolved substances, have an important ecological role in water quality by attenuating
light, providing reactive surfaces, influencing metabolic activity, and contributing to sediment deposition. The qual-
ity of water, particularly in reservoirs, is crucial and is naturally maintained by circulation and sedimentation, which
removes phosphorus from the water, for example. In eutrophic reservoirs, these processes are contrasted by the re-
cycling of ions and metals coming from sediments, which can maintain or neutralize the state of eutrophication. The
combination of trace elements and microanalysis techniques may be useful in the context of tracking anthropogenic
or natural activities close to a water body. These may be used to trace the sources of pollution by means of a chemi-
cal fingerprint of such heterogeneous materials, for example, particles in suspension. The magnitude and patterns
of ion, metal and particulate systems were evaluated at the Rio Verde Reservoir. Samples were analyzed through
energy-dispersive X-ray fluorescence (EDXRF), ion chromatography (IC), inductively coupled plasma - mass spectrom-
etry (ICP-MS), and particle size distribution via Laser and Zeta Potential. Based on the results, the chemical patterns are

discussed in relation to heavy metal concentration, suspended matter and ion composition.

KEY WORDS

Reservoir, ICP, zeta potential, x-ray fluorescence, particulate matter.

1. GENERAL CONSIDERATIONS

Any approach regarding the assessment of water in
natural environments should consider the environment as
a whole, including how different types of reservoirs are in-
teract with the hydrologic cycle. By participating in a cycle,
the water can acquire or modify chemical and isotopic fea-
tures in all aspects of the cycle.

Tundisi et al. (1999) point out the existence of few
estimates of the contribution of basins to rivers, lakes and
reservoirs, as well as of the importance of comparatively
evaluating different sub-basins. The authors also empha-
size the importance of peaks in the behavior of the reser-
voir system. These peaks are fundamentally influenced by
variable factors, especially climate or varying types of oc-
cupation in the basin, but they can be magnified by perma-
nent physical characteristics of the basin, such as geological
features. When rocky matter interacts with the superficial
environment, its chemical elements are redistributed in ac-
cordance with the available phases (TARDY, 1969), which
is controlled by the energy content of the system. Each
element positions itself in the structure of suitable chemical
species so that the system as a whole tends toward lower
energy levels, in other words, becomes more stable. This
process of seeking stability of the system is not immediate
and while some reactions are almost instantaneous, others
take a relatively long time. Thus, some minerals weather
and their components are very quickly redistributed be-
tween the newly formed solid phase and the liquid phase,
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while others remain metastable for longer periods of time,
retaining elements that could be incorporated into the so-
lution until their intercrystalline connections are disrupted.
The abundance of a certain chemical element in the water
will reflect, in addition to its occurrence, its mobility in that
environmental context. More mobile elements are those
in which fixing processes in the solid phase are less effec-
tive. They have difficulty fixing to existing solid structures,
whether as part of a crystal structure or adsorbed on the
surface by mineral or organic substances.

The environmental context within a region forms
what can be called the regional geochemical landscape.
This must be understood in order to evaluate the overall
behavior of the chemical elements, which enables a better
understanding of the geochemical controlling factors of a
reservoir. In part, the set of matter flow systems that access
a reservoir can be seen in Figure 1 (BITTENCOURT, 2007).

As the most abundant elements are present in sub-
stantial amounts in virtually all natural environments, they
represent a valuable indicator of the behavior to be expect-
ed from less abundant elements with chemical properties
similar to those that are more abundant. For example, it is
expected that alkali elements behave similarly to Na and K
and alkaline earth elements behave like Ca and Mg, all of
them with high mobility and a tendency to easily migrate
through water.

The behavior of elements in the superficial cycle es-
tablishes a geochemical differentiation process in which
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FIGURE 1 — GENERIC FLOW CHART OF THE MOVEMENTS OF MATTER IN THE SURFACE CYCLE. SOURCE

BITTENCOURT (2007)

the elements are distributed in chemical species appropri-
ate to the phases present in the environment, ranging from
weathering and pedogenesis processes to sedimentation.
The chemical elements are differentiated during weather-
ing and pedogenesis. Such differentiation is regulated by
factors inherent to the element, such as chemical proper-
ties, and factors related to the environment, such as tem-
perature, pH, Eh, the surface potential of a particle, sorp-
tion processes and the chemical environment.

Among the chemical characteristics of natural wa-
ters, its dissolved metals content is mainly the result of the
composition of the rocks within the hydrographic basin
and aquifers drained by these waters. The predominant
dissolved metal fraction of the vast majority of surface wa-
ter, besides silicon, which is mainly present as silicic acid
(H,Si0,), is in solution mainly in the form of simple cations.
These cations are: Na*, K*, Ca?* and Mg?. This is directly
related to the abundance of elements in the Earth’s crust,
which is composed in descending order of O, Si, Al, Fe,
Ca, Na, K and Mg, while the other elements are found
on average in smaller amounts (CLARKE & WASHINGTON,
1924). Since iron and aluminum very easily form insoluble
compounds in the physicochemical conditions of the sur-
face environment, they are mainly found in water in the
particulate form.

In order to assess the distribution of any element in
water, it is essential to know the behavior of the major
constituents in solution. They control the presence of min-
erals in equilibrium with water, which will directly affect
the minority element partition between the solution and
the particulate phase. One way to assess the distribution of
solutes most abundant in water is to systematize a repre-
sentation through a hydrochemical classification based on
the ion charge.
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Water quality, particularly in reservoirs, is naturally
maintained by the water level, particulate matter sedimen-
tation, and suspension processes in the water column,
which play an important role in aquatic ecosystems. Sus-
pended particles attenuate the entry of light into water
bodies because they present reactive surfaces with their
environment; along with the chemical environment, such
reactions can also affect the concentration and stoichiom-
etry of ionic and metallic macroconstituents of the system.

This dynamic of particle suspension and sedimenta-
tion can also be associated with the eutrophication pro-
cess, which is a major concern when the reservoir is used
for human water consumption. Eutrophication can be nat-
ural or artificial; when natural, it is a slow and continuous
process that results in the input of nutrients through rain
and surface runoff in the form of particles, or not, which
alter the physical and chemical characteristics of the system
(see Chapter 10). When eutrophication is anthropogenic,
it usually is associated with factors such as the discharge
of domestic and industrial effluents, agriculture, or waste
disposal on the banks of aquatic ecosystems (RIVERA,
2003). However, when it comes to a water body situated
in a region with significant human occupation, such as the
Rio Verde Basin, it is difficult to distinguish between inde-
pendent occupation factors and those arising directly or
indirectly from it.

One of the major nutrients, phosphorus (P), can be
found in sediments associated with complex salts, such as
calcium, iron, aluminum and organic species, or adsorbed
on the surface of minerals. Phosphorus is of particular im-
portance in the growth of algae cells and its excess can
lead to the eutrophication of a reservoir. Currently, much
attention is given to the adsorption/desorption process of
P in natural sediments and pure minerals.
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Laboratory experiments with Fe (OOH) showed that
raising the pH leads to the release of adsorbed P in iron com-
plexes because of the competition with OH-ions (LJKLEMA,
1977). However, little information on the effects of pH on P
sorption processes in natural sediments is available.

The “natural” content of exchangeable phosphorus,
as well as its sorption characteristics, was correlated with
the composition of sediments such as active iron, alumi-
num and organic material. In turn, the composition of
sediments has been associated with the chemistry of the
reservoir, in other words, with hardness, alkalinity and pH,
among other parameters.

Importantly, when the “natural” content of phos-
phorus is significant, the adsorption/desorption processes
cannot be ignored. When the sediment containing phos-
phorus gets in touch with water, P is exchanged with water
at the interface until a dynamic balance is reached. The
concentrations in the sediment and water are stabilized
when the exchange from the sediment to water and ex-
change from water to sediment become equal.

The purpose of this study is to identify sources and
natural processes of geological origin that contribute to
water quality in the Basin and, more specifically, in the Rio
Verde Reservoir. To this end, we established a network of
sample collection of different fractions, including: reservoir
sediments, particulate in suspension in water, and free
metals in water. Besides the chemical speciation of water
and sediment in the reservoir, we tried to understand the
influence of pH, zeta potential, and concentration of met-
als (free and associated with suspended material) on the
eutrophic stability of the reservoir. The combination of the
techniques of trace elements analysis, microanalysis, and
electrophoretic mobility, can be useful in different acute
or long-term environmental situations, through a chemical
fingerprint of heterogeneous materials, such as suspended
particles coming from anthropogenic activities. Specifically
in this study, we used the techniques of X-ray fluorescence
(XRF), electrophoretic mobility, light scattering for sus-
pended solids and sediment. The identification of the dif-
ferent species of trace metals in the water body of the res-
ervoir was investigated by Atomic Emission Spectrometry
through Inductively Coupled Plasma (ICP-MS). The results
are interpreted separately and together with the specific
goal of identifying compounds that can potentially contrib-
ute to the eutrophication of the reservoir.

2. METHODOLOGY

Below we discuss the procedures used for sampling,
selection of sampling points, sampling steps, sample prep-
aration and subsequent analysis.

2.1 SAMPLING POINTS

Based on available data, such as the map of the Basin
and geological units, sampling points were defined across
the reservoir in collaboration with other sub-projects.
These points were chosen in order to collect material from
the reservoir on a spatial scale with both horizontal and
vertical distribution.

The hydrogeochemical character of the tributary wa-
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terways of the Rio Verde Reservoir was assessed according
to the distribution pattern of ionic macroconstituents, total
concentration of dissolved solids, and pH.

The hydrochemical characterization of the reservoir's
tributary basin was established through the analysis of sam-
ples collected at ten points on rivers. Of the tributaries, four
are located on the right bank of the basin and four in the left
bank, in addition to two collection points on the Rio Verde,
one upstream of the reservoir and one downstream of the
dam (Figure 2). Two other sample points were added from
wells; information for these points, including chemical analy-
ses, were provided by SANEPAR, the Sanitation Company of
Parana. P1 corresponds to a 25 m deep well drilled through
limestone into the karst aquifer and is located in the munici-
pality of Campo Magro. P2 is a 35 m deep well, drilled 30 m
into weathered migmatite and 5 m into compact migmatite.

The location of sample collection points is shown in
Table 1, which also contains data on the two wells located
in Campo Magro within the Rio Verde Basin.

Among the samples collected within the reservoir
(August and October, 2008), samples were collected at
points R1, R3, R4 and Border. However, after experimen-
tal analysis and the results of other sub-projects, we con-
cluded that point R3 has characteristics similar to point R2
and, therefore, there was no need to collect from the two
points. Thus, point R3 was replaced by point R2 in the sam-
ple collection. Another change made to sample collection
was the inclusion of a new sample point, R5, the location
of which was determined by mathematical models that in-
dicated water stagnation at this site, unlike other points.

Therefore, five sampling points (R1, R2, R4, R5 and
Border) were defined and distributed so as to include both
the central axis and the border of the reservoir based on
two conditions: the relative homogeneity in the spatial
distribution and the division between central and lateral
regions of the reservoir. This last condition was defined so
that any anthropogenic or natural contribution of the res-
ervoir borders could be assessed.

At points R1 and R2, samples were collected at two
depths: one on the surface (O m) and the other based on the
variation of temperature in the stratification in the sample
point. If the temperature did not significantly vary accord-
ing to depth, other parameters, such as dissolved oxygen,
were taken into consideration to determine sample depth.
At point R4, since it is a point with greater depth, samples
were taken at four different depths, using the same selec-
tion criteria mentioned above. At R5, as well as on the Bor-
der, the collection was only taken on the surface (0 m). Due
to shallowness of less than 1 meter, the sampling point
called Border and the other samples taken from the surface
were collected directly into bottles that were acclimatized
in the river water. At other depths, water was collected us-
ing a 2-liter Van Dorn bottle, also previously acclimatized
in the reservoir water. One-liter bottles used for collection
were kept in a styrofoam box during sampling.

At each collection station, a sediment sample was
taken, using a 30cm “core” collector (an acrylic collector
with accessories also in acrylic) without any separation
from the vertical profile. The samples were individually
packed in polyethylene bags and stored at-5°C.
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CHARACTERIZATION OF THE IONIC AND PARTICULATE SYSTEMS IN THE RESERVOIR

TABLE 1 — LOCATION OF SAMPLING POINTS ON THE RESERVOIR TRIBUTARIES

COORDINATES
SAMPLING POINT UTM N UTM E
F4 — Rio Verde upstream 654,092 7,181,394
F5 — Rio Verde downstream 646,923 7,175,449
D3 - Right bank tributary 651,645 7,180,142
D4 — Right bank tributary 650,470 7,180,837
D5 — Right bank tributary 650,197 7,178,142
D6 - Right bank tributary 648,727 7,178,315
E8 — Left bank tributary 654,464 7,180,706
E10 — Right bank tributary 653,316 7,178,637
E12 - Right bank tributary 651,483 7,177,965
E13 — Right bank tributary 650,605 7,176,454
E14 — Right bank tributary 649,869 7,175,145
P1 — Well in the Atuba Complex in Campo Magro 662,882 7,191,785
P2 — Well in the Karst Aquifer in Campo Magro 656,139 7,193,391

2.2 SAMPLE PREPARATION

Samples of river water were collected on September
10, 2008, in 1000 ml bottles of virgin polyethylene, packed
in polystyrene boxes containing ice and sent to the labora-
tory within 24 hours.

Samples of suspended particulate material for XRF
analysis were prepared in the laboratory using vacuum
filtration of 500 ml of collected water in polycarbonate
membranes with porosity of 0.4 pm (Nucleopore filters).
The filtrate was collected in amber bottles and kept refrig-
erated for later analysis using ICP-MS. 100 mL of water
without any previous treatment were stored and kept re-
frigerated for analysis by electrophoretic mobility and par-
ticle size distribution.

For analysis, sediments were thawed at room tem-
perature. About 20 grams of the sample were disaggre-
gated in deionized water for 10 to 20 minutes with addi-
tion of sodium pyrophosphate. Suspension was transferred
to a cylinder, filled with water and was left to stand for
two hours. The supernatant was then collected, dried in
an oven at 550°C for two hours, and analyzed according
to the X-ray powder diffraction method. The sedimented
material was dried at room temperature over an aluminum
sample holder and analyzed using the X-ray powder dif-
fraction method. The same dry sediment was also analyzed
using X-ray fluorescence.

2.3 ANALYSES

In the Hydrogeological Research Laboratory (LPH) at
the Federal University of Parana (UFPR), the following vari-
ables were analyzed according to internationally accepted
standards (APHA, 1998): pH, conductivity, total alkalin-
ity, phenolphthalein alkalinity, carbonate, bicarbonate,
chloride, sulfate, nitrate, sodium, potassium, calcium, and
magnesium.

The value of the concentration of each ion presented
in mg.L" was converted to a per liter equivalent, where cat-
ions formed one group and anions another. This ion distri-
bution led to the construction of a composite diagram for a
ternary diagram representing both the cationic distribution
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and the anionic distribution. Orthogonally projecting the
points of the triangle of cations and the points of the anion
diagram in a square, a Durov diagram was formed (DU-
ROV, 1948) (Figure 3). In view of the presence of sulfate
<1 mg.L" and the constant presence of nitrate, the value
of this last anion was added to the axis occupied by sulfate
in the diagram.

The modified Durov diagram was supplemented with
a xy diagram correlating the variables ionic conductivity
and relation in equivalents Na+ (Ca+)".

Thus, it was possible to evaluate the hydrochemi-
cal character of water, assess the possibilities of mixtures
among different waters, and also comment on the rela-
tionship between water and the rocks with which they
have been in contact.

Information concerning the elemental mass concen-
tration (bulk) was provided by the dispersive energy of X-
ray fluorescence (XRF). Measurements of suspended mate-
rial filtered in the Nuclepore membranes were performed
using an Epsilon-5 (PANalytical, Almelo, The Netherlands).
The non-destructive quantitative analysis of the elements
was made using the aluminum. The surface potential data
were obtained using the zeta potential analysis technique
in the Malvern Zetamaster. The measurements were made
in the standard module of the equipment using as the con-
version factor the zeta potential F (Ka) = 1.5 (Smoluchows-
ki factor for conductive dispersions). Samples were shaken
vigorously prior to analysis. The particle size distribution
was measured after vigorous agitation by dynamic light
scattering with the Malvern Zetamaster.

For ionic speciation of metals Al, B, Fe, Mg, Zn, Ca
and Na, an optical emission spectrometer with plasma in-
ductively coupled with radial configuration (Liberty II, Var-
ian Mulgrave, Australia) was used; in the determination
of K, an atomic absorption spectrometer (220FS, Varian
Mulgrave, Australia) was used. To determine other metals,
a mass spectrometer with inductively coupled plasma (810-
MS, Varian Mulgrave, Australia) was used.

The X-ray diffractograms of the compounds were ob-
tained on a PHILIPS PW 1830 diffractometer with scanning
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in the range of 3-70 degrees 26, using K  radiation of cop-
per and graphite monochromator. Based on the x-ray dif-
fraction reflections of the polycrystalline sample collected
from the respective diffraction patterns, the d, interplanar
distances were calculated using Bragg's equation. Compar-
ing the dhkl values obtained with the amounts listed in the
ICDD (International Centre for Diffraction Data) records,
we can find information about the crystalline phases pres-
ent in the samples analyzed. Samples were submitted to
X-ray diffraction as a total sample and also following treat-
ment with ethylene glycol, preferential orientation and
heating at 550°C for two hours.

3. RESULTS AND DISCUSSION

3.1 HYDROGEOCHEMICAL
CHARACTERIZATION

The lithological profile on which the Rio Verde Hy-
drographic Basin is established is roughly the same as the
Passauina River Basin and this similarity refers both to the
chemism of the water and the variables discussed herein.
Meger (2007) and Meger et al. (2007) found a distribution
of ion macroconstituents similar to the one identified in
this study (Table 2). This fact results from very similar geo-
chemical aspects occurring in both basins. One difference
noted between the water of the tributaries of the Passatna
Reservoir and Rio Verde is that all Passatna tributaries have
a mixed-bicarbonated characteristic, while in the case of
Rio Verde, water from all sampling points is bicarbonated,
ranging from calcic to mixed. Some left bank tributaries are
calcic-bicarbonated.

Since the headwaters of the Rio Verde are fed by
water with a composition directly influenced by the disso-
lution of carbonate rocks and as it is the main tributary, the
karst section of the basin is the key factor in the reservoir's
chemism. A sample taken from a well contains calcium
and magnesium, a general characteristic of the waters of
the karst aquifer in Parana (HINDI, 1999), established in
dolomitic marble, rocks in which calcium and magnesium
predominate over other macroconstituents.

The individual contribution of each lithology that

composes the Atuba Complex is not overly evident in Fig-
ure 3, since variation in the chemical composition between
them is relatively small. These are minerals from the same
families with minor variations in the proportion of constit-
uents that have been subjected to the same weathering
conditions.

Despite the compositional similarity between the wa-
ter from the left and right bank tributaries, the Ca?*/Mg?
ratio is evidence of the greater contribution of silicate rocks
plus magnesia in the left portion of the basin. This aspect
can be viewed in the triangle of cations in Figure 3, built on
values listed in Table 3. While the Ca?*/Mg?* ratios of the
right bank tributaries vary between 2.3 and 3.1, the left
bank tributaries range between 1.6 and 2.1.

In the Guabirotuba Formation, the calcitic levels are
common and magnesium is largely fixed to the structure of
montmorilonitic clays. This lithology is probably responsible
for the more calcic characteristic of water at points D3 and
D4.

Figure 3, in the extension of the modified Durov dia-
gram, express the variable dissolved material concentration
through conductivity. Here, the higher solute concentra-
tion in groundwater from the upper portion of the basin
is evident, which would be expected and which affects the
concentration of the Rio Verde at its entry into the reservoir
at point F4. Waters with less solute loads were found at
point D5, followed by E14.

The inverse relationship between calcium and sodium,
in this case, does not indicate ion exchange processes since
less conductive waters are more sodic and more conductive
waters are calcic-magnesic. This is another indication of the
lithological control on the water quality of the system. The
behavior of the Na* (Ca?*)" relation becomes more evident in
the supplement to the diagram in Figure 1, where the follow-
ing distribution is indicated: Na*x(Ca?*)'= 275.3 conductivity
1.541, with r? = 0.9284. This relationship was evaluated ig-
noring point P2, which has a very different behavior from the
others and reflects peculiar local conditions.

The values of nitrate ion found for surface water be-
low 0.9 mg.L" contrasted with the 4.6 mg.L" found in well
P1, which indicates the vulnerability of the karst aquifer to
point source contamination.

TABLE 2 — pH VALUES, ION CONDUCTIVITY AND ION MACROCONSTITUENTS (mg.L™") OF WATER BODIES IN THE RIO VER-

DE BASIN
POINTS pH COND. pS.cm™ HCO,- cl NO_- Na* K* Ca* Mg?* Mg.L"

F4 7.16 105.2 60.42 6.68 0.54 4.44 1.42 13.77 5.13
F5 7.35 72.1 40.00 4.17 0.20 3.71 1.94 9.39 2.36
D3 6.74 55.5 30.63 1.78 0.33 3.69 1.30 6.80 1.73
D4 7.17 91 47.13 4.40 0.67 5.14 1.83 11.91 2.02
D5 6.93 48.3 29.92 1.56 0.16 4.42 1.45 5.27 1.02
D6 7.21 83.5 50.21 2.23 0.83 4.49 1.31 11.30 2.97
E8 7.16 65.1 37.75 5.68 0.24 4.02 2.30 7.73 2.58
E10 6.96 62.4 37.39 2.12 0.27 3.74 1.16 8.54 2.43
E12 6.57 57.2 34.78 2.39 0.14 3.48 1.15 6.20 2.26
E13 6.76 63.7 36.08 2.9 0.44 3.20 1.30 7.05 3.06
E14 6.87 52.4 28.37 4.07 0.29 4.01 1.92 6.07 1.73
P1 7.71 260 169.1 2.05 4.64 1.50 0.90 32.57 17.96
P2 6.4 158 44.90 4.70 1.04 - - 7.1 4.2

Values CO,* (=0) were not detected; SO42- always <1.0mg.L""; P1 and P2 data were provided by DHG/SANEPAR.
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TABLE 3 - ION MACROCONSTITUENT VALUES IN PERCENTAGE OF EQUIVALENTS PER LITRE FROM WATER BODIES IN THE

RIO VERDE BASIN

CHARACTERIZATION OF THE IONIC AND PARTICULATE SYSTEMS IN THE RESERVOIR

F4 50.94 31.77 17.29 80.76 3.99 15.24
F5 53.23 22.40 24.37 82.25 3.11 14.64
D3 49.84 21.23 28.93 85.70 5.80 8.50
D4 57.26 16.26 26.48 80.98 6.11 12.91
D5 45.24 14.66 40.10 88.21 3.94 7.85
D6 53.98 23.75 22.27 86.18 7.28 6.53
E8 45.98 25.69 28.32 76.84 3.42 19.74
E10 51.67 24.62 23.71 87.30 4.25 8.45
E12 45.37 27.69 26.95 86.71 3.11 10.17
E13 44.95 32.66 22.40 82.78 5.86 11.36
E14 44.90 21.42 33.68 76.23 5.10 18.67
P1 50.60 46.70 2.79 95.11 2.92 1.97
P2 36.50 36.23 27.8 77.31 5.80 13.82
Note: In P2 sample, the values for % (Na*+K*) were obtained from the ionic balance.
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CHARACTERIZATION OF THE IONIC AND PARTICULATE SYSTEMS IN THE RESERVOIR

Also with respect to the concentrations of anionic
species, low sulfate values are caused by the limited pres-
ence of sulfides in the rocks, whether they come from the
Capiru Formation, Atuba Complex, or mainly the Guabiro-
tuba Formation. In the case of sedimentary rocks, whether
metamorphosed or not, it would be reflective of sedimen-
tary environments with oxidant features.

3.2 CHEMICAL COMPOSITION OF
PARTICULATE MATTER

The total metal concentration was measured in the
water of the Rio Verde Reservoir using the Dispersive En-
ergy X-ray Fluorescence technique. Twenty elements were
identified in the samples and the results of this analysis are
expressed in pg/L".

In the analysis of the total particulate (bulk), in abso-
lute terms, six elements showed high concentrations that
could be presented herein in micrograms per liter, Table 4.

In general, in the first two samples, the results ob-
tained using XRF with samples from the point called Border
are lower than those obtained for point R1 at both depths;
however, when the concentrations are compared with oth-
er points, the concentration profile is the same. However,
the sample collection for the month of April 2009 shows
that the Border concentrations are higher than at other
points, except for point R4 IV, which has a high concen-
tration for most of the studied elements. This is expected
since R4 IV is the deepest sample point of the study with
a depth of 9.5 m. From this sampling period, we noted a
more pronounced variation of concentration at the differ-
ent sampling points. An example of this is the difference
in concentrations of Ca from the sampling points during
this collection period. While point R1 presents 9.0ug.L™" of
Ca, at point R4 IV the concentration reaches 1988.8ug.L".
In the month of May, the concentration profile was again
similar between the sampling points, with slightly higher
concentrations at point R1 (0 m) and R1 (3 m). Compar-
ing the results of samples collected in August and Octo-
ber 2008, we find that concentrations are similar. On the
other hand, if compared with the results from April and
May 2009, we find a significant increase in the concentra-
tion of some elements such as Ca, Fe, Mn, Si and Ti. Fe
concentration at the Border sample point in the months
of August and October 2008 was 367.3 pg.L'" and 252.7
pg.L", respectively. In the following sample period, this
value reached 6685.9 pg.L" in April and 2748.9 pg.L" in
May. A similar study was carried out by Meger et al. (2007)
in the of Passalina Reservoir, in the Metropolitan Region of
Curitiba. Comparing the results obtained in the first two
samples from the Border sample of the Rio Verde Reservoir
with the of Passalina Reservoir, we see that the concen-
tration increased up to ten times for some non-majority
elements; however, considering the similar geology of the
two reservoirs, these results were expected.

From the August sample at point R1, concentrations
are similar across a depth of 0 and 4 meters. This profile
is not the same for R1 from the October sample. In this
second sample, the elemental values are slightly higher at
a depth of 4 m, which is supposedly due to the effect of
gravity. Such a concentration profile is repeated for points
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R3 and R4. The same pattern is found in the sampling of all
points in May. On the other hand, in the April collection, it
is not possible to define a profile, because the concentra-
tions vary across the elements analyzed and sample points.
At point R4, during the 2008 collection, concentrations
were similar across all studied depths, Om, 2.5 m, 5 m,
7.5 m in August, and Om, 5 m and 7.5m in October. In
April 2009, the concentration variation increased with an
increase in depth for most of the studied elements. The
only exceptions to this behavior were selenium, which pre-
sented its highest concentration at 4.5 m, and aluminum
and copper, which maintained a similar concentration at
different depths. In the samples from May 2009, concen-
trations of chromium and nickel varied decreasingly with
depth. Calcium showed a higher concentration in R4 (2m)
with 252.1 pg.L", while at other depths, the concentration
was about 18.4 pg.L". The concentrations of the other ele-
ments remained constant. At point R5, results remained
almost the same, with a slight increase in the measured
concentration in May compared to April. At the Border, the
only elements that had a constant concentration were Cl
and S, the others varied across the four sampling periods,
with the highest concentration of those elements obtained
in April 2009.

Based on Table 1, it is evident that the suspended
material mainly contains Fe and Al, which are key compo-
nents of some of the more stable mineral structures formed
during the weathering process. As far as mineral compo-
nents are concerned, the formed organic phases and the
complexed soluble fraction must be taken into account.
Minerals that contain Fe and Al have been considered the
main determinants of the adsorption capacity because of
the significant surface area of its compounds, especially
oxides, hydroxides and oxyhydroxides. Therefore, further
analysis of active Fe and Al should be performed because
the proportion of active Al and Fe is probably related to
organic matter, trophic state, and water chemistry at the
sampling point.

Mn, an element primarily released from ferromagne-
sian minerals, easily forms in surface oxidizing conditions,
hydroxides, oxides and oxyhydroxides, all with great ad-
sorption potential. Contrary to Al and Fe that are dissemi-
nated in the soil, Mn is more heterogeneous, which can
explain the large variations in concentration in the particu-
late form, considering different erosion and transport rates
at different locations in the basin.

Table 5 compares the measured average elemental
concentrations in the Rio Verde Reservoir as well as in the
Passalina Reservoir, which have very similar geological fea-
tures.

Comparatively, the average concentrations of major-
ity elements in the Rio Verde and Passatina Reservoirs are
of the same order of magnitude, except for Fe, Ca, Mn,
Si, which obtained average concentrations considerably
higher in the months of April and May 2009. The minority
elements, Cl, S, Ti, Zn and P found in Rio Verde, are dif-
ferent from the average values found in the Passatina Res-
ervoir. The analyses conducted in the Passalna Reservoir
were based on only a few samples; therefore, the average
values cannot be deemed definitive.
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TABLE 5 - ELEMENTAL CONCENTRATIONS FOUND IN THE RIO VERDE AND PASSAUNA RESERVOIRS IN pg/L

AL 296 309 155 251 240
As 0.3 0.3 0.3 0.3 n.d
Ca 21.5 15.8 319.4 127.3 27.7
Cl 8.2 7.4 10.2 8.9 1.0
Cr 0.5 0.6 1.0 0.7 0.4
Cu 1.5 1.4 0.5 0.4 0.4
Fe 232 282 6962 3442 322
K 15.8 1.7 36.5 56.9 28.7
Mn 49.0 24.4 4600 1233 21.8
Ni 0.1 0.3 0.1 0.2 0.1
P n.d n.d n.d n.d 6.3
Pb 1.1 1.0 0.3 0.4 1.2
S 7.4 5.0 8.0 6.8 11.3
Si 670 399 2616 3685 323
Sr 0.2 0.2 0.5 0.3

Ti 9.2 1.2 1421 41.8 16.1
\Y, 0.4 0.5 1.0 0.6 0.6
Zn 1.4 1.3 2.1 1.2 3.1

* Data presented in pg/l

The average of phosphorus (P) in the Passatina Reser-
voir was 6.3 pg.L" and the highest concentration was 27.9
ug.L"; however, this element was not identified during the
four sampling episodes conducted in the Rio Verde Reservoir.
This is a factor in favor of the maintenance of the oligo-meso-
trophic conditions of the reservoir. Considering that domestic
and industrial sewage are among the main artificial sources
of phosphorus, it can be inferred that the contribution of
this element from anthropogenic sources is quite low. The
average concentration of sulfur (S) of 7.4, 5.0, 8.0 and 6.8
pg.L" found in the Rio Verde Reservoir is up to two times
less than the average concentration found in the Passalina
Reservoir (11.3ug.L"). The increase in sulfur concentrations in
various lakes has been attributed to the transport of gases
and particulate matter containing sulfur in the atmosphere
and subsequent precipitation with rainfall (ESTEVES, 1998).
The concentrations of zinc (Zn) in the suspended material var-
ied; the average from the four sampling episodes were 1.4,
1.3, 2.1 and 1.2 pg.L", which is lower than the average of
3.1 pg.L" found in the Passauina Reservoir. These values are
compatible with various aquatic environments, as noted by
Esteves (1998), including the lakes Jacaretinga, Calado, Cas-
tanho and Taruma-Mirim, in the Amazon, with 2.2 ug.L", 3.0
pg.L", 2.9 pg.L", and 4.0 pg.L", respectively. Studies on the
Mogi-Guagu River (MG/SP), on the other hand, show com-
paratively high values above 30 pg.L"" and reaching 200 pg.L
! thus demonstrating the anthropogenic effects on its study
area. These levels are already having chronic toxic effects on
fish. For humans, zinc accumulates in the liver, prostate, pan-
creas, pancreatic juice and seminal fluid. In human tissues,
its concentration ranges from 10 to 200 mg.L", the highest
accumulation found was in the retina and in the prostate,
between 500 and 1,000 mg.L" (ESPINDOLA et al. 2003). The
significant presence of manganese is common and its sources
are ferromagnesian minerals that have been weathered and
transformed into oxidized forms mainly present in soils
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3.3 ELEMENTAL COMPOSITION OF THE
DISSOLVED PHASE

The study of the distribution pattern of trace ele-
ments helps us to understand the geochemical processes
controlling the hydrochemistry of river systems (ZHANG
& SELINUS, 1997). Using the methods of ICP-OES and
ICP-MS, this study proposes an estimation of the load of
suspended solids and the concentration of trace elements
and higher across the Rio Verde reservoir to identify the
probable natural and anthropogenic sources of each ele-
ment. Tables 6 and 7 indicate the concentrations of the
main metals found in both surface water and in the water
column in terms of the month of the year.

In general, concentrations of each component ana-
lyzed were similar at different points and depths in the
reservoir for both samples collected in August and Octo-
ber, 2008. It is clear, however, that some elements indi-
cated concentration values higher than others. In the August
samples, when Ca, Mg, Na and K were not analyzed, we
can see that silicon (Si) showed an average concentration of
3.53 mg.L", while other elements such as silver (Ag) and cop-
per (Cu) had concentrations ranging from 0.0001 mg.L" to
0.0016 mg.L", respectively. In the October samples, cal-
cium (Ca), magnesium (Mg), sodium (Na), potassium (K)
and silicon (Si), showed concentrations greater than the
evaluated group. Variations found between abundant ele-
ments in the particulate matter and dissolved in the water
column are directly associated with the crystallinity/solubil-
ity of suspended minerals.

Table 8 shows the comparison of the average con-
centrations found in the Rio Verde Reservoir with other
reservoirs from within Brazil and worldwide.

Comparing the results, we note that the average
concentrations in the Rio Verde Reservoir are similar to the
average concentrations found in the reservoirs of Garonne,
Dordogne and Isle in France, as well as The Balaton located
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in central Europe. The values calculated for the Irai Reservoir
were also similar, with a discrepancy only in the case of man-
ganese (Mn), which showed a concentration of 0.03 mg.L"
at Iraf and 0.0008 mg.L" in August, and 0.000008 mg.L" in
October at Rio Verde. We can see extremely high concen-
trations of calcium (Ca) and sodium (Na) in the Wills Creek
Reservoir in Ohio, USA. The average concentrations of these
elements are 7.98 mg.L"" and 3.86 mg.L™" in Rio Verde and
8.7 and 15.9 mg.L™" in the Bangpra reservoir in Thailand, re-
spectively. In Ohio these concentrations are of 78 mg.L" and
93 mg.L", respectively; this is due to a drainage abatement
project in a coal mine located in the vicinity of the reservoir.

The reservoirs of Funil in Itatiaia, Rio de Janeiro, Tu-
curuf in Paraiba, and Agua Fria in Barra da Choca, Bahia,
Brazil, showed concentration levels higher than those
found in Rio Verde. The Funil Reservoir is the most con-
taminated, with concentrations of aluminum (Al), arsenic
(As), chromium (Cr), iron (Fe), manganese (Mn) and nickel
(Ni) above the limits allowed by CONAMA.

The Billings reservoir in Braco do Rio Grande, Sao
Paulo, stands out negatively due to the high concentration
of all elements analyzed. This is because it is located in the
Alto Tieté Basin. In the 1940s’, water from the Tieté River
and its tributaries was diverted to increase the flow of the

TABLE 6 — RESULT OF HEAVY METAL ANALYSIS BY ICP-OES AND ICP-MS — AUGUST 2008

Ag 0.02 0.03 0.01 0.01 0.01 0.02 0.0035 0.01 0.01
As 0.16 0.18 0.19 0.16 0.19 0.16 0.15 0.11 0.18
Ba 22.9 26.1 25.8 25.9 25.7 26.5 26.2 26.5 26.7
Cd 0.01 0.03 0.03 0.03 0.01 0.01 0.09 0.04 0.05
Co 0.05 0.12 0.10 0.07 0.05 0.37 0.17 0.04 0.05
Cr 0.45 0.67 0.44 0.47 0.39 0.38 0.36 0.37 0.46
Cu 0.99 3.69 2.12 1.39 0.78 1.24 1.19 0.83 2.62
Hg 0.48 <DL <DL <DL <DL <DL <DL <DL <DL
Li 0.23 0.33 0.22 0.24 0.21 0.31 0.19 0.21 0.26
Mn 2.66 1.46 0.73 0.51 0.20 0.31 0.55 0.37 0.30
Mo 0.15 0.30 0.18 0.14 0.33 0.23 0.17 0.13 0.13
Ni 0.29 1.28 0.70 0.53 0.32 0.33 0.37 0.27 1.23
Pb 0.33 0.50 0.36 0.26 0.22 0.21 0.33 0.22 0.30
Sb 0.18 0.10 0.18 0.14 0.19 0.18 0.18 0.19 0.18
Si 3863 3847 4229 3204 3510 3335 3221 3331 3208
Sn 0.27 0.26 0.21 0.22 0.21 0.19 0.22 0.19 0.17
Ti 0.43 0.43 0.43 0.31 0.35 0.27 0.36 0.35 0.38
\ 0.17 0.24 0.23 0.22 0.21 0.21 0.19 0.20 0.21

** < DL below the detection limit

TABLE 7 — RESULT OF HEAVY METAL ANALYSIS BY ICP-OES AND ICP-MS — OCTOBER 2008

Ag 0.02 0.03 0.01 0.01 0.01 0.02 0.0035 0.01 0.01
As 0.16 0.18 0.19 0.16 0.19 0.16 0.15 0.11 0.18
Ba 22.9 26.1 25.8 25.9 25.7 26.5 26.2 26.5 26.7
cd 0.01 0.03 0.03 0.03 0.01 0.01 0.09 0.04 0.05
Co 0.05 0.12 0.10 0.07 0.05 0.37 0.17 0.04 0.05
Cr 0.45 0.67 0.44 0.47 0.39 0.38 0.36 0.37 0.46
Cu 0.99 3.69 2.12 1.39 0.78 1.24 1.19 0.83 2.62
Hg 0.48 <DL <DL <DL <DL <DL <DL <DL <DL
Li 0.23 0.33 0.22 0.24 0.21 0.31 0.19 0.21 0.26
Mn 2.66 1.46 0.73 0.51 0.20 0.31 0.55 0.37 0.30
Mo 0.15 0.30 0.18 0.14 0.33 0.23 0.17 0.13 0.13
Ni 0.29 1.28 0.70 0.53 0.32 0.33 0.37 0.27 1.23
Pb 0.33 0.50 0.36 0.26 0.22 0.21 0.33 0.22 0.30
Sb 0.18 0.10 0.18 0.14 0.19 0.18 0.18 0.19 0.18
Si 3863 3847 4229 3204 3510 3335 3221 3331 3208
Sn 0.27 0.26 0.21 0.22 0.21 0.19 0.22 0.19 0.17
Ti 0.43 0.43 0.43 0.31 0.35 0.27 0.36 0.35 0.38
\ 0.17 0.24 0.23 0.22 0.21 0.21 0.19 0.20 0.21

** < DL below the detection limit
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dam. Needless to say, the river is in critical condition due to
the release of residential pollutants and industrial contami-
nants. Analyzing the quality of water based on the con-
centrations of dissolved heavy metals measured at several
points, we found “subtle” changes in the concentrations
of a particular metal. This observation is valid both when
comparing surface points and points at different depth.

For purposes of supply, the Ministry of Health (Ordi-
nance no. 518, March 25, 2004) established the responsi-
bilities and procedures for the control and monitoring of
water quality for human consumption and its drinkability
standards. This rule defines drinking water as water for
human consumption of which microbiological, physical,
chemical and radioactive parameters meet the drinkability
standards and offers no health risks. In totaling the con-
centrations of the elements analyzed by XRF and ICP, the
contribution of solid and dissolved parts, respectively, with
the total amount of heavy metals present in the Rio Verde
Reservoir, we did not observe levels of heavy metals above
those outlined in the Ordinance.

3.4 SURFACE POTENTIAL

When sediment comes in contact with water, the
constituent elements of the sediment exchange with the
water at the interface until the dynamic balance is reached:
processes of adsorption/desorption and precipitation/dis-
solution. This equilibrium is usually described as the Lang-
muir adsorption isotherm (Weber et al. 1991).

3.4.1 Importance of Zeta Potential for stability
formulation

When small particles collide, they can be induced
to aggregation. These collisions can be minimized in two
ways: steric and electrostatic repulsion. In the absence of
the steric effects of colloidal protection, stability of colloi-
dal systems is determined by the balance between attrac-
tive and repulsive forces experienced by the particles when
they approach each other. If repulsion is mutual, dispersion
will resist flocculation. If there is no repulsion, flocculation
or coagulation could occur.

pH, electrostatic repulsion and stability formulation
is outlined with the examples below. The general rule for
electrostatic stability is determined by the value of Zeta po-
tential of + /-30 mV (Figure 4).

A large number of physical and chemical parameters
directly influence the zeta potential of the particulate material

STABLE

UMSTABLE

Zeta Potential (m\)

STABLE

pH
FIGURE 4 — ZETA POTENTIAL VARIATION WITH pH
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suspended in water in systems with a homogeneous mineral-
ogy. The chemical parameters that can be modified include
the addition of solutes such as: metal salts, salts of electrolytes
that alter the ionic strength of the medium (NaCl, NaNO3,
KCl), and pH variation. Among the physical parameters, the
temperature and viscosity of waters can be included.

3.4.2 The effect of pH and Phosphorus
preferential sorption species

The adsorption of phosphorus in adsorbents is deter-
mined by the surface load and the state of protonation of
phosphorus in the aqueous medium. Studies of soils and
sediments in the laboratory show that the absorption of
phosphorus varies with pH, but there is little information
available on the direct effects of pH on the sorption of P
in lake sediments. In the short term, the phosphorus cycle
is related to variations of pH in the equilibrium of sorption
and kinetics and, in the long term, on the effects of acidi-
fication on rates of biological mineralization and sediment
composition. In most systems, the sorption of anions, such
as phosphate, decreases with increasing pH and the sur-
face load becomes more negative. However, the effect of
pH on the adsorption of phosphorus cannot be generalized
and depends on each system.

The amount of adsorbed P and the zeta potential of
the sediment particles apparently do not show any direct
relationship. That is, when a negative zeta potential be-
comes more negative, the amount of P sorbed remains at
the maximum until a certain pH is reached, instead of de-
creasing rapidly due to electrostatic repulsion as expected.

In fact, the adsorption of phosphorus must be as-
sessed by observing both the chemical nature of the sedi-
ment, that is, the adsorption process in relation to chemical
affinity, and the electrostatic interactions in the sediment-
water interface.

Thus, an evaluation of the electrokinetic profile and
pH of the suspended material was made at different points
and depths of the reservoir. The results obtained from dif-
ferent sampling points are shown in Table 6 and subse-
quent figures; they aim to illustrate the zeta potential as a
function of the depth profile and pH. The general trend of
reduction of the zeta potential with the increase of pH was
confirmed (Table 6).

The higher the zeta potential, the greater the repul-
sive forces and the more stable the colloidal systems, Zeta
potential of +/-30 mV. The results of this research indicate
that the zeta potential varies from -15 to -40 mV in the
reservoir in the samples collected in 2008. Thus, only two
points, R3 (0 m) and R4 (2.5 m), taken in August, and point
R3 (0 m), in October, can be considered as regions with
colloidal stability (Figure 3). However, the fact that the pH
in the same sampled points differs when the sampling peri-
ods are compared must be taken into consideration. Other
relevant information is that the average particle diameter
also differs when comparing the sampling places and pe-
riod. Such changes between the August and October may
be related to the fact that weather conditions in the two
samples were different. While, in August, we had a lot of
rain during the week prior to the sample collection, in Oc-
tober, it was a sunny day.
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TABLE 9 — ZETA POTENTIAL AND PH OF SUSPENDED MATTER SAMPLED IN DIFFERENT STATIONS OVER 2008-2009

Aug Zeta Potential (mV) -17,6 -248 | -21,9 | -19,4 | -29,3 | -19,1 | -17,5
2008 pH 7.1 7,1 7,0 7,2 7,2 7,0 6,8 6,7

October| Zeta Potential (mV) -16,4 | -19,2 -39,3 -13,6
2008 pH 7,4 7,1 7,5 7,4 7,2 7.4 7.1 6,4
April Zeta Potential (mV) 92 |-146 | -7,0 | -10,2 -13,1 | -143 | -99 | -116 | -14,0
2009 pH 7,4 7,3 7,4 7,2 7,3 7,3 7,2 6,5 7,4
May Zeta Potential (mV) -14,0 -11,3 | -11,7 | -13,4 | -10,9 -8,6 -9,9 -9,6 -10,1
2009 pH 7,4 7,2 7,2 7,2 7,0 7,0 7,0 7,1 7,4
June Zeta Potential (mV) -14,4 | -15,7 | -16,4 | -14,0 -16,2 | -15,6 | -15,2 | -14,8 | -12,0
2009 pH 7,3 7.4 7.4 7.4 71 7,2 7.1 7.1 7,3
July Zeta Potential (mV) -14,9 -15,0 | -146 | -15,6 | -15,9 -12,0 | -13,6 | -14,1 | -13,8
2009 pH 7,4 7,3 7,4 7,4 7,0 7,1 7,1 7,0

The results of the zeta potential of the 2009 samples
range from -7 to -16.4mV and they are more unstable,
as there is no point from any of the four samples which
is in the stability range. We must consider, however, that
point R3 (Om), in which colloidal stability was verified in the
2008 samplings, was not sampled in the subsequent year.
In August and October 2008, we observed lower values
of pH at greater depths: 6.8, 6.7 and 6.4, from R4 Ill (5m)
and R4 IV (7.5 m) in August, and R4 IV (7.5 m) in October,
respectively. This pattern was only confirmed in the sample
from April 2009, in which the pH was 6.5 for R4 IV (9.5 m).
In the other samples, the pH values showed little variation
ranging from 7.0 to 7.4.

The results of average diameters (nm) showed sig-
nificant fluctuations. They varied among the different
sampling points, depths, and dates of collections, and we
did not see any relationship between these changes and
the pH, zeta potential, or climatic conditions. In general
terms, the negative zeta potential can be associated with
the adsorption of organic acids. This information is relevant
because the suspension of particulate material in the reser-
voir, as well as subsequent treatments and filtration, will be
impacted by tendencies of surface potential due to natural
and anthropogenic events occurring in the reservoir and/or
tributaries. The zeta potential measurements in this study
were similar to the variations expected in surface water.
The zeta potential in the waters of the Rio Verde Reservoir
did not show a definite trend with respect to pH.

3.5 SEDIMENT COMPOSITION

Sediment samples collected at the four sampling
points within the reservoir were subjected to X-ray dif-
fraction for mineralogical determination and X-ray fluores-
cence to assess its chemical composition.

In all samples, kaolinite and quartz were identified as
major mineral components (Figure 5). Gibbsite aluminum
hydroxide and goethite iron oxyhydroxide were found in
all samples. Other phyllosilicates such as chlorite and mus-
covite or illite were detected in the samples subjected to
treatment. In samples R1, R2 and R3, the presence of a
clay mineral with ratio Si:Al of 2:1 was found, probably a
montmorillonite. At sample point R3, the results indicate
the presence of chlorite.
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The entire mineralogical framework indicates the
prevalence of detritus material or material generated dur-
ing the weathering of the basin rocks, or composed of re-
sistate minerals, the latter present in soils as components
of the original rocks. Quartz, muscovite/illite, and probably
chlorite would be present in the original rocks, while ka-
olinite, goethite, and gibbsite were generated mainly in
soils and weathered mantle of rocks. 2:1 minerals, in turn,
originate most likely in sedimentary rocks of the Guabiro-
tuba Formation and to a lesser extent may also come from
weathered biotite bands of gneissic rocks.

As for chemism (Table 10), the gradual increase of
silica in the sediments, from upstream to downstream, is
noteworthy (Figura 6). This behavior can be linked to the
deposition of diatoms formed in the lake and progressively
precipitated downstream, in the lake itself. Iron content
has a contrasting behavior, as it is higher in R1 than in R4.
In this case, higher levels upstream can be understood as a
reflection of the higher density of ferruginous compounds,
products of basin erosion, which are transported by the
Rio Verde and tend to precipitate with the loss of transport
capacity within the lake.

TABLE 10 — CHEMICAL COMPOSITION OF SEDIMENTS

SiO 36.1 40.6 44 50.5
ALO 25 24.8 25.9 21.4
Volatile 21 | 186 | 188 | 148
(loss on ignition)
Fe,O 15.3 13.4 8.3 9.5
K,O 0.5 0.3 0.4 1.3
TiO, 0.8 1.1 1.2 0.9
MgO 0.4 0.3 0.5 0.5
SO 0.2 0.2 0.1 0.3
PO, 03 | 02 | 03 | 02
Ca0o 0.2 0.1 0.2 0.1
BaO 0.1 0.1 0.1 0.1
MnO 0.1 0.1 0.2 0.1
CeO, 0.1
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The decrease in the amount of volatiles is interpreted
as a consequence of the more rapid deposition upstream
of larger vegetal debris carried from the hydrographic ba-
sin to the lake by the main tributary.

Less abundant elements, such as phosphorus, do not
show regular variation, which is also the case for Ti, Mg,
S, Ca, Ba, and Mn. The presence of cerium, in amounts
detectable by the methodology employed, is not pecu-
liar considering the significant presence of rare-earths in
the Guabirotuba Formation first mentioned by Coutinho
(1955).

4. CONCLUSIONS

Information generated in this study on ionic macro-
constituents, suspended particulate matter, and sediments
in the Rio Verde Reservoir, allowed a spatial characteriza-
tion of the elements coming from the hydrographic basin
and their concentrations at the time of study. This informa-
tion allowed us to evaluate different parameters that may
be indicative of the quality of the water in the reservoir.

The composition, especially of metals in solution in
the waters of the tributaries of Rio Verde Reservoir, is the
result of the lithology of the basin, with a strong influence
from the karst section. The hydrochemical characteristic of
the waters is calcic-bicarbonated to mixed-bicarbonated,
with low contents of sulfate.

In light of the findings on the availability of trace
metals in the water of the reservoir, including the contri-
butions in the solid phase (particulate matter) and the dis-
solved phase, we may conclude that the reservoir water is
not jeopardized by the presence of toxic metals.

The minimal presence of phosphorus, both as sus-
pended particulate matter and as water soluble matter,
indicates that pH and zeta potential are in a range that
promotes the adsorption of phosphorus in the sediment
and/or that there are no significant anthropogenic sources
of phosphorus. Phosphorus sorption processes have com-
plex mechanisms and are influenced by various factors and
as such further studies should be performed.

The lithological characteristics and the chemism of
sediments studied represent the geology of the reservoir’s
drainage basin. Based on the expertise employed in this
study, there were no significant chemical changes that
indicate recent anthropogenic activities in the reservoir or
coming from tributaries. Finally, we may conclude that this
study can serve as the foundation for future environmental
and geochemical investigations in the region, once con-
centration ranges and reference relationships for monitor-
ing have been established.
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SUMMARY

Reservoirs experience increases in nutrient levels due to both human actions and natural processes, which play a domi-
nant role in the eutrophication process. The goal of this study was to qualify and quantify the loads that contribute to
the Rio Verde Reservoir Araucaria, Parana State, Brazil, and to propose criteria for classifying the potential pollution
impact of such loads in tributaries, reservoirs and hydrographic sub-basins. Water samples for physicochemical analysis
were collected from 13 tributaries in different sub-basins between 2008 and 2010. The results were used to build a
classification matrix (2PAM - Pollution Potential Assessment Matrix) based on the pollution potential. This matrix was
based on three different perspectives related to pollution: i) stream water quality; ii) reservoir ecosystem equilibrium;
and iii) sub-basin management. Four variables were assessed (total phosphorus, total nitrogen, BOD and COD) and
weighted based on concentration, total load and unit-area load. Each parameter was weighted based on the ana-
lyzed scenarios and priority levels for management were set. The 2PAM matrix provided a different way to analyze
concentrations and loads, enabling managers to prioritize action plans according to the desired use of the basin and
this analysis can be replicated in other reservoir basins. From the perspective of river basin management, sub-basins
F4 and TE-10 of the Rio Verde Reservoir were classified as having the highest pollution potential and should therefore
be prioritized. From the perspective of stream water quality, as well as from the perspective of reservoir ecosystem
equilibrium, the tributaries TE10, F1 and Mouth F4 were identified as having the highest pollution potential.

KEYWORDS

Nitrogen, phosphorus, pollution potential, load.

1. INTRODUCTION

All actions and activities performed in a drainage area
will directly or indirectly affect water quality: untreated
sewage increases the risk of waterborne diseases; industri-
al and organic effluents reduce dissolved oxygen and gen-
erate chemical contamination; erosion increases the tur-
bidity of the water, carries nutrients, and causes siltation;
pesticides used in agriculture can be washed down-stream
causing problems for aquatic biota and for humans who
consume the water; and sewage, even if treated, along
with misguided agricultural practices increase trophic levels
of water, among others.

World-wide, eutrophication is regarded as one of the
five major water-supply related problems. Considering that
the pollutants noted above significantly accelerate and en-
hance eutrophication in reservoirs, it is essential to identify
the factors influencing eutrophication in order to support
prevention management and decision-making.

The reservoir eutrophication process is a conse-
quence of the relationship among several climatological,
hydrological, morphological, physicochemical, and biologi-
cal factors that occur not only in the drainage basin but
also in the reservoir itself. Human activities contribute the
most to the acceleration of this process.

Eutrophic environments are characterized as hav-
ing water with limited transparency, shallow depth and
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high nutrient levels. There are several factors involved in
the process of algal blooms or the proliferation of mac-
rophytes; however, most researchers have focused on as-
sessing the impact of organic matter, silica, nitrogen, and
phosphorus on microalgae growth, with phosphorus play-
ing a key role in algal blooms in tropical and subtropical
water bodies. The high concentration of nutrients (espe-
cially nitrogen and phosphorus) can result in significant
primary production of macrophytes and microalgae. In the
case of an overpopulation of cyanobacteria, water quality
may be seriously affected, especially in water sources used
for public water supply.

In Brazil, several reservoirs have experienced serious
problems with algal blooms. In the state of Parand, the
cities of Curitiba, Londrina, Pinhdo, Foz do Iguacu, and
Ponta Grossa have been dealing with similar problems and
recently the Rio Verde Reservoir in Araucaria has begun
to draw the attention of local managers. The Rio Verde
Reservoir showed the first evidence of elevated trophic lev-
els in 2005, when the presence of the potentially toxic cya-
nobacteria Cylindrospermopsis raciborskii was confirmed
in densities greater than 90,000 cells/mL. This reservoir
is affected by both natural and anthropogenic processes,
particularly in relation to rural and urban development. The
problems arising from the density of populations around
the reservoir include soil sealing, irregular releases of do-
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mestic and industrial effluents, and pollution from ceme-
teries and gas stations. In rural areas, the problems include
soil over-use, the intensive use of fertilizers, riparian defor-
estation, and improper land-use management.

2. RELIABILITY OF WATER QUALITY
ASSESSMENTS

This discussion focuses on the importance of reliable
data in assessing water quality. Here, the intention is to
discuss the reliability of water quality assessments that are
performed routinely, from two particular perspectives: i)
reliability of sampling and analysis; and ii) the use and in-
terpretation of data.

When evaluating the reliability of water sampling
and analysis, it is not uncommon to observe problems in
the data. The main question is whether there is a particu-
lar problem during the process of data collection or if the
result obtained is different from that expected and the ex-
planation is not immediately obvious.

In most cases, operational problems are to blame,
such as data collection, analytical procedures, or even data
processing. As for the second situation, researchers should
always be diligent in the analysis so that new information
does not go unnoticed and they should feel free to leave
the obvious aside so that important and relevant informa-
tion may become clear.

Too often we find that there is a problem with the
data and then questions arise relating to the initial stages
of research, such as data collection. At this stage many
questions can be asked, including: In what climatic con-
ditions were the samples collected? Was there adequate
preservation of the sample? Was there adequate cleaning
of the sampling materials? Was there any interference or
contamination? Between the sampling and the analysis,
several other steps and activities take place and at this
point it is very difficult to determine where the error oc-
curred.

There are two primary types of errors: determined
and undetermined. Certain determined errors are caused
by failures in the analytical procedure or in the equipment
used and can therefore be avoided. When these errors are
constant, they may go undetected, sometimes either un-
derestimating or over-estimating the true values (JEFFERY
etal., 1992). Therefore, even with a high correlation across
several repetitions, the values might not be the real ones.
Undetermined errors cause variations above and below the
actual values, they are inconsistent and often small and
thus are difficult to detect. They may be caused, for ex-
ample, by problems in the calibration process (ROBINSON,
1990), or systematically during sampling. Thus, we could
say that errors accumulate at every step of the process and
control over these errors is quite difficult. Statistics can be
used to try to identify and minimize uncertainties; how-
ever, the best alternative is to manage every step of the
process, from beginning to end, with the utmost care and
attention. As such, standard procedures and training are
crucial.

Another serious problem is the ability of samples to
represent the ecosystem being studied. It is also possible
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that samples do not actually portray the conditions of the
area. Sampling for water quality monitoring should also
seek to verify the influence of all climatic variables, espe-
cially rainfall. However, much of the systematic collections
carried out by the government agencies that are required
to do so are only performed under stable weather con-
ditions, i.e. with no rain. Studies have shown that water
samples collected in the presence and absence of rain are
extremely different from each other, varying by more than
1,000% (CARNEIRO, 2008).

Another common problem is the format and reli-
ability of historical data. With regards to the formats used
in historical data, information is often presented in differ-
ent units and scales. Phosphorus, for example, is found in
reports as phosphorus, total phosphorus, reactive phos-
phorus, orthophosphate, total phosphate, or reactive
phosphates, etc. There is no problem in making the ap-
propriate conversion; however, the problem lies in deter-
mining the reliability that the unit being described is the
really one being used. Furthermore, in using data from
many years ago information is often systematically pre-
sented in one way and in subsequent measurements it is
changed. Therefore, the question remains as to whether
it is possible to trust and use the necessary conversions or
if that there was misunderstanding in the data units em-
ployed. This problem happens frequently in studies using
long-term data in their analysis. It is therefore necessary
to promote not only the standardization of sampling, but
also the recovery of missing historical data. This problem
is not new, but it persists.

Reliability is a particular problem in long-term da-
tabases. Considering all the above-mentioned factors re-
lated to sampling procedures and laboratory analysis, the
reliability of these data is frequently questioned. Once the
technical problems related to water quality have been as-
sessed, it is important to address the interpretation of gen-
erated data.

In assessing water quality, there are some standard
assumptions (most of which are relevant and true), such as:
the presence of ammonium compounds in water indicates
the occurrence of a recent pollution episode; high levels of
nitric compounds suggests a non-recent pollution episode;
the presence of Escherichia coli is associated with the pres-
ence of sewage; high levels of phosphorus is mainly due to
sewage and (or) agricultural and industrial activities; high
COD/BOD ratio indicates pollution that is predominantly
chemical, etc. However, it is important to note that when it
comes to environmental issues, several interrelated and dy-
namic aspects are inherent and therefore all aspects must
be considered in order to minimize misinterpretations. For
example, the presence of nitrogen is commonly associated
with organic discharges and nitrogen fertilizers. However,
the rain water itself may bring small amounts of dissolved
ammonia or nitric acid from lightening or even from in-
dustrial gas emissions that release nitrogen gases in the
atmosphere.

It is important to note that the assessment of water
quality requires not only technical knowledge, but also sci-
entific rigor and focused, relevant, and objective research.
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3. CONSIDERATIONS RELATED TO
LOAD ASSESSMENTS

3.1 POINT SOURCE AND DIFFUSE POLLUTION

Loads that cause surface water contamination can
come from various sources. According to Bollmann, Car-
neiro & Pegorini (2005), the main pollutants that deterio-
rate water quality include:

e Suspended and dissolved solids: transported to
water bodies by urban and rural runoff, increasing
water turbidity;

e Organic material: from rural, industrial and urban
areas, point source or diffuse loads, reducing the
availability of dissolved oxygen for aquatic biota;

e Nutrients: mainly nitrogen and phosphorus, pro-
viding a rapid and intense increase in primary
production of macrophytes and other associated
problems;

e Heavy metals, organic pollutants and other haz-
ardous substances: accumulate in sediments and
in the biota;

e Bacteria and viruses: potentially disease causing.

Pollutant loads move into watercourses in namely
two ways: point source and nonpoint source (diffuse),
contributions. Point source contributions correspond to
localized natural or anthropogenic releases. Diffuse con-
tributions are dispersed discharges into the environment
that are directly related to meteorological factors, mainly
rainfall, which is responsible for much of the solubilization
and input of nutrients into watercourses. As such, diffuse
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contributions are difficult to quantify and control.

In general, industrial releases and discharges, regu-
lar or not, are the main cause of point source pollution;
on the other hand, non-point source discharges are mainly
the result of agricultural activities. Sewage, drainage and
runoff of urbanized areas can be characterized in as both,
sometimes concentrating in storm drains (point source), or
draining into lower areas through runoff (diffuse).

A striking feature of diffuse loads is the fact that the
discharge of this load is intermittent and is related to rain-
fall events. Thus, it is assumed that the diffuse load enters
into a water body when the runoff caused by rainfall car-
ries such a load.

Considering that rainwater is the main vehicle of
diffuse pollution, it is essential to include weather condi-
tions, especially rainfall, in water assessment. Rainwater
promotes the entrainment of particulate and dissolved par-
ticles. The intensity of the rainfall, in association with the
chemical and physical properties of the soil, moisture, and
type of land-use/land-cover, determines the strength and
magnitude of the runoff and interflow. The influence of
each of these variables is dependent on the climate and
the activities in the environment, whether rural or urban.

Due to intense urbanization over recent decades,
there has been an increase in soil sealing, leading to sig-
nificant increases in runoff (Figure 1). Runoff from urban
areas carries most of the solid and liquid waste deposited
on roofs, streets, sidewalks, promoting a type of “cleans-
ing” of the city, with the runoff eventually reaching water
bodies.
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FIGURE 1 - DIAGRAM OF THE EFFECT OF URBAN DEVELOPMENT ON

HYDROLOGICAL BEHAVIOR

Note: ESD: direct surface outflow

Source: Adapted from Fisrwg (1998); Zahed Filho & Porto (2010)
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Tomaz (2006) points out that at least an average of
25% of the water pollution comes from diffuse sources;
however, this number can be significantly higher, even in
urban environments where point source loads usually pre-
vail. In domestic wastewater, the concentrations of total
phosphorus are usually around 6.5 to 9.0 mg/L and 2.0 to
7.0 mg / L for orthophosphate (METCALF & EDDY, 2003;
SPERLING, 1996).

Generally, water flow can be divided into: 1) runoff,
which represents the flow over the surface of the soil and
its multiple channels; 2) interflow, which represents the
flow that occurs in the sub-surface, i.e., in the soil profile;
3) groundwater flow, which is the flow of water into the
aquifer. In general, runoff and groundwater flow predomi-
nate.

Agricultural areas also produce a significant diffuse
nutrient contribution, especially given the large amount of
fertilizers used for some crops. In studying water bodies,
Cordeiro Netto & Dutra Filho (1981) observed that agri-
cultural activities and dumping of illegal sewage were the
major anthropogenic sources of phosphorus. The problem
intensifies when there is a lack of management practices
and conservation measures. These conditions enhance the
effects of water quality degradation. According to stud-
ies conducted on north-American catchments, the type
of crop may influence the amount of soluble phosphorus
that reaches water bodies. By way of comparison, a study
by Sharpley & Halvorson (1994) found that in areas with
90% forest cover, the concentration of soluble phosphorus
in the surface runoff reached 0.009 mg/L, while in areas
with 90% agricultural crops, this concentration reached
0.071 mg/L. Further, Jorgensen (1989) compiled studies
on the estimated export of pollution from different geo-
logical substrates, considering different land uses (Table 1).
In Brazilian soils in general, the natural levels of pollution
are considered low. The content of total phosphorus in the
soil, including organic and inorganic, ranges from about
0.01 t0 0.30%.

TABLE 1 — EXPORTATION COEFICIENTS FOR TOTAL P (mg/
m2/year) TAKING INTO ACCOUNT BASIN GEOLOGY

TYPE OF ROCK

IGNEOUS SEDIMENTARY
Forest
Interval 0.7-9 7-18
Average 4.7 1.7
Forest + Pasture
Interval 6-12 11-37
Average 10.2 233
Agriculture
Citrus 18
Pasture 15-75
Cultivated areas 22 -100

SOURCE: JORGENSEN (1989)

Salas and Martino apud Silva (2006) also proposed
some Total Phosphorus export coefficients based on land
use, as shown in Table 2.
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TABLE 2 — EXPORTATION COEFICIENTS OF TOTAL P (mg/
m?.year) RELATED TO LAND USE

LAND USE TOTAL P
Urban 100

Agriculture 50
Forest 10

SOURCE: Salas and Martino — apud Silva (2006).

According to Eiger et al. (1999), the sources of dif-
fuse loads in rural areas include: agricultural and livestock
activities, mining, leisure farms and natural areas. For ag-
ricultural activities, the loads depend on the type of crop
and the phase of the production cycle (which includes soil
preparation, sowing, growth, and harvest), while for pro-
duction of livestock the loads depend on the type of activ-
ity and techniques being used. Mining has a high pollution
potential depending on the type of ore and the adoption
of appropriate extraction techniques. Rural recreational
and leisure properties dispose of sewage and domestic
waste generated from household activities, while natural
areas can produce diffuse loads, for example, through
decomposing organic plant matter carried to waterways
through runoff.

Furthermore, Eiger et al. (1999) note additional
sources of diffuse loads in rural areas, including: domestic
sewage dumped directly into rivers; solid waste dumped
directly into rivers or the drainage system; waste arising
from the decay of pavements; residues from tires, oils and
lubricants, etc. Moreover, atmospheric deposition may also
be considered as a source of diffuse loads, although usually
on a minimal scale.

3.2 NUTRIENTS: QUANTITY X AVAILABILITY

The availability of a given chemical element can be
understood as the fraction of the element actually capable
of being absorbed or used. The availability of an element
depends on many correlated and uncorrelated variables
and it is highly complex, especially for elements that oc-
cur at trace levels and unstable conditions. Such variables
include physical, chemical and biological processes. Water
molecules are very effective in solubilizing other molecules;
it can stimulate numerous chemical reactions, resulting in
compounds of higher or lower toxicity. Among the inter-
vening factors, the following are noteworthy: temperature,
types of associated organisms, pH of the water, and oxy-
gen content.

Once in the aquatic ecosystem, chemical elements
can be found in different aspects of the ecosystem (water
column, sediment, interstitial water) and in different states
(organic/inorganic,  suspended/settled/dissolved,  com-
plexed/isolated, etc.).

Bioavailability is a pharmacokinetic term which refers
to the amount and speed at which a chemical element or
active ingredient is absorbed and becomes available at the
target site; however, this term can be used in the eco-phys-
iology of aquatic environments as the fraction that can be
effectively utilized by the biota. Often, a significant amount
of a given compound exists in an environment but in a
condition of non-biological availability, i.e. not available for
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direct absorption.

The biological availability of phosphorus in aquatic
ecosystems is limited in environments with little human
interference with values that are usually below 30ug/L.
Although soil phosphorus levels are higher compared to
water levels, the majority of the phosphorus is in a condi-
tion of low availability.

More than 90% of soil P is in a non-labile form fixed
to the clay and is thus not readily available. Research by
Pierzinzky et al. (2000) showed that 50 to 70% of P exists
in an inorganic form in soil but in relatively stable bonds.
Of these, an average of Tmg/dm? is labile and only 0.03
mg/dm? exists as inorganic phosphate in the soil solution, a
very minimal amount critical to plant development. These
amounts can vary widely depending on a several factors.
However, a concentration of 0.03 mg/dm? also hinders
cyanobacterial blooms in aquatic ecosystems. On the other
hand, in addition to soil dissolved phosphorus, adsorbed
and absorbed P, as well as aluminosilicates (clays) should
be considered, which in most basins are transported to
water bodies through erosion, thus representing the major
source of phosphorus.

Although the values of orthophosphates are mini-
mal, they can be quite significant considering that these
forms are readily absorbed by microalgae. The soil, rocks
and mineral loads are diffuse, usually minimal, and difficult
to control; nevertheless, they can have a significant impact
on the trophic states of aquatic ecosystems.

3.3 FLOW EVALUATION

In order to estimate the contribution of the organic
and inorganic load, it is necessary to know the hydrologi-
cal regime of the tributaries, as well as variations in flow.
In general, the relationship between the concentration of
dissolved materials and the flow is inverse, except in the
case of the so-called “valetdo effect” (Portuguese term)
which refers to the wetting front of a rainfall event, carry-
ing solid and liquid materials accumulated in ducts, chan-
nels or even in the soil, normally with a high pollutant con-
centration. This effect is more pronounced when there is
significant soil sealing.

The rate of river flow is the volume of water that runs
through a cross section of the river over a period of time
(SANTOS et al., 2001). There are different ways to measure
flow: 1) the conventional method of measuring and inte-
grating the distribution of velocity; 2) the acoustic method;
3) the volumetric method; 4) the chemical method; 5) the
use of regular geometric devices; and 6) measurement us-
ing floats.

The conventional method uses measurements of the
distribution of velocity in a cross-section and requires the
calculation of the area of the section and the average ve-
locity of the flow passing through the section. The cross-
sectional area is calculated by measuring the width and
depth of the river at a number of points (verticals) along
the section. In order to obtain the total flow, the midsec-
tion method must be used, which involves multiplying the
mean velocity in each vertical section by the area. The area
is calculated as the depth of the vertical section by the sum
of the midsections to the adjacent verticals. The sum of
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these partial flows provides the full flow of the section.
Through a series of measurements of flow, an elevation-
discharge ratio is defined covering a range of water eleva-
tions observed at the station, i.e. the key-curve or discharge
curve (SANTOS et al. 2001; UFRS, 2007)

3.4 CONCENTRATIONS X LOADS

Considering the spatial area, the chemical composi-
tion of river water varies widely depending on lithology,
vegetation, land-use, and the presence of point source or
diffuse loads (SANTOS et al., 2001). To a significant extent,
the amount of suspended and dissolved particles depends
on the relative contribution of runoff to the river flow,
which fluctuates across space and time.

Several physical, chemical, biological and hydrologi-
cal variables influence the dynamics and nutrient concen-
trations in aquatic ecosystems. With some difficulty it is
possible to quantify the influence of most of these vari-
ables through a mass balance. This enables better control
of water quality and assists in decision-making. Com-
monly, dissolved oxygen, salinity, hydrogen ion potential,
alkalinity, carbon, nutrient content (especially compounds
of nitrogen and phosphorus), heavy metals and solids are
the parameters used for monitoring lakes and reservoirs
(BOLLMANN, CARNEIRO & PEGORINI, 2005).

In analyzing water quality, especially in lentic envi-
ronments, it is essential to consider two aspects: concen-
tration and load. Other variables are relevant when ex-
amining loads, such as: flow rate, total load, and specific
area load. Conducting the analysis under different weather
conditions will better reflect actual conditions of land-use
in the basin and thus provide more reliable technical infor-
mation for the development of preventive and mitigation
strategies.

Although Brazilian legal regulations (CONAMA
357/2005) identifies concentration as the measurement to
be used, load levels may have a greater impact on trophic
levels, especially if there is a dam or long residence time.
Therefore, concentration levels tend to have a greater sig-
nificance in intermittent evaluations in lotic environments,
while loads tend to be more significant in lentic environ-
ments. However, both measurements will be considered.

3.5 FLOW HYDROGRAPH

River discharge is the result of the interaction of pre-
cipitation in the basin with the characteristics of the ba-
sin itself, which in turn influences infiltration, storage and
evapotranspiration.

Typically, the flow can be divided into two parts: sur-
face flow and groundwater flow, as shown in Figure 2.

When rainfall occurs in the basin, the initial rainfall
that reaches the soil infiltrates completely, thus feeding
the underground reservoir. If rainfall is prolonged to the
point of soil saturation, the water no longer infiltrates but
begins to flow over the ground to lower elevations; this
process is known as runoff. This water flow is an impor-
tant event within a basin, especially when considering the
contribution of diffuse loads to the water body as runoff
is responsible for transporting solid and dissolved material
to water bodies.
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FIGURE 2 — HYDROGRAM AND RESPONSE TO RAINFALL
SOURCE: COLLISCHONN & TASSI, 2010

On the other hand, after a long period without rain,
rivers are ‘loaded’ slowly and gradually by water stored in
the underground reservoir. This slow flow, which occurs
during drought, can be called groundwater flow, or base
flow.

When assessing the contribution of pollutant load to
a water body, it is important to distinguish if the river flow
is only due to base flow or if there is pollutant contribution
through runoff. This information allows for important con-
clusions to be made about the water body. For example, if
any pollutant load is detected in a water body during a pe-
riod which mostly consists of base flow, one may conclude
that there is a high probability that the load cannot be at-
tributed to diffuse sources, since during flow recession, no
runoff caries any load to the water body. On the other
hand, the intensity of the input of loads can be related
directly to the magnitude of the runoff.

Thus, by understanding the hydrograph of the water
body to be studied, it is possible to separate runoff periods,
when potential diffuse loads to the river occur. During pe-
riods of mostly groundwater flow, the pollutant load, if ex-
istent, should be point source. After separating periods of
surface and groundwater flow, which may correspond to
drought and floods, the loads monitored in each are distin-
guished. The loads are divided into two groups: base load,
which is the load monitored in recession flow; and diffuse
load, understood as the load associated with rainfall.

4. EVALUATING WATER QUALITY
VARIABLES

All activities that interfere with hydrologic processes
in the catchment will be reflected in water quality. The
socioeconomic situation of communities within the basin,
the geographical position of the water body, geomorphol-
ogy of the basin, anthropogenic activities, and land-use,
among other factors, must be considered simultaneously
in evaluating water quality. The interaction of both internal
and external factors has an impact on water quality, thus
the monitoring plan and evaluation of water quality should
identify all of the activities that interfere with the hydro-
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logic process.

While several parameters have been used as indica-
tors of water quality, some specific parameters can en-
able a better diagnosis and these often depend on type
and purpose of the evaluation. In some cases, more spe-
cific and specialized analyses might also be necessary.
Nevertheless, commonly used basic physical and chemi-
cal parameters provide relevant and consistent informa-
tion on water quality assessment and these parameters
are often used to guide basin management and water
monitoring plans.

The assessment of the Rio Verde reservoir basin is
presented below as a case study which aims to provide
greater insight into this analytical approach. The param-
eters evaluated in this study were determined based on
current Brazilian legislation, CONAMA Resolution n°
357/2005 for fresh water. The parameters selected for the
analysis include those that provide the best description of
water quality, especially those used to determine trophic
states, as well as parameters that reflect ecosystem dynam-
ics and occasional contaminants. This study aimed to eval-
uate the water quality of the tributaries and the influence
of land-use within the sub-basins on the reservoir.

4.1 METHODS AND PROCEDURES

4.1.1 Selection of Sampling Stations

The definition of sampling stations is crucial in evalu-
ating water quality. The criteria for defining sampling sta-
tion must consider the location of buildings and urban ar-
eas, different uses of sub-basins and their potential impact,
optimization of sampling logistics, and budget.

In the Rio Verde Reservoir Basin, 13 sampling stations
were established in the direct tributaries: five areas located
in tributaries on the right bank of the reservoir, eight areas
located in tributaries on the left bank. Two sampling areas
were placed in indirect tributaries and five sampling areas
were located on the Rio Verde River, the main tributary of
the reservoir, four upstream and one downstream of the
reservoir (after the spillway), totaling 20 sampling areas.

4.1.2 Monitoring Period

The time frame for evaluating various parameters
should vary according to the program objectives, logistics
and characteristics of the study area. Considering that it
is necessary to identify and characterize the various point
source and diffuse loads, sampling should be carried out
and organized so that it includes different weather condi-
tions, from periods of drought to intense rainfall.

Sampling occurred between July 2008 and February
2009 and between March and December 2010. Samples
were taken during critical flow periods, as well as periods
of intense and prolonged rainfall. Samples taken during
rainfall allowed for the assessment of diffuse loads, al-
though none of the analyses specifically evaluated the wet-
ting front (an important consideration for future research
studies).

Monthly sampling was taken following the ABNT/
NBR 9897 recommendations (ABNT, 1987) and in order
to address the needs of hydrodynamic modeling projects,
sampling was extended for a few more months.
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4.1.3 Selection of variables and analytical control

There are a large number of parameters related to
water quality that can be used in monitoring programs.
As noted above, the selection of the variables should de-
pend directly on the objective of the study; however, other
factors usually influence sampling area selection, such as
laboratory availability, funding, the physical features of the
basin, accessibility, etc. At the very least, the selected vari-
ables must show the potential interferences in the aquatic
ecosystem in terms of basin use and possible sources of
pollution.

Data was collected for the following parameters dur-
ing the monitoring conducted at the Rio Verde Reservoir:
water temperature, electrical conductivity, COD, BOD,
total-P, reactive-P (orthophosphate), nitrite, nitrate, pH,
total solids, fixed solids, volatile solids, total coliform, and
Escherichia coli density. Conductivity and water tempera-
ture were measured in situ with the aid of a Lutron CD-
4303® conductivity meter. The flow rate was measured
at all points simultaneously during sample collection with
the aid of a gaging station (Newton) coupled to a counter
(Hengstler, model Tico 731) (Figure 4). Precipitation and
air temperature were obtained from meteorological sta-
tion installed in the Rio Verde Reservoir and from the Bom
Jesus meteorological station (Institute of Water - Instituto
das Aguas).

The methods used for sampling, preserving and
transporting samples, as well as laboratory procedures, fol-
lowed the recommendations of the Standard Methods for
the Examination of Water and Wastewater (APHA, 2005).
Samples were collected with the aid of a bucket or the im-
mersion of a vial to assess the concentration of nutrients
in the water at depths of 0-20cm. They were then placed
in coolers, protected from light and heat and sent to the
laboratory for analysis. The maximum time between sam-
pling and transportation to the laboratory was about eight
hours. Samples were collected from all areas on the same
day.

The analysis of the BOD, COD and Total Solids in this
case study only considers the samples taken during the pe-
riod from 2008 to 2009.

4.2 DISCUSSION OF THE MONITORING
RESULTS

4.2.1 Rainfall

There are numerous climatological variables that can
interfere with the nutrient budget (inputs and outputs):
rainfall affects turbidity and trophic levels as the result of
the solubilization and transportation of substances; tem-
perature influences evaporation rates, dynamics of plank-
ton communities, and water profiles; whereas, wind af-
fects the stratification of the water column, re-suspension
of nutrients, and reproductive processes, particularly in
reservoirs. However, we emphasize that it is impossible to
analyze concentrations and loads without considering the
effect of rainfall. Rainfall is the main vehicle driving diffuse
contributions and in most cases it is responsible for the
largest pollutant load, especially from urbanized areas and
poorly managed agricultural activities.

Some basic information regarding rainfall quantity
and intensity is important taking into account water quality
assessments, including: data covering as long a time range
as possible; reliable data (the meteorological station must
be located in close proximity to the study area); seasonal
information (rainy/dry seasons); and when and for how
long it rained before sampling (daily data for a minimum of
10 days prior to sampling). Another very important aspect
is to understand the intensity of the rainfall (mm/h), which
represents the quantity of rain over a period time: 20 mm
of rainfall in one hour is quite different from 20mm in five
hours. Rainfall intensity, therefore, has a significant impact
on the form and conditions of entrainment and solubiliza-
tion.

Figure 5 shows the rates of rainfall during the study
period. These values were applied to the Rio Verde Res-
ervoir water quality analysis; especially those related to
total-P, reactive-P, ammonia-N and nitrate-N assessments
collected during 2010.

As shown in Figure 5, and as suggested above, it is
important to check the rainfall conditions before analyzing
water quality. To avoid misinterpretations, each observed
value should be related to weather conditions, especially

FIGURE 4 — MEASUREMENT OF FLOW WITH AND WITHOUT USE OF BOAT
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when considering the overestimation and underestimation
of data. Over a sequence of 10 sampling events, rainfall
occurred on the days when samples 1, 4 and 8 were tak-

en, with rainfall between 25 and 35mm:; it rained 62 mm
one day before sample 9 was taken. However, the wetting
front was not sampled. Sampling occurred during rainfall
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FIGURE 5 — RAINFALL DURING (a) 2008/2009 AND (b) 2010, RIO VERDE RESERVOIR BASIN

NOTE: Red dots (e) represent sampling days.

events.

4.2.2 Nutrients

4.2.2.1 Phosphorus - concentration and load

Figure 6 shows values for total-P and reactive-P in
four main sampling areas: F4, F5, TD4 and TE10; F4 and
F5 are the input and output of the reservoir, respectively;
TD4 is an important tributary on the right bank; and TE10
another important tributary on the left bank. The sequence
represents 300 days of monitoring over the period from
March to December 2010. Total-P box plots, with percen-
tiles of 25, 50, 75 and 100%, are shown in Figure 7 for the
same period.

As discussed above in “Concentrations and Loads”,
both aspects should be taken into consideration. An inte-
grated analysis is performed herein to better evaluate the
potential impact of each sub-basin. Initially we discuss the
concentration.

The highest total-P content was lower than 50pg/L,
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the value recommended by Brazilian legislation CONAMA
357/2005, considering a direct tributary under in a lentic
environment and a class Il river (see Figure 6). Considering
the median (50% percentile), which means the mid-point
of the data with 50% of measurements above and 50%
below, all sample areas showed median values below the
maximum allowed (VMP) of 50ug/L. Except for the results
from TE10 sub-basin, even the 75% quartiles presented
values lower than the maximum permitted (see Figure7). In
the majority of cases, high total-P values were associated
with high levels of reactive-P or orthophosphate (correla-
tion r = 0.55), which is the form of phosphate readily avail-
able to phytoplankton (Figure 6).

Among the values of total-P that exceeded 50ug/ L,
TE10 presented three instances out of 10 samples, while F5
was the only area that did not present any value exceeding
this limit. These results suggest that the reservoir is retain-
ing phosphorus; even without the occurrence of large con-
tributions over time, these loads can be significant. Obvi-
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ously, the values above the recommended limit can result
in algae blooms. However, these amounts indicate that the
reservoir is intermittently receiving a P load higher than it
should. Studies carried out by Vollenweider in the 1960s
indicated the occurrence of cyanobacteria even in extreme-
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ly low concentrations of phosphorus at 18ug/L (VOLLEN-
WEIDER, 1968). It is possible that the natural geopedology-
cal load from the catchment area is enough to promote or
maintain these phosphorus levels in the water. According
to the discussion presented in Chapter 5, the labile-P val-
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FIGURE 6 — CONCENTRATIONS OF TOTAL-P AND REACTIVE-P IN 4 SAMPLING AREAS AS A FUNC-

TION OF TIME (MAR. — DEC. 2010), RIO VERDE RESERVOIR
NOTE: 1 - VMP - maximum allowable value according to CONAMA Resolution 357/2005 - 50ug/L for direct tributary in lentic
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ues in the soil are quite high which is likely due to the use
of phosphorus-based fertilizers.

The historically reported phosphorus levels for the
reservoir have been relatively low. According to the Envi-
ronmental Institute (IAP), between the years of 1999 and
2008 (IAP 2004 and IAP 2009), the mean value of total-P
was 25.2 pg/L, ranging between 4 to 110 pg/L and more
than 75% of values (third quartile) were below average.
The low levels recorded by the IAP are consistent with
the low levels presented herein. However, in more recent
samples (2008/2009) the mean values for total-P have sub-
stantially increased: the mean value from the surface water
was 46 pg/L, ranging from 10 to 118ug/L. In the deepest
waters the mean was 48 pg/L varying from 10 to 120 pg/L.
Indeed, further investigation is required to better under-
stand these differences.

In the present condition of the Rio Verde reservoir,
cyanobacteria have not been found in significant num-
bers. It appears that another factor related to P input is
limiting the cyanobacteria growth, such as the ratio of P:N.
Other neighboring reservoirs under similar weather condi-
tions, such as Lake Alagados in the city of Ponta Grossa,
frequently have had cyanobacteria blooms even under me-
sotrophic-eutrophic conditions (mean range 30 - 70ug/L,
SANEPAR unpublished data).

The interquartile range, or the variability between the
values for the interval between the lower quartile (25%)
and the upper quartile (75%), varied greatly between the
sampling areas and was more pronounced at point TE10.
As for the other sampling areas, they showed high content
“stability” or less variability (see Fig. 7). The results taken
during sample 3, in May 2010, were the main results re-
sponsible for the increase in the interquartile range in the
sampling areas, with the exception of point F5, which is
located downstream and thus being settled by the dam.
Only a few other samples showed high values. Another
important aspect of the data collection is that samples
taken to assess phosphorus concentrations occurred dur-
ing rain, including samples 1, 4 and 7 (taken in March,
June and September 2010, respectively), as well as sample
9 (November 2010) which was preceded the day before by
62 mm rain; however, the samples were not significantly
influenced by precipitation. This suggests that either these
sub-basins have excellent conditions of preservation and
protection, or that the runoff occurred exclusively within
the wetting front, an aspect that was not addressed in this
study. Point TE10 was the only area in which the 62 mm
rainfall had any impact on concentration levels, despite
the proximity of the sampling areas and the intensity of
the rain. However, this fluctuation occurred only for P and
it was not perceived for the studied forms of N. On the
other hand, sample 3 (May 2010) presented high levels of
phosphorus even in dry conditions (with no rain occurring
in the five days prior to sampling); therefore, the contribu-
tion of phosphorus through diffuse loads can be excluded.
The same reasoning applies for point source contributions,
as the tributaries of different sub-basins showed similar
increases in levels of total-P. Thus, further investigation
should be conducted in order to identify the cause of this
fluctuation. As for the increases in phosphorus levels with-
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out the occurrence of rainfall, they could be explained by
point source contributions, for example, through discharg-
es from fishing or manure.

It is important to carefully evaluate the land-use
occurring in sub-basins in order to identify the source of
these consistently higher values. In basins occupied by hu-
mans and with poor agricultural management, it is com-
mon to find that the wetting front carries high amounts of
nutrients, varying according to rural or urban land-use. In a
study carried out by Carneiro (2008), who evaluated the in-
fluence of rainfall on river water quality, the author found
that even with a minimal amount of rainfall (4mm), well
managed agricultural and farming areas had no significant
impact on water quality, while urban areas increased total-
P up to 35%. With a medium rainfall (16 mm), the total-P
increase was about 1,000%; the diffuse load represented
almost 95% of pollution in that water body. A peak of
3,000 pg/L was observed soon after the increased flow of
the river, demonstrating the so-called “valetao effect” (de-
scribed above), which is typical in urban areas, resulting in
P-load increases of over 2,000%. Therefore, studies must
take into account the effect of rainfall on the sub-basins in
order to establish a suitable nutrient budget. In the water
quality assessment in the Rio Verde basin, the influence
of rainfall on P levels was observed. This becomes even
more important when the load is also considered;the load
considers the aspect of flow, which is strongly influenced
by rainfall. It should be emphasized that, at first, rainfall
events vary according to quantity and intensity and tend
to enhance nutrient concentrations due to runoff. Subse-
quently, it is possible that dilution occurs due to the in-
creased flow and the entrainment of the main load.

For the four tributaries shown in Figure 6, there was
no significant variation between the sub-basins. All sam-
pling areas presented significant variation at specific mo-
ments. However, there are several sub-basins with low
total-P values, such as the sub-basins TD3, TD6, TE9 and
TE15, suggesting that they are the most preserved areas.

Considering the equilibrium of a given aquatic eco-
system, it is insufficient to only analyze nutrient concen-
trations. It is also necessary to technically assess the load
(concentration x flow) and consider total load (mass/time)
and relative load that relates to discharge across the catch-
ment area (mass/time/area).

Figure 8 shows total-P and reactive-P values for four
sampling stations: the Rio Verde River (F4), the main tribu-
tary of the Rio Verde Reservoir, was obviously the main
source of total-P load to the reservoir (85% of the total
load) due to high flow levels (an average of 5.1 kg/day
in the study period and an amplitude between 1.8 kg/day
and 10.3 kg/day). Similar to the results found for the con-
centration, the highest load value (10.3 observed in the
sample taken March 2010) was not caused by precipita-
tion.

F4 represents the last point downstream in the main Rio
Verde channel and F3, F2 and F1, are all located upstream.
By analyzing these points, one can observe that the section
F4 “Mouth” presented the highest total load values (68%,
5,1 kg/day) for total-P. The section”Mouth F4" represents the
section between points F3 and F4, downstream of the high-
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way BR 277. The F3 section was also somewhat significant
with load values of 15%. Besides F4, the load of the TE10 trib-
utary was also significant, accounting for approximately 6.4%
of the total load input into the reservoir. The other tributaries,
under conditions of normal rainfall have low flow levels, re-
sulting in low values of total load ( Figure 9-I). Currently, the
total P discharge of Rio Verde sub-basins is around 6 kg/day.
Considering the specific load (load/day/km?), the
sub-basin with the greatest pollution potential was TE10
(43.7%) and then F4 (23.5%), with the F4 and F3 “Imouth”

as the largest contributor. The water quality was considered
good in five out of the 13 evaluated samples: TE7 (section
F4), TD5, TD3, TD6, TE15 and TE13 presented very low load
values <2.4% (Figure 9-Il). Therefore, considering both total
and relative load, TE10 and the F4 “Imouth” require further
attention, where basin recovery actions should be a priority.

Figure 9-lll shows a simple balance of inputs and out-
puts of total-P in the reservoir allowing us to verify that
the amount that enters the reservoir is much higher (89%)
than the amount that exits the reservoir. This provides real
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FIGURE 8 — TOTAL-P AND REACTIVE P- LOADS FOR FOUR SAMPLING STATIONS (MAR. — DEC.

2010), RIO VERDE RESERVOIR

evidence that the reservoir functions properly as a physical
barrier to the output of phosphorus.

4.2.2.2 Nitrogen: concentration and load

The main nitrogen forms commonly assessed in rela-
tion to water quality are: Total-N, N-NH,*-NO, N, N-NO,
and organic-N. Many other forms of nitrogen can be found
from both natural and non-natural sources in aquatic en-
vironments; however, organic forms of nitrogen usually
predominate and occur as numerous different structures.

Water commonly presents a pH between 6 and 8.
Under more acidic conditions, the amino, amide and am-
moniac forms of nitrogen are prevalent. In more alkaline
conditions, there is a rise in the nitrification process. On
the other hand, ammoniac forms are the first substances
produced during the decomposition of organic materials
and nitrification is the subsequent process. In some aquatic
environments, nitric forms of nitrogen can be generated
by deammonification (ESTEVES, 1998). NO,” compounds
are very unstable; therefore, they generally occur in minute
guantities. On the other hand, the gaseous forms of NO,
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N,O, N, and particularly NH,, can eventually accumulate in
significant concentrations as a result of these processes.
The denitrification process that occurs under anaerobic
conditions in some organisms (particularly Pseudomonas,
Bacillus, and Paracoccus) has the ability to obtain O, from
NO, and NO_, and generates most of these nitrogen gas-
es. The pH also has a direct influence on the formation of
NH,.

Ammonium forms are often used as indicators of re-
cent pollution events in aquatic ecosystems and are largely
influenced by temperature, pH and oxygen levels in the en-
vironment. As for nitric forms, which leach easily into soils,
they can accumulate in water bodies altering normal con-
centration levels and can endanger human health. There-
fore, nitric forms do not always represent earlier pollution
episodes as they often erode from soils and are leached
into water bodies from surrounding areas, particularly in
areas of intensive agriculture.

More information about the dynamics of nitrogen
compounds in water can be found in Mccarthy (1975),
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Snoeyink & Jenkins (1980), Esteves (1998), Pankow (1997).

Figure 10 shows the observed values of ammonium-
N, nitrate-N and nitrite-N at four monitoring areas (the
same as those used in the phosphorus analysis): F4, TD4,
TE10 and F5; F4 and F5 are located at the entry and exit
of the reservoir, respectively; stations TD4 (right bank) and
TE10 (left bank) are located in two of the basin‘s direct
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tributaries. Ten samples were taken at each sampling point
over 300 days between the months of March and Decem-
ber 2010. As mentioned above, the samples were taken in
a variety of climatic conditions (Figure 5). Figure 11 shows
the box plot dispersion of ammonium-N, nitrate-N and ni-
trite-N from March to December, 2010, with percentiles of
25,50, 75 and 100%.
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It is worth highlighting once again the importance
of the integrated analysis of both “Concentration and
Loads”, even if these aspects are treated separately.

For ammonium-N, all values, even the outliers, were
well below the maximum levels recommended by CONAMA
357/05 of 3.7 mg/L, for class Il rivers and pH lower than 7.5.
The ammonium-N values were between 0.05 and 0.5 mg/L
(with an average of 0.29 mg/L, about 10 times less than the
recommended limit), while pH values were between 6.1 and
7.5 (average of 7.0), suggesting that these environments are
well preserved in relation to nitrogen compounds, especially
from recent organic loads (Figures 10 and 11).

The observed values for nitrate-N, as well as for am-
monium-N, were also well below the limits recommended
by CONAMA 357/05 of 10mg/L. The values ranged between
0.05 and 0.45 mg/L, with an average of 0.28 mg/L (about
35 times less than the recommended limit). The nitrate-N
concentrations were also very low and similar to those ob-
served for ammonium-N. These levels suggest that there
has been no significant recent organic contribution to the
reservoir. There appears to be low-level, regular inputs of
nitrogen compounds in which the nitrification rate is similar
to the new organic nitrogen input. It is also possible that the
source of both variables are minerals, since the catchment
areas of these basins are heavily influenced by agricultural
fertilizers, especially urea. Nitrification is a process that oc-
curs naturally in the soil under aerobic conditions and both
nitrate-N and ammonium-N are easily leachable, especially
nitrate. Therefore, these nitrogen compounds can easily
reach water bodies by adsorption to mineral clays, solubili-
zation through soils, or percolation by rainwater. The use of

nitrogen based fertilizers around the reservoir can have this
impact even without industrial or sewage inputs. Even with
proper management and conservation practices, there is a
detectable presence of these ions in adjacent waters.

As with the other forms of nitrogen, the values for
nitrite-N were well below those required by CONAMA
357/05 with a limit of 1 mg/L. The values for nitrite-N were
between 0 and 0.02 mg/L, with an average of 0.01 mg/L,
about 100 times less than the limits allowed by law.

Considering the median, or 50% percentile (the cen-
tral positioning of the data), as well as the upper quartiles
and outliers, all sampling areas had values below the MAV
of 50 pg/L. The variability between quartiles for nitrite-N was
negligible. As for ammonium-N, the results showed a wide
range across all sampling areas, even at point F5, the exit
point from the reservoir. Point F5 was the only sample area
that showed variability for nitrate-N but the variability was
significant (F test of p = 0.230). Ammonium-N, with an F
test result of p = 0.948, had significant variability (Figure 7).

Similar to phosphorus, there was no direct influence
of rainfall on the concentrations of the nitrogen com-
pounds. None of the samples produced values of total
ammonium-N, nitrate-N and nitrite-N greater than 1 mg/L.
But if we consider the organic portion of nitrogen, total-N
values would certainly be between 1 and 1.5 mg/L, which
are still considered average values. Although the values for
ammonium-N and nitrate-N were much lower than the le-
gally recommended levels, it is important to analyze the
results over time in order to better understand the inputs
and outputs of the basin and provide supplementary infor-
mation to the phosphorus analysis.
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Box Plot Ammonium-N x Nitrate-N x Nitrite-N
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FIGURE 11 — PERCENTILES (25, 50, 75, 100%) FOR AMMONIUM-N, NITRATE-N AND NITRITE-N
(bg/L) FROM 4 SAMPLING AREAS (MAR — DEC 2010), RIO VERDE RESERVOIR

Considering the nitrogen load values in the four as-
sessed areas, the total loads of the two tributaries (TE10
and TD4) were not significant (Figure 12). At point F4,
the results showed values for ammonium-N of 47.4 kg/
day and 47.8 kg/day for nitrate-N, similar values with a
relatively high correlation (r = 0.67). The values collected
at point F4 were largely responsible for the supply of ni-
trogen loads, accounting for 77% of the total (Figure 13).
In looking at the F4 sub-basin through sections, section F3
produced higher load values (50.5%) even in comparison
to “Mouth” F4, which is downstream of F3, includes ur-
ban areas, and was the most compromised section in the
phosphorus analysis (Figure 12). Furthermore, “Mouth” F4
and F1, both sections of F4-Rio Verde, also had significant
contributions. Currently, the total N discharge of Rio Verde
sub-basins is around 126 kg/day.

At certain times we observed discharge values from
the reservoir (at point F5) higher than the input values; how-
ever, and as with the results for phosphorus, the sum of the
loads from all tributaries suggests that the reservoir retains
significant nitrogen load when compared to the losses via
the channel’s spillway (point F5; Figures 12 and 13).

Considering the relativity of loads (kg/area - Figure
13-ii) there was no tributary that presented values signifi-
cantly different than the rest; however, points TE10, TE11,
TDN, TE14 and F4 (F3 section) each had values of approxi-
miately 10%, representing sections with higher contribu-
tions of total-N in relation to the area of the sub-basin.

4.2.2.3 BOD, COD and Total Solids: concentration
and load
The Biochemical Oxygen Demand (BOD) is used as
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an index of water quality and consists of determining the
oxygen required for the oxidation of organic materials.
This process is mainly carried out by heterotrophic aerobic
bacteria and protozoa, which convert oxygen into organic
carbon (CO,), hydrogen (H,0), oxygen (H,0) and nitrogen
(NO, or NO;). The Chemical Oxygen Demand (COD) rela-
tes to the oxidation of organic materials, biodegradable or
not, using an oxidizing agent. This measure allows for the
verification of the presence of substances in water which
are resistant to biological degradation.

The BOD values were considered very low for all sam-
ples analyzed (average = 1.2 mg/L - Figure 14). CONAMA
Resolution 357 recommends maximum BOD values of up
to 5.0 mg/L of O, for class Il rivers. According to IAP (unpu-
blished data), considering long-range data from 2006 to
2010, the BOD values ranged between 2-4 mg/L and are
similar to those observed in this study.

The values of COD were in many cases higher than ex-
pected, especially given the low values of BOD (Figure 14).
Several COD values were greater than 10mg/L, suggesting
that non-biologically degradable substances contribute to
the reservoir, or that oxidation throughout analysis, reaching
inorganic levels. In general, we observed that during the mon-
ths of August, 2008, and January, 2009, the results showed
higher values of COD than during other periods for the vast
majority of sampling areas. In January there was significant
rainfall on the sampling day, which may have been the cause
of these higher values. Unlike the 2010 samples (analysis of
N and P concentrations discussed above), the 2008 samples
were influenced by rainfall and possibly considering the wet-
ting front. IAP data (unpublished data) for 2006-2010 also
detected similar variations between 3 and 35 mg/L.
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FIGURE 12 - AMMONIUM-N AND NITRATE-N LOADS (kg/day) FROM 4 SAMPLING STATIONS (MAR.

- DEC. 2010), RIO VERDE RESERVOIR

The BOD/COD ratio ranged from 0.13 to 0.41, with an
average of 0.25. Therefore, 25% of the COD is biologically
degradable and the remaining 75% depends on chemical
oxidation or a greater length of time for effective biodegra-
dation. A low BOD/COD ratio means that much of the sam-
pled fraction is not biologically degradable and depends on
other forms of oxidation. On the other hand, a high BOD/
COD ratio means that the majority of the fraction is biologi-
cally degradable, if there are no agents in the environment
that may interfere with the microbiological activity.

Considering all collected samples, no correlation or
trend between BOD and COD (r = 0.049) was observed;
however, after further analysis of each sub-basin, some cor-
relations were observed in F1 (r = 0.48), TDN (r = 0.41), F2
(r=0.73), TE7 (r=0.71), TD1 (r = 0.52) and TD6 (r = 0.61).

The parameter Total Solids represents the existing
solid load in the environment and it is usually related to
the presence of silt and clay (plus other materials) as well
as organic matter. From this parameter we can infer the
amount of particulate matter that is contributing to the
water body. There are different ways of classifying solids
based on the objectives of the analysis, such as fixed and
volatile, suspended, particulate, and dissolved, allowing for
the collection of targeted information that assess the dy-
namics of solids in the water body.

Average values of total solids ranged between 80
and 100 mg/L, with some exceptions; the seventh sam-
pling event, which occurred in January, was conducted
during rainfall and produced higher values. We also ob-
served higher values at sampling areas F1 and F2, near the
urban center of Campo Magro, and their location in urban
areas likely explains this situation (Figure 15). Data ob-
tained between 2006 and 2010 by IAP at point F4 (SANE-
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PAR, unpublished data) ranged from 28 to 369 mg/L, with
no identifiable pattern.

Regarding the total loads of BOD, COD and Total Sol-
ids, and again due to the flow of the tributary, point F4 in
the Rio Verde River represents the largest contribution to
the three variables: 78% or 401.5 kg/day of BOD; 79.3%
or 4819.6 kg/day of COD; and 77.4% or 51.1 tons/day of
solids. As mentioned in the section “Selection of Sampling
Areas”, the catchment area of the F4 sampling area, was
subdivided into sections because of its size (F3, F2, F1, TD1,
TE7). Our results showed that the greatest contribution of
BOD and COD load occurs after point F3, the F4 “Mouth”
section (Figures 16 and 17), demonstrating the influence of
urbanization and industry in the region near highway BR277.
As for total solids, both the F3 sub-basin as well as the F4
“Mouth” section, recorded significant total load (Figure 18).

In the direct tributaries of the reservoir, points TE8
and TD4 are noteworthy as together they account for
about 11 and 12% of the total load of BOD and COD,
respectively. Therefore, these sub-basins should receive
greater attention (Figures 16 and 17). Both are adjacent to
the “mouth F4” section; TD4 is located in close proximity
to alarge urban area in an adjacent sub-basin (urban center
of Campo Largo), and TE8 is in an area of intense agricul-
tural activity. Observing the solid load, only TD4 presented
a significant value. On the other hand, the concentration
values observed for these variables are not different from
most other sub-basins and flow is the factor that increased
the total load values in the TD4 and TE8 sub-basins. Nev-
ertheless, as the load is considered high, it is important to
closely monitor these areas.

Considering load relativity, namely the relationship
between load and area, TD4 again appears as a priority
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sub-basin for intervention; The “mouth F4" section, which
is one of the sections of F4 between BR277 and the reser-
voir, also showed a significant relative load. Furthermore,
high values of relative load were also found for: TDN,
which is located next to TD4 and therefore adjacent to a
large urban area (part of the urban area of Campo Largo);
and TE11 and TE10, located near TE8, which are areas of
intense agricultural activity. However, as discussed above,
total load was low. TE8 presented low impact, considering
the relative load. The values for BOD, COD and Total Solids
point to the same sub-basins as priorities for intervention,
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thus providing further supporting information for interven-
tion activities that can be developed in these locations in
the future (Figures 19, 20 and 21).

Because these are tributaries of lentic environments
with the potential for eutrophication and the proliferation
of algae and macrophytes, it is recommended that preven-
tive and mitigating activities are given priority in the sub-
basins where greater total loads were detected, followed
by activities in the sub-basins that present higher relative
loads and concentration. The guiding principle is that the
greater the amount of nutrient input, the greater the po-
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tential for an increase in trophic levels and consequently
the greater risk of algae blooms. However, it is necessary
to emphasize that both parameters (concentrations and
loads) are important and can guide preventative activities.

Considering the sequence of eight sampling events
between 2008 and 2009 and the average loads of BOD,
COD and Total Solids, a simplified balance of loads was es-
tablished, taking into account the difference of discharge
values due to the total contribution entering the reservoir

Concentration (mg/L)

RESERVOIR EUTROPHICATION: PREVENTIVE MANAGEMENT
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via tributaries and the total amount exiting the reservoir
via the spillway. In other words, we evaluated the amount
of load that enters and exits the reservoir in relation to the
tributaries over time (Figure 22). Our analysis showed that
for COD and total solids, the load input to the reservoir
is higher than the output; therefore, the environment is
gradually retaining sediments and compounds, especially
those of inorganic degradation, since there seems to be a
balance between input and output for BOD.
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FIGURE 14 — BOD AND COD VALUES FROM 20 SAMPLING STATIONS (JUL — FEB 2008/2009), RIO VERDE RESERVOIR
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FIGURE 17 — MEAN TOTAL COD LOADS AT 20 SAMPLING STATIONS (JUL — FEB 2008/2009), RIO VERDE RESERVOIR
NOTE: F4 =F1 + F2 + F3 + TE7 + TD1 + “Mouth” F4
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FIGURE 18 — MEAN TOTAL LOADS FOR TOTAL SOLIDS AT 20 SAMPLING STATIONS (JUL — FEB 2008/2009), RIO VERDE
RESERVOIR
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FIGURE 20 — MEAN RELATIVE COD LOADS AT 20 SAMPLING STATIONS (JUL. — FEB. 2008/2009), RIO VERDE RESERVOIR
NOTE: F4 =F1 + F2 + F3 + TE7 + TD1 + “Mouth” F4
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FIGURE 21 — MEAN RELATIVE LOADS FOR TOTAL SOLIDS AT 20 SAMPLING STATIONS (JUL — FEB 2008/2009), RIO
VERDE RESERVOIR
NOTE: F4 =F1 + F2 + F3 + TE7 + TD1 + “Mouth” F4
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FIGURE 22 — SIMPLIFIED BUDGET IN THE RIO VERDE RESERVOIR FOR TOTAL BOD LOAD, TOTAL COD LOAD AND TO-
TAL SOLIDS LOAD. (MEAN VALUES, JUL — FEB 2008/2009)
NOTE: OTHERS = TD3, TD4, TD5, TD6, TDN, TE8, TE9, TE10, TE11, TE12, TE13, TE14 and TE15

4.2.3 Land Use in the Rio Verde Basin tion, and natural vegetation. In general, agricultural and
The Rio Verde Basin presents different classes of livestock activities are predominant in this basin as well as
land-use, including urban areas, agriculture, reforesta- areas of native vegetation (Figure 23).
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There is a small urban area at the basin head, in the
municipality of Campo Magro, and a more significant ur-
ban area in Campo Largo, at the mid-point of the basin.
However, this significant urban area is outside the drain-
age area of the Rio Verde reservoir, as it is located in a
sub-basin that flows into the Rio Verde River, downstream
of the dam. In the sub-basin upstream of point F4, there
is a small urban area within the municipalities of Campo
Magro (the head) and Campo Largo. There is also a small
urban area at the head of the TD4 sub-basin. For the other
sub-basins that drain into the reservoir, both on the right
and left bank, there is almost no urbanization, only agri-
cultural activities and natural forest. The municipalities of
Araucéria and Balsa Nova, although located partially within
the basin, have little urban development within the basin.

The evaluation of land-use in the Rio Verde Basin is
important as the input of pollutants and nutrient loads to
the rivers, and consequently the reservoir, is closely linked
to the way the land is used. Thus, agricultural activities,
which occur in much of the basin, have the potential to
significantly contribute nutrients derived from agricultural
fertilizers, notably phosphate and nitrogen. In this case, the
input of these nutrients is mainly diffuse through runoff
along the soil surface during rainfall. Besides causing dam-
age to the environment due to the input of nutrients to the
rivers, surface runoff results in losses for farmers, since the
artificially applied nutrients are lost, affecting crop growth,
or additional fertilization is required, which increases pro-
duction costs.

In turn, in urban areas, the potential pollution
through point source loads and others contaminants is
also very significant, mainly due to illegal dumping of sew-
age into the rainwater drainage system and intermittent
releases of domestic sewage into the rivers.

Table 3 shows the areas of land-use classes for each
of the sub-basins considered in this study which will be
compared to total and relative loads measured during
monitoring.

From a macro analysis, some important aspects of
the land-use related to the measured loads must be high-
lighted. Figure 23 and Table 3 show that there is a predom-
inance of areas occupied by agricultural activities, approxi-
mately 56% of the total basin area. Another important
land-cover is the interim forest, capoeira, which occupies
28% of the total area. All other LULC are less significant
in the basin.

According to Figures 9 and 13, the F4 sub-basin is re-
sponsible for most of the input nutrient load to the reservoir
(85% of total phosphorus and 77 % of total nitrogen). Given
that the area of this sub-basin is considerably greater than
the others, the total load also tends to be higher. In terms of
relative load, or the total load divided by area, F4 contribut-
ed approximately 23.5% of total phosphorus and 16.7% of
total nitrogen (Figures 9 and 13). The F4 sub-basin presents
heterogeneous land-use activities, the majority of which are
urban and agricultural areas, which may be contributing sig-
nificantly to the load input to the reservoir (Table 3).

When analyzing only the relative load of phosphorus,
the TE-10 sub-basin is problematic as it represents 43.7%
of the total. Land-use in this sub-basin only includes rural
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areas and vegetation, with no urban area. Therefore, the
high phosphorus load is likely due to the interference of
agricultural activities, possibly with the heavy use of phos-
phate fertilizers.

Sub-basins TD-3, TD-N, TD-5, TD-6, TE-9, TE11, TE12,
TE-13, TE-15, which have land-use patterns of both pre-
served vegetation and agriculture, are the most preserved
areas with regards to LULC and present lower phosphorus
loads into reservoir. However, sub-basins TD-N, TE-11, TE-
14, and F-3, present nitrogen loads that are relatively high
and should be closely monitored.

The measured load values were also compared with
theoretical estimates of load export, based on average rates
of loss from soils, considering different land uses. While we
did not expect a high correlation between these estimates,
the values should be relatively consistent. Thus, we adopt-
ed a simplified methodology to assess the potential load of
phosphorus in the Rio Verde Basin, based on the drainage
area of each sub-basin and the export coefficients relating
to land use (proposed by Salas & Martino apud Silva (2006)
and Jorgensen (1989) and presented in section 3.1). The
coefficients used were: 50 mg/m?.year for agriculture and
livestock; 100 mg/m?.year for urban use and exposed soil;
10 mg/m2.year for areas with vegetation, native or not. For
purposes of simplification, we used the Grove export coef-
ficient for areas with any type of vegetation.

The equation used to estimate total phosphorus in
the sub-basin is represented by:

C; = Z] EA,

Where Cjis the load in sub-basin “j"; E, is the export

win, i

coefficient for land-use “i"; Aij is the area of basin “j” in
which occurs the usage type “i".

Given that the land-use within the Rio Verde River
sub-basins is known, we estimated the phosphorus loads
in these sub-basins using the export coefficient and the
results of load estimates are shown in Table 4.

While the loads estimated by the export coefficient
showed values different from those measured in the sub-
basins, the relative scale was consistent. For example, for
sub-basins F4, TD4 and TE10, our results showed average
loads of approximately 1900 kg P/year, 165 kg P/year and
60 kg P/year, respectively, while estimates were calculated
as 3444 kg Plyear, 444 kg P/year and 95 kg P/year, respec-
tively.

We observed that agriculture represents the largest
source of phosphorus load in the basin, followed by urban
areas. This demonstrates the need for control of agricultur-
al areas in order to reduce nutrient loads to the Rio Verde
Reservoir. The significant impact of agriculture in relation
to other uses is the result of the predominance of this land-
use activity in the basin. Urban land-use, although it is min-
imal in the basin and occupies approximately 3.6% of the
area, contributes approximately 10% of total phosphorus
input into the reservoir, thus demonstrating the potential
impact of this type of land-use. These results reinforce the
need to carefully monitor and control urban sprawl in the
Rio Verde Basin, otherwise the impact on water quality of
the Basin and the Rio Verde Reservoir will be significant.
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TABLE 3 — LAND-USE AND VEGETATION COVER AREAS IN THE RIO VERDE RESERVOIR BASIN

Percentage of Land Use Classes and Vegetation Cover
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F-4 57.2% 0.7% 4.0% 2.8% 2.4% 0.9% 2.2% 25.1% 2.3% 0.0% 2.4%
TD-3 54.3% 0.9% 7.9% - 0.2% 2.4% 32.0% 1.5% - 0.7%
TD-4 40.2% 0.9% 12.8% 3.4% - 1.6% 2.8% 37.3% 0.9% 0.0% 0.2%
TD-N 52.1% 0.1% 1.8% 9.9% - 5.7% 2.6% 27.7% - - -
TD-5 35.0% 16.7% - 1.6% - 0.6% 5.8% 39.4% 0.9% - -
TD-6 64.1% - - 0.7% - 3.0% 1.8% 29.4% 0.3% - 0.6%
TE-8 54.4% 0.7% - 2.5% 0.9% 0.1% 1.2% 34.4% 2.0% - 3.8%
TE-9 70.3% 2.8% - 6.3% - - 1.1% 12.6% 0.2% - 6.6%
TE-10 53.5% 0.5% - 2.3% - - 0.1% 35.8% 7.2% - 0.7%
TE-11 61.9% 0.5% - 3.5% - 0.1% 1.2% 30.3% 1.0% - 1.5%
TE-12 60.0% - - 12.1% - - - 26.5% - - 1.4%
TE-13 68.4% 0.1% - 5.4% 0.6% 0.4% 0.8% 24.3% - - -
TE-14 62.2% 0.6% - 3.2% 0.6% 3.3% 1.6% 26.5% 0.5% - 1.4%
TE-15 55.9% 0.4% - 4.6% - 8.4% 0.4% 29.7% - - 0.5%
Total 55.8% 0.8% 3.6% 3.2% 1.6% 1.1% 2.0% 27.6% 2.0% 0.0% 2.1%

TABLE 4 — ESTIMATES FOR TOTAL P LOADS IN THE RIO VERDE BASIN TAKING INTO ACCOUNT DIFFERENT LAND-USE (kg/year)

Land Use and Total P Load (kg/year)
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F-4 2,722.7 377.6 27.1 22.4 9.0 20.7 239.2 219 4.2 3,444.8
TD-3 98.8 0.0 2.9 0.0 0.1 0.9 11.6 0.6 0.0 114.8
TD-4 237.9 151.3 4.0 0.0 1.9 3.3 44.2 1.1 0.3 443.9
TD-N 452 3.2 1.7 0.0 1.0 0.4 4.8 0.0 0.0 56.4
TD-5 21.9 0.0 0.2 0.0 0.1 0.7 4.9 0.1 0.0 28.0
TD-6 48.6 0.0 0.1 0.0 0.5 0.3 4.5 0.1 0.0 53.9
TE-8 372.1 0.0 3.5 1.2 0.2 1.6 471 2.8 0.0 428.4
TE-9 61.4 0.0 1.1 0.0 0.0 0.2 2.2 0.0 0.0 64.9
TE-10 81.4 0.0 0.7 0.0 0.0 0.0 10.9 2.2 0.0 95.2
TE-11 88.1 0.0 1.0 0.0 0.0 0.3 8.6 0.3 0.0 98.3
TE-12 28.2 0.0 1.1 0.0 0.0 0.0 2.5 0.0 0.0 31.9
TE-13 58.5 0.0 0.9 0.1 0.1 0.1 4.2 0.0 0.0 63.9
TE-14 187.2 0.0 1.9 0.4 2.0 0.9 16.0 0.3 0.0 208.7
TE-15 66.3 0.0 1.1 0.0 2.0 0.1 7.1 0.0 0.0 76.6
t-Load 4,118.3 532.1 47.4 24.0 16.7 29.6 407.7 29.3 4.5 5,209.6

5. FINAL CONSIDERATIONS

As mentioned above, the identification of the pollu-
tion potential of hydrographic basins should be based on
the analysis of both concentration and load, as well as
consider total loads and relative loads, maximum cli-
mate variability (especially rainfall), and different land-
uses and management. Furthermore, the data quality
obtained by monitoring is important in the assessment of
water quality. These aspects, when integrated, can provide
reliable results. Without considering all of these factors,
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the results can lead to a misinterpretation of the areas that
need to be prioritized in monitoring and mitigation activi-
ties.

Thus, considering all these variables that play a role
in the phenomenon of eutrophication, we have used the
data generated for the Rio Verde Reservoir as the focus
of this case study. From these analytical guidelines, some
important considerations could be observed. In order to
systematize this information we have created a Pollution
Potential Assessment Matrix (2PAM).
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The purpose of this matrix was categorizes the en-
vironments based on collected data and the weighting
system employed. The matrix was built based on different
perspectives, parameters and factors. However, guestions
needed to be addressed such as: How can we establish
this pollution potential? What criteria are needed to as-
sess pollution potential? Which variables should be used?
From which perspective should the pollution potential be
addressed: environmental, social, and/or legal?

In this proposed matrix for the Rio Verde basin, we
analyzed the basin from three perspectives using four
chemical parameters and three factors, as shown in the
Table 5.

Obviously, there are several points of view that can
be analyzed and often one point of view, while just as im-
portant, may not necessarily have a direct relationship with
another. For example, we can consider two perspectives:
water quality of the river and ecosystem balance of the res-
ervoir. From the legal perspective, the guiding parameter
considered is the concentration in both the river and the
reservoir. Therefore, in considering the quality of river wa-
ter, this parameter seems to be more relevant, even from
the environmental point of view. However, if we consider a
lentic environment (reservoir/lake), the load appears to be
more relevant, since a given tributary with a flow rate of
100 L/s and 50 ppb total-P contributes much more phos-
phorus compared to a tributary of 500 ppb but with a flow
rate of only 5 L/s. The first tributary contributes twice the
amount of phosphorus to the lentic body, which can be
more problematic considering the eutrophication potential
of the environment. Therefore, it is essential to define the
perspective of analysis and then determine the pollution
potential as assessing each situation is quite different.

In order to ensure that each situation (perspective)
is analyzed consistently, and the factors of analysis are in-
terpreted correctly, it is necessary to establish a weighting
system for each factor (concentration, relative load and
total load) depending on the perspective to be examined.
For the Rio Verde Reservoir, several indices have been pro-
posed, which are shown in Table 6.

From the weights assigned to each parameter and
interpretations of the graphics depicting relative load and
total load (Figures 6-21), the data and information taken
from the analysis were plotted on a matrix of simple analy-
sis (Table 7).

In order to better focus future activities and to de-
termine which activities should take place in the basin,
reservoir or rivers, priority levels were established (priority
1, priority 2, and priority 3) according to the degree of con-
centration and loads of total phosphorus, total nitrogen,
BOD and COD. As we decreased the level of priority, we
decided to reduce one tenth the weight value in order to
facilitate the differentiation and identification of priority
levels. The different weights were given between 0.8 and
2 to each factor. The weights were arbitrarily assigned and
ranked to each factor based on the following: i) impor-
tance of perspective in the ecosystem, e.g.: total load for
lentic systems, concentration for lotic systems, and relative
load (load/m2) for land use management; ii) preliminary
verification of the weighting system in its possibility to dis-

Downloaded from http://iwaponline.com/ebooks/book-pdf/868060/wic9781780406480.pdf
bv IWA Publichina publications@iwan co uk

TABLE 5 — PERSPECTIVES CONSIDERED IN THE PREPARA-
TION OF THE POLLUTION POTENTIAL ASSESSMENT MA-
TRIX FOR THE RIO VERDE BASIN

PERSPECTIVES PARAMETERS FACTORS
Stream water quality | Total phosphorus Concentration
Reservoir ecosystem | Total nitrogen Total load
equilibrium BOD and COD Relative load
Basin management

TABLE 6 — WEIGHT-VALUES FOR 2PAM FACTORS, VA-
RYING BY PERSPECTIVE

TOTAL RELATIVE
PERSPECTIVE CONiiﬁIgﬁTION LOAD LOAD
FACTOR FACTOR
Considering
stream water (2.0) (1.0) (1.5)
quality
Considering
reservoir
ecosystem (1.0) 2.0 (1.5)
equilibrium
Considering
basin (1.0) (1.5) (2.0)
management

tinguish different environments; iii) local legislation, which
mandates concentration as the reference parameter for
river water quality; and iv) reference literature and research
studies in other local basins.

Then, depending on the degree of deterioration, a
classification system was established to differentiate the
sub-basins with the most extreme water quality degrada-
tion in order to establish priorities for action, ranging from
very low to very high priority.

In applying the weighted values to the analyzed
sub-basins (tributaries), we obtained interpretive matrices
for each proposed perspective: river water quality, reser-
voir ecosystem equilibrium, and sub-basin management;
shown in Tables 8, 9 and 10, respectively.

As shown in the matrices and graphs of concentra-
tions and loads, the Rio Verde Basin can still be considered
a basin that is relatively well preserved. Considering river
water quality, as well as the reservoir ecosystem equilib-
rium, streams TE-10, F1 and Mouth-F4 presented the high-
est pollution potential based on our analysis using 2PAM.
From a sub-basin management perspective, the sub-basins
Mouth-F4 and TE-10 were defined as having the highest
pollution potential according to the 2PAM classification
matrix; therefore, managers must focus their attention on
these sub-basins.

The 2PAM - Pollution Potential Assessment Ma-
trix — is a simple and straightforward way to analyze wa-
ter quality that allows us to assess the data from varying
perspectives. It is possible to adapt the 2PAM, as well as
to establish different levels and weights for the variables;
however, it is important to highlight that there are many
factors that influence assessments of water quality and
the goals of the water quality assessment can vary. It is es-
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sential that these factors and considerations are assessed mentioning again that it is essential to define the sub-basin
in the early stages of strategic planning and logistical that should be given the highest priority for intervention.
monitoring. Although reservoir-river-basins are systemically intercon-
The final interpretive matrices demonstrate a novel nected, some priorities must be defined in order to maxi-
way to analyze concentrations and loads in reservoir basins mize intervention efforts.
in order to determine the sub-basins that should be care- Finally, the 2PAM can use existent data and can be
fully managed. Thus, we try to facilitate the prioritization easily replicated or adapted to other lake basins, by modi-
of activities in order to avoid wasteful efforts in ecosystems fying the assessed parameters, e.g. inclusion of dissolved
that have high levels of preservation. As such, it is worth oxygen.

TABLE 7 — ANALYSIS OF SUB-BASINS THROUGH THE 2PAM FOR TRIBUTARIES IN THE RIO VERDE RESERVOIR BASIN
PARAMETER: TOTAL-P

Pollution Potential of Rivers
Deterioration Level Factor Factor Factor
Concentration Total Load Relative Load

TE10 Mouth F4 TE10

TE14 F3 Mouth F4
F1 TE10 F3
TD1, TE7, TD5, TD3, TD6, TE15 TD1, TE7, TD5, TD3, TD6, TE9, TD1, TE7, TD5, TD3, TD6, TE15

and TE13 TE11, TE12, TE15 and TE13 and TE13

PARAMETER: TOTAL-N
Pollution Potential of Rivers

Deterioration Level Factor Factor Factor
Concentration Total Load Relative Load
TE14 F3 TET1
F1 Mouth F4 TE10
TE10 F1 TDN
TD1, TE7, TD5, TD3, TD6, TE15 TD1, TD5, TD3, TD6, TE15, TE13

TD1, TE7, F2, TD5, TE13 TE15

and TE13 TE9

PARAMETER: BOD AND COD

Pollution Potential of Rivers
Deterioration Level Factor Factor Factor
Concentration Total Load Relative Load
TD1 Mouth F4 TD4
TE10 F3 TDN
Mouth F4 F1 and F2 TE10 and Mouth F4
TD5, TD6, TDN, TE9, TE12, D1, TD3,_'|!'ED153:I'I:|_I?E?,5TE9, TET2, TD1, TE13, TD5, TD6, TE15

TABLE 8 — SYNTHESIS MATRIX CONSIDERING “ RIVER WATER QUALITY “
SUB-BASIN/TRIBUTARY

PRIORITY FOR ACTION

P N BOD and COD
VERY HIGH TE10 F1* Mouth F4 *
HIGH Mouth F4 * TE10 TE10
MEDIUM F3 * TE14 D1
F3* Mouth F4 * . ok Fox
NORMAL F1 TE10, TET1 F1* F2* F3* TD4
TD1, TE7, TD3, TD5, TDS6,
LOW TE15, TE13 TE15, TE13 TD5, TD6
F2 * TE7, TD3 TE12, TD3, TE9, TD1, TE13,
VERY LOW TE11 and TE12 D6, TE9 TE15, TDN

NOTE: * Sub-sections of F4, i.e. F1, F2, F3, and Mouth F4, comprise the F4 sub-basin.
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TABLE 9 — SYNTHESIS MATRIX CONSIDERING “RESERVOIR ECOSYSTEM EQUILIBRIUM”

An applied example of Integrated Basin Management Interdisciplinary Research

SUB-BASIN/TRIBUTARY
PRIORITY FOR ACTION
P N BOD and COD
VERY HIGH TE10 F1* Mouth F4 *
HIGH Mouth F4 * TE10 TE10
MEDIUM F3 * F3 * F3 *
TE14, TE12, . TDN, F1*, F2 *
NORMAL F1 % TE14, TE11, TDN, Mouth F4 D4, TD1
LOW TE7, D3, TD(_BF,ETgL D5, TE15, TD1, TD5, TE15, TE13 TD6, TD5
TE7,F2 * TE9, TE12, TD3, TD1, TE13,
VERY LOW TE11 TE9, TE12 D3, TD6 TE15, TDN
NOTE: * Sub-sections of F4, i.e. F1, F2, F3, and Mouth F4, comprise the F4 sub-basin.
TABLE 10 — SYNTHESIS MATRIX CONSIDERING “BASIN MANAGEMENT"
SUB-BASIN/TRIBUTARY
PRIORITY FOR ACTION
P N BOD and COD
VERY HIGH TE10 TE10 Mouth F4 *
HIGH Mouth F4 * TE11 TE10
MEDIUM F3 * F1*) TD4
TE10, TD4, TE11 e TE12, F1*, . . F1*, F2*, F3*
NORMAL F2*, F3* Mouth FA* F3*, Mouth F4* TDN, TE14 DN, TD1
TD3, TE7, TD1, TD5, TD6,
LOW TE13, TE1S, TD1, TD5, TE13, TE15, TD5, TD6
VERY LOW TE11, TE12, TE9 TE9, TE7, TD3, TD6, F2* TE12, TES, T_PSNTEB’ TE1S,

NOTE: * Sub-sections of F4, i.e. F1, F2, F3, and Mouth F4, comprise the F4 sub-basin.
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SUMMARY

The present study evaluated the sediment of the Rio Verde Reservoir, located in the Curitiba metropolitan region. To
this end, samples of the sediment profile were collected before and after the planting season (November, 2009 and
June, 2010), by scuba diving and collecting samples using a 50cm PVC core. In 2009, the sediment was sampled at five
points in the reservoir and in 2010 samples were taken at two points. Furthermore, interstitial water, water-sediment
interface and water column were also analysed. The parameters assessed from the sediment samples included: grain
size (granulometry); carbon and organic matter content; and the concentration of phosphorus, nitrogen, heavy metals
and pesticides. Water samples were also collected for nutrient and pesticide assessment in the post-planting period.
The reservoir sediment is an inorganic silt (organic matter content < 10%), with a neutral pH and very negative re-
dox potential (an average of -160mV). The concentration of Dissolved Oxygen in the bottom water of the reservoir
was higher than 6.5mg/L at both points sampled in 2010. Total phosphorus concentrations in the sediment were
low (33.2pug/g maximum). In the interstitial water, maximum values were approximately 350ug/L. The maximum
concentration of total nitrogen in the sediment was 4.391ug/g. Both, the concentration of P and N were below the
levels recommended in CONAMA legislation 344/2004. Pesticides were not detected in the sediment. Chromium was
the only heavy metal detected with concentrations greater than the maximum values outlined by current legislation.
However, due to the reducing state of the sediment, we believe that chromium does not have an immediate negative
effect on the biota. However, more detailed and longer-term studies are needed to evaluate chromium toxicity on the
biota at the concentration found in the Rio Verde reservoir. Considering the physicochemical states of the sediment
and the underlying water, we also speculate that a release of P into the water column, although minimal, is possible
in anoxic conditions. However, the impact of this release on the phytoplankton population is unknown and should be
further investigated.

KEYWORDS
Sediment, reservoir, phosphorus.

matter and commonly by anaerobiosis (ESTEVES, 1998).

Sediment is the outcome of the interaction of all the ~ The permanent layer is composed of two different phas-
processes that occur in an aquatic ecosystem and sediment s particulate matter (solid phase), which is the energy
composition reflects the evolution and the intensity of the ~ Source for benthic organisms; and the liquid phase which
processes to which these ecosystems have been subjected is comprised of interstitial water, with high concentrations
(ESTEVES, 1998). Deforestation and agricultural practices ~ ©f nutrients that may be diffused into the water column
in the region surrounding dams, lakes and rivers contribute  @nd have an important role in the primary productivity of
to the high rate of sediment transport from terrestrial to aquatic ecosystems (ESTEVES, 1998).

the aquatic systems, particularly in periods of intense rain- Dependm.g on various b.|o|og|ca| and phy5|c9chem|-
fall (TUNDISI, 2008) cal factors, sediments act as either a source or a sink of a

The composition and distribution of the sediment Ialrg?e m;]mber: of Or(%?écRgn(iIr}OF(i‘J;glgclngmNp;:;g:Ap:gﬂC;
depend on the geology of the region, the characteristics ularly phosphorus etat, ' €

. . . al., 2003). Through the release of phosphorus, sediments
of the terrestrial vegetation, topography, meteorological . . . .
- . . . ; ) can increase the concentration of this element in the water
characteristics, and chemical, biological, limnological and/

hvdroloical fact including th ¢ of wat column, a process known as “Internal Loading” (GONSI-
or hydrological factors, Including the movement ot wWater qge7vi et o/, 1998; KIM et al., 2003; SGNDERGAARD et
(WARD, 1992).

s o al., 2003; CHRISTOPHORIDIS & FYTIANOS, 2006), which
The sediment of lakes and reservoirs is composed

, . . . can lead to the eutrophication of the water body.
of complex mineral aggregates, organic and inorganic
compounds, and water (CHRISTOPHORIDIS & FYTIANOS,
2006). In most ecosystems it is possible to distinguish two 2.

1. SEDIMENTS

SEDIMENT DYNAMICS

layers in the sediment: a recent or biological layer that
presents an elevated concentration of organic matter and
is in direct contact with the water column; and a perma-
nent layer characterized by the low content of organic

Downloaded from http://iwaponline.com/ebooks/book-pdf/868060/wic9781780406480.pdf
bv IWA Publichina publications@iwan co uk

Sediment dynamics involves the formation of pre-
cipitate from chemical, physical and biological processes
resulting from interactions of allochthonous and autoch-
thonous particles. The presence of autochthonous particu-
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late material is directly related to the system’s productivity,
while the presence of allochthonous particulate material
depends on the land-use and occupation of the drainage
basin.

As it is formed by organic and mineral particles, sedi-
ment has a high potential for retaining and releasing both
polluting and non-polluting compounds. Several factors
influence sorption processes (absorption, adsorption and
desorption); however, the composition and structure of
the organic and mineral material is particularly notewor-
thy. The sorption mechanisms of sediment elements are
related to their chemical characteristics: cation sorption,
anion sorption, metal complexation in the organic matter,
precipitation of inorganic ions, and ternary complexes.

The concentration of chemical elements in the sedi-
ment is significantly higher than in the water column. In
addition to deposition and accumulation of substances
in the sediment, several biological, physical and chemical
processes occur which are essential to the maintenance of
the metabolism of the entire system, such as: i) flow of
energy and matter: carbon deposition and recycling; ii) nu-
trient cycling: reactions of fixation and release to the water
column; and iii) environment contamination: accumulation
and release of pollutants (BOLLMANN et al., 2005). Most
of these processes are interrelated and occur in both the
solid and liquid phases of the sediment.

Through a physical, chemical and biological assess-
ment of the stratigraphy of the sediment, it is possible to
estimate previous contaminations, potential influences on
and evolution of the aquatic ecosystem, as well as obtain
important information for the management of the water
system.

2.1 SOLID PHASE

The particulate material is comprised of: cyclic and
acyclic organic compounds in several stages which are
generally adsorbed on aluminosilicates, diverse mineral
particles, rock fragments, carbonates and precipitated
compounds of iron, manganese and aluminum, and other
associated elements.

The ratio of mineral to organic fractions usually de-
termines the type of sediment: organic sediments present
an organic content higher than 10% DM (dry matter). De-
pending on whether the organic portion is autochthonous
or allochthonous, these sediments may be classified as
“gyttja” or “dy”, respectively (ESTEVES, 1998; SCHAFER,
1984). Inorganic sediments are characterized by an organic
material content below 10% DM.

In areas of good basin preservation, mainly in for-
ested regions, the organic fraction is high and it is the main
source of energy for organism populations, including ben-
thic organisms. However, other allochthonous sources of
organic material such as agricultural and livestock activities
may also be significant.

Organic structures in the sediment vary in size and
particles can reach the size of colloidal structures compa-
rable to clays. Such structures are electrically charged, pre-
dominantly negative, and therefore have the capacity to
retain cationic compounds, although they do not have the
same stability as aluminosilicates (BRADY, 1989; MELLO et
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al., 1984). Organic structures can, however, form stable
complexes with metals, thus increasing the capacity of
displacing metal pollutants (DICK & MARTINAZZO, 2006).
Organic structures can also generate positive charges and
adsorb anions; however, this occurs much less frequently
than negative charges. The charge originates in the dis-
sociation of carboxylic (-COOH), enolic (-OH) and pheno-
lic (benzene-OH) groups and are pH dependent (BRADY,
1989). Thus, in a medium that is acidic, the capacity of
adsorption through the organic compound is reduced be-
cause the deprotonation of H* is more difficult.

Understanding the organic matter content in sedi-
ments is important to evaluate the sediment’s potential in
the processes of sorption of chemical elements or com-
pounds, including nitrogen and phosphorus.

Mineral portions are predominantly allochthonous,
transported to water sources through erosion, runoff and
rural and urban drainage, as well as through point source
pollution from poorly managed activities in the basin.

The granulometric composition of sediment is mainly
characterized by fine fractions (sand, silt and clay) and it
rarely includes a significant amount of coarser fractions.
This physical characteristic provides reactivity to the sedi-
ment because thin particles, mainly clays (aluminosilicates)
and colloids, react with the compounds in the environ-
ment.

Isomorphic substitution and the breakdown of crys-
tals promote an unbalance in the ionic equilibrium in clays,
generating charge. When the balance is positive, there is
a predisposition for anion adsorption; when the balance
is negative, adsorption of cations occurs (BRADY, 1989;
MELLO et al., 1984)

2.2 LIQUID PHASE

Interstitial water is very important in the exchange of
elements from the sediment to the water column because
it can have high concentrations of some phosphorus and
nitrogen compounds, such as phosphates, ammonia and
nitrates. Nutrient availability for plants and aquatic micro-
organisms is related to the spectrum of nutrient resources
and regeneration processes determined by chemical pro-
cesses, mainly the redox potential (TUNDISI, 2008).

Desorption and dissolution processes and organic
substance decomposition are related to the mobilization
of elements at the water-sediment interface. On the other
hand, diffusion, gas emissions, biologic disturbances and
turbulence produced by wind are related to the transfer
of elements to the hypolimnion (WETZEL, 2001; TUNDISI,
2008).

Those processes will be further discussed in item 3,
“Sediment and phosphorus”.

2.3 SEDIMENT INPUTS

Diffuse pollution is the major factor in the transporta-
tion of sediments and other materials to water bodies. Put
simply, diffuse pollution can be considered the pollution
load that essentially enters water courses during rainfall.

The expansion of urbanization in recent decades in-
creased soil sealing in cities, leading to an increase in run-
off. On the other hand, agricultural activities also produce
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a significant input of nutrients, particularly given the large
amounts of fertilizers used on some crops. Problems re-
lated to runoff and the input of nutrients is more serious
when there is a lack of adequate management and conser-
vation practices. These conditions create diffuse pollution
loads that negatively affect water quality through the ac-
cumulation of elements and chemical substances, as well
as organic and mineral materials, in the bottom sediments
of water bodies.

These elements and materials can be transported to
water bodies through runoff, which is the flow over the
soil surface and its multiple channels and the main phe-
nomenon responsible for erosion; to a lesser extent trans-
portation occurs through subsurface flow or interflow,
which is the flow beneath the surface, through the soil
profile, and also through groundwater flow.

Due to the fact that rainfall is spatially and temporally
random, it is extremely difficult to pinpoint the input of
sediments and pollutants into watercourses. Further, it is
difficult to forecast and quantify diffuse pollution which is
often the main contributing factor to eutrophication. Thus,
the evaluation of the bottom material of these environ-
ments allows us to determine, with some accuracy, the
contributions to and the usage of the basin. The issue of
load contribution is discussed more extensively in Chapter
10 — Evaluation of Concentration and Loads.

3. SEDIMENT AND PHOSPHORUS

Phosphorus is an essential element for all organ-
isms because it is used in fundamental processes such as
the storage and transfer of genetic information (DNA and
RNA), cell metabolism (several enzymes) and in the energy
system of cells (adenosine triphosphato — ATP) (BRON-
MARK & HANSSON, 2005).

Even when stationary or fixed to the sediment, phos-
phorus may be carried to water bodies. Due to the high af-
finity of phosphorus to soil materials, particularly alumino-
silicates, this element has low mobility and, consequently,
is infrequently lost through lixiviation. Therefore, runoff
and erosion are the predominant ways by which phos-
phorus in transported to water bodies. Table 1 presents
the main forms of phosphorus in aquatic ecosystems. The
processes of traction, suspension and solubilization can
transport practically all forms of phosphate, each creating
distinct deposition characteristics in the system.

According to Filippelli & Delaney (1996) and Boers
et al. (1998), phosphorus retention in aquatic systems be-
gins with the deposition of particulate compounds in the
sediment and the effect of hydrochemical processes on

TABLE 1 — MAJOR FORMS OF P IN AQUATIC ECOSYSTEMS

the suspended material or material undergoing sedimenta-
tion. Furthermore, the processes that occur at the water-
sediment interface are also very significant in phosphorus
retention (ESTEVES, 1998; TUNDISI, 2000; BAUMGARTEN
etal., 2001).

Recycling of phosphorus in the sediment to the wa-
ter column can occur through at least five different mech-
anisms: diffusion of dissolved phosphorus through the
water-sediment interface; sediment resuspension caused
by wind or propelling currents; bioturbation by benthic in-
vertebrates and fish; absorption by plants with subsequent
excretion into the water column; and the release of phos-
phorus during plant decomposition (REDDY et al., 1999).
The importance of each mechanism in the phosphorus
cycle varies greatly among lakes and reservoirs because
it depends on the chemical, physical and biological state
of each ecosystem. Changes within a lake or reservoir or
changes over time must also be taken into account. Con-
sidering these mechanisms and their variations, the sedi-
ment can either act as a source or a sink of P.

Phosphorus resuspension from the sediment to the
water column may be substantial, particularly when ex-
ternal inputs of phosphorus are not significant. Stumm
& Morgan (1996) and Esteves (1998) considered that the
water-sediment interface can act as permanent or tempo-
rary reservoir of phosphorus and its release usually occurs
in anoxic environments.

Several factors influence the rate of phosphate ex-
change between sediment and hypolimnion. According to
Carvalho (1995), water temperature, pH and redox poten-
tial are directly or indirectly implicated in these processes.
The type and degree of phosphate complexation with ma-
terials from the sediment are also important.

Temperature, besides catalyzing chemical and bio-
logical reactions, affects oxygen solubility in water. When
temperatures increase, the solubility of the gas decreases.
Temperature also directly affects water density, causing
changes in thermal stratification; colder water is heavier
and denser, thus causing its displacement to lower depths
(Figure 1). The specific thermal stabilization of each stra-
tum may result in chemical stratification, a common pro-
cess, particularly in still, deep waters.

The pH controls the solubility of chemical species and
compounds; in acidic conditions, soluble forms are favored,
while in conditions tending toward the alkaline, complex-
ation and chelation reactions predominate. The pH also
determines the surface charge density of some minerals
which influences cation retention and releasing capacity.

The redox potential of the environment affects the
degree of oxidation of chemical species, thus influencing

PHOSPHATE SOLUBLE FORM INSOLUBLE FORMS
H2PO4-, HPO42-, PO43- (Ortophosphates) Clay-phosphate complexes
Inorganic FeHPO4+ (ferric phosphate) Metal-mineral hydroxides complexes
CaH2PO4+ (calcium phosphate) (Ex: apatite — Ca10(0OH)2(PO4)6
Organic Dlssglved organic compounds: phosphatases, phospholipids, Phosphorus complexed to organic matter
inositol, phosphoproteins, etc.

Source: adapted from Stum & Morgan (1981).
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their solubility and chemical reactivity. Usually, a layer of
ferric phosphate (oxidized layer) can form which creates
an interaction barrier between the sediment and the un-
derlying water. The intensity of phosphate transportation
through this layer depends on the degree of anoxia or re-
oxygenation of the system that alters the state of oxidation
or reduction of iron. In a state of oxidation with a high
redox potential (400 or 500 mg), iron and manganese (Fe**
and Mn?*) are insoluble, forming precipitates or complexes
in the form of hydroxides. In reduced states (Fe?* and Mn
2+) iron and manganese are soluble and free of complex-
ation (CHRISTOPHORIDIS & FYTIANOS, 2006; TUNDISI,
2008), i.e., without phosphorus precipitation.

TEMPERATURE (°C)
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FIGURE 1 — RELATION OF TEMPERATURE X WATER DEN-

SITY

Source: Adapted from http://Awww.ufrrj.br/institutos/it/de/acidentes/tem.
htm.

According to Esteves (1998), when the concentra-
tion of Fe3*is higher than that of PO, practically all or-
thophosphates are precipitated; on the other hand, when
the concentration of Fe*is the same or lower than that
of PO, orthophosphates are not completely precipitated,
even in a state of oxygen availability in the environment.
However, as the medium is reduced, the reduction of Fe3+
to Fe?* occurs and the reduced ion solubilizes in the me-
dium, thus releasing phosphates that are bound to their
functional groups (SCHENATO et al., 2008). In situations of
redox potential lower than + 200mV, the release of part
of the phosphorus sorbed on the surface or inside these
iron compounds occurs, likely at sites with lower binding
energy (more information in PERSSON & JANSSON, 1988;
ESTEVES, 1998, NOVAIS & SMYTH, 1998; BOERS et al.,
1993; DILLON & RIGLER, 1974; BOLLMANN et al., 2005).

An important aspect to be considered in this process
is the possibility of the water-sediment interface maintain-
ing a high degree of oxidation. Thus, if this oxidation layer
between sediment and water is maintained through tur-
bulence, profile management or artificial aeration, com-
pounds in the sediment and interstitial water are retained.

Phosphorus adsorption capacity is an important indi-
cator of the phosphorus reserve in sediments; however, it
seems to have very little impact on the rate and amount of
P released (desorbed) to the water column. The release of
phosphorus is related more directly to changes in binding
energy, which is mainly influenced by chemical parame-
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ters (PELLEGRINI, 2005), and also by the oxidation level of
the water-sediment interface if there are enough ions and
favorable conditions for the precipitation of the available
phosphorus.

Phosphorus adsorption on clay minerals may lead
to a situation where the release of P is more difficult. In
such cases, adsorption is the initial phase of the process,
with a subsequent formation of immobilized phosphorus,
called non-labile P. According to Barrow (1983 and 1985)
apud Novais & Smyth (1999), initially only simple coordi-
nate bonds are formed on the surface of oxy-hydroxides
and aluminosilicates; subsequently and more gradually,
phosphate penetration occurs through imperfections or
between crystals.

Although adsorption and exchange of certain anions
occurs by simple reactions, sometimes the reactions are
more complex, such as for phosphates or sulfates, due to
specific reactions between these anions and certain sedi-
ment components; thus, H,PO, ion can react with a pro-
tonated hydroxyl group leaving the solution and becoming
a more complex molecule in the solid phase instead of re-
maining as an easily adsorbed anionic form.

Iron oxides and hydroxides adsorb phosphates
through specific high energy bonds. Figure 2 shows P ad-
sorption on a Fe oxy-hydroxide. Adsorption of complex
phosphorus anions is performed by negative charges ( OH-
groups) of organic matter, coloids and clay minerals associ-
ated to Fe and Al oxy-hydroxides, and some 1:1 clays and
allophane clays. However, we must highlight that some
studies (BAHIA FILHO, 1982; SMITH, 1996 apud NOVAIS
& SMYTH, 1999; FERNANDEZ, 1995) have shown that ox-
ides, hydroxides and oxy-hydroxides of Fe and Al, especially
goethite, have a significant influence on phosphorus ad-
sorption and immobilization.
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FIGURE 2 — REPRESENTATION OF PHOSPHATE ADSORP-
TION ON MONO AND BI-DENTATE BINDINGS OF Fe OXY-
HYDROXIDE LEADING TO THE FORMATION OF NON-LA-
BILE P

SOURCE: Novais & Smyth (1999).

4. SEDIMENT AND NITROGEN

Similar to phosphorus, nitrogen can limit the growth
of populations of aquatic organisms because it is used in
the synthesis of proteins and amino acids (STERNER & ELS-
ER, 2002). Nitrogen may enter aquatic ecosystems through
precipitation, fixation of atmospheric nitrogen (N,) or input
through surface or underground drainage areas (BRON-
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MARK & HANSSON, 2005). The main sources of nitrogen
for aquatic plants and microorganisms are nitrate, nitrite
and ammonia, as well as some dissolved organic com-
pounds such as amino acids and urea.

In freshwater aquatic ecosystems, only some cya-
nobacteria, such as Anabaena and Cylindrospermopsis,
can fixate the available atmospheric nitrogen and as such
phosphorus is usually the limiting element. In polluted
lakes with high P concentrations, nitrogen can assume this
function. Nitrogen concentrations in lakes can vary greatly
from about 100ug/L to 6000pug/L (BRONMARK & HANS-
SON, 2005).

The decomposition of organic matter in the sediment
releases NH,*, which can be: i) adsorbed on sediment par-
ticles; ii) assimilated and directly metabolized by the sedi-
ment’s biota; or iii) transformed into nitrate (nitrification)
by bacteria. Nitrate (NO,) present in bottom water can
be diffused into the sediment. Denitrification in aquatic
sediments is an important way of removing nitrogen from
aquatic environments because it converts NO; into N, in
conditions of low levels of dissolved oxygen. A large pro-
portion of the NO," produced in the sediment is denitrified
and a large part of the organic-N (75 — >95%) mineralized
in the sediment is lost through both nitrification and deni-
trification (WETZEL, 2001). More information on nitrogen
dynamics in water can be obtained in McCarthy (1975),
Snoeyink & Jenkins (1980), Esteves (1998), and Pankow
(1997).

5. SEDIMENT AND PESTICIDES

According to Federal Law 98.816, Article 3, Para-
graph |, the term pesticide is defined as the set of products
and agents of physical, chemical and biological processes
that are intended for use in the sectors of production, stor-
age, and processing of agricultural products and pastures,
and the protection of native and planted forests, and other
ecosystems (ANDREI, 2005).

5.1 USE OF PESTICIDES AND THEIR ACTIVE
INGREDIENTS

Brazil is currently the second largest market for phy-
tosanitary products, trailing only the United States. Virtu-
ally all agriculture in Brazil that is economically significant
is dependent on the intensive use of pesticides. Organic
farming, which reduces the use of agrochemicals, is still an
insignificant portion of the market. Brazil is responsible for
the consumption of about 50% of the pesticides used in
Latin America, a trade that is worth about US$ 2.56 billion
(SINDAG, 2006).

The active ingredient of a pesticide is directly related
to its chemical composition. It is therefore possible to clas-
sify pesticides into three categories: a) inorganics: made up
of fluorides, arsenic, copper and mercury compounds; b)
natural organics: including rotenone, pyrethrum, nicotine;
and c) chlorinated hydrocarbons (organochlorines), organic
phosphates (organophosphates), thiocarbamates (MATOS,
2001).

Considering the mode or mechanism of action, pesti-
cides can be: acetolactato-synthase inhibitors; acetyil-coen-
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zyme A-carboxylase inhibitors; inhibitors of photosynthesis;
synthetic auxin and enolpiruvil-shikimate 3-phosphate syn-
thase inhibitors. The mode of action relates to the first en-
zyme, protein or biochemical step that affects the object.

5.2 ACCUMULATION, LIXIVIATION AND
PERCOLATION POTENTIAL IN THE SOIL

Sediment contamination is caused by organic or inor-
ganic toxic substances. However, the presence of contami-
nants in the sediment does not necessarily affect water
quality or local biota. It is possible that these compounds
and elements are in forms that are unavailable or difficult
to dissolve and therefore are unlikely to cause damage to
the ecosystem.

The sediment’s capacity to accumulate stable com-
pounds and foster the formation of certain compounds,
makes it one of the most important aspects in assessing
the level of contamination of aquatic ecosystems (ESTEVES,
1998).

The movement of pesticides in the soil occurs mainly
via water that flows on the surface of the soil (torrent) or
water that percolates through the soil profile (lixiviation).
These two transport mechanisms can result in the contam-
ination of water resources. According to Piasarolo et al.
(2008), the contamination of water courses with pesticide
residues (such as atrazine, aldicarb, organochlorines, etc.)
in agricultural areas occurs mainly through runoff.

According to Guimaraes (1987), the interdependent
factors that determine the destination of pesticides in the
environment are: decomposition (chemical, photochemical
or biologic); volatilization; lixiviation; lateral drag; solubility
and partition coefficient; adsorption/desorption processes,
and removal by plants and microorganisms. These pro-
cesses result in the persistence, degradation, mobility and
bioaccumulation of the chemical compound.

In response to the problems of groundwater contam-
ination, numerous studies have discussed solute transport
in porous media. Generally the transportation of contami-
nants in soils is related to advection, dispersion and loss or
gain of solute mass processes, as a result of reactions or
decay (either chemical, biochemical or radioactive) (FREEZE
& CHERRY, 1979).

Moncada (2004) and Nascentes (2006) presented
several chemical and biological processes and the factors
that contribute to the reaction of soil-solute interaction.
Those processes are listed in Table 2.

All processes presented in Table 2 are linked to the
retention/delay of the contaminant in the medium. Solutes
may be sorbed on the surface of mineral particles by or-
ganic carbon or suffer chemical precipitation. They may
be subjected to degradation, suffer redox reactions, and
radioactive compounds may suffer decay.

The degradation process consists of changes in the
chemical structure of the pesticide, caused by chemical re-
actions with soil organisms. The degradation of pesticides
in the environment occurs through chemical, physical and
biological processes. The speed of degradation depends
on factors such as the chemical structure, temperature,
humidity, soil composition, water acidity and salinity, mi-
crobial populations, and plant species, among others.
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TABLE 2 — CHEMICAL AND BIOLOGICAL PROCESSES AND THE FACTORS THAT CONTRIBUTE TO THE REACTION OF SOIL-
-SOLUTE INTERACTION CEC: CATION EXCHANGE CAPACITY; OM: ORGANIC MATTER

CHARACTERISTICS
REACTIONS
SOLUTION SOIL ENVIRONMENT
Adsorption Concentration Granulometry Climatic conditions
lon exchange pH Mineralogy Hydrogeology
Precipitation Density CEC Atmospheric Pressure
Oxi-Reduction BOD, QOD Content and type of OM Redox Potential
Complexation Polarity Distribution of voids Microorganisms
Biodegradation Solubility Saturation degree Temperature
Decay Vapor Pressure Type of Cations Aerobic/anaerobic conditions

SOURCE: adapted from Moncada (2004) and Nascentes (2006).

Organochlorines are more stable than organophosphates
and carbamates when subjected to the same conditions
(BARBOSA, 2004).

Biodegradation occurs when the enzymes excreted
from the metabolic process of microorganisms come in
contact with pesticide molecules, inside or outside microbi-
al cells, resulting in a series of reactions, such as: oxidation,
reduction, hydrolysis, etc. (LAVORENTI, 1996).

The transformation of the molecule through degra-
dation may be complete, creating CO,, H,O and mineral
salts, or incomplete, creating metabolites. Usually the me-
tabolites formed in the process are less toxic than their
original form, although occasionally the resulting product
is more toxic than the original molecule (COX, 1997).

According to Felsot & Dzantor (1990), pesticide deg-
radation may be encouraged when organic molecules are
added to the soil, because they supply energy and nutri-
ents to microorganisms which are able to promote the
degradation of the molecule.

Depending on the physicochemical characteristics of
the pesticide residue, once in the water the residue can ei-
ther: bind to suspended particulate material, be deposited
in the sediment at the bottom, or it can be absorbed by
microorganisms and then detoxified or accumulated. Some
pesticides and metabolites may also return to the atmo-
sphere through volatilization. Thus, there is clearly a con-
tinuous interaction between pesticides, the sediment and
water, which is influenced by water movement, turbulence
and temperature (WHITE & RASMUSSEN, 1985).

The persistence of pesticides in the soil is quite vari-
able, as shown in Table 3. Some pesticides remain in the soil
for several days, such as Malathion and Parathion (organo-
phosphates), while others persist for several years, such as
Chlordane and DDT (organochlorines). This information is
important in evaluating the pollution potential of pesticides.

6. SEDIMENT AND METALS + ARSENIC

Heavy metals are a group of trace elements with
atomic densities greater than 6g cm. They are highly reac-
tive and in normal conditions do not degrade. The major
sources of heavy metals in aquatic ecosystems are through
the weathering of rocks and past volcanic activities, ero-
sion and runoff, industrial activities, domestic sewage, fer-
tilizers and agrochemicals.

The heavy metals associated with sediments are
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usually classified as residual and non-residual. Residual
elements stem from the crystalline structure of minerals
(silicate matrix) of the sediment. Non-residual heavy metals
are incorporated into the sediment by physical or chemical
processes such as adsorption, precipitation and complex-
ation with organic and inorganic substances. In general,
Cr, Ni, Cu, Zn, Hg, Pb, Cd are the result of anthropogenic
activities and thus they are non-residual.

Some metals, such as Hg, As and Cr, can accumulate
in the aquatic biota and can occasionally cause health dis-
orders, including cancer.

TABLE 3 — GENERAL PERSISTENCE IN SOIL OF SOME PES-
TICIDES

PERSISTENCE

PESTICIDE IN SOIL
Chlorinated hydrocarbons insecticides
insecticidesinseticideslorados > 18 months
Ureas, triazines and picloran herbicides 18 months
Acid benzoic and amida herbicides 12 months
Phen'olxys, tquidipes and nitrite 6 months
herbicides herbicides
Carbamate and aliphatic herbicides 3 months
Phosphate insecticides 3 months
Chlordane 5 years
DDT 4 years
BHC, Dieldrin 3 years
Heptaclhor, aldrin 2 years
Diazinon 12 weeks
Disulfon 4 weeks
Malathion, parathion Tweek
Propazine, pichloron 18 months
Simazine 12 months
Atrazine, monuron 10 months
CDAA, dicamba 2 months
2,4-D 1 month
TCA 12 months

Source: Macedo, 2002

7. SEDIMENT AND POLYCHLORINATED
BIPHENYLS: PCBS
PCBs are organochlorine compounds resulting from the
reaction of the biphenyl group with anhydrous chlorine in the
presence of a catalyst. The main factors that affect the avail-
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ability of PCBs in the sediment are: organic matter content,
surface contact and the octanol-water partition coefficient.

PCBs are resistant to oxidation and reduction and
they are thermally stable and non-flammable. As such,
they are used widely in industry but are also persist in the
environment and are an environmental contaminant.

Currently in Brazil, records indicate that PCBs are not
produced in the country. Restrictions on their use were
implemented by Inter-ministerial Ordinance 19 in 1981,
which prohibits the manufacture, marketing and use of
PCBs nationwide. However, the use of equipment that had
been used for the application of PCBs was allowed until
they were replaced.

A study by Penteado & Vaz (2001) outlined the main
sources of PCBs in the environment: i) industrial and urban
effluents with PCBs; ii) accidents or spills during the han-
dling of PCBs and (or) fluids containing PCBs; iii) vaporiza-
tion of compounds with PCBs; iv) leaks in transformers,
capacitors or heat exchangers; v) decomposition/removal
of paints and preservatives; vi) leaks of hydraulic fluids con-
taining PCBs; vii) irregular storage of residues containing
PCBs or contaminated residue; and viii) smoke from the
incineration of products containing PCBs.

8. SEDIMENT AND POLYCYCLIC
AROMATIC HYDROCARBONS -
PAHS

Polycyclic aromatic hydrocarbons (PAHs) are hydro-
phobic crystalline compounds with a high melting point
under normal temperature and pressure conditions. They
have from 2 to 7 condensed aromatic rings, with prop-
erties similar to benzene. They are occur widely and are
found in complex mixtures in all aspects of the environ-
ment, especially in the sediment (FRONZA, 2006).

PAHSs are formed during the incomplete combustion
of organic matter (XAVIER, 2005), originating from both
human and natural activities (BETTIN & FRANCO, 2005;
FRONZA, 2006). The main sources of PAHs in the envi-
ronment are: microbial activity, disposal of residues from
waste incineration, production of asphalt and creosote oil,
burning of fossil fuels, domestic sewage and industrial ef-
fluents (CETESB, 2001). Some important scientific studies
have established an association between the presence of
PAHs with the original contaminants, as well as the rela-
tionship between their different compounds.

Due to their low solubility in water, they present high
persistence levels in the environment. PAHSs are easily ad-
sorbed on suspended particulate matter, thus they tend
to accumulate in bottom material. In addition, PAHs do
not have a significant capacity to re-solubilize in the water
column as compared to metals and, consequently, they ac-
cumulate in the sediment.

9. SEDIMENT ANALYSIS

9.1 SAMPLING STRATEGIES AND PROCEDURES

Much of the disturbances occurring in the drainage
area are directly or indirectly detected in not only the wa-
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ter, but also in the sediment and sediment analysis can elu-
cidate the activities that occur in the drainage area. Thus,
a thorough water quality assessment and monitoring plan
should include systematic evaluations of the sediment, al-
lowing the diagnosis of impacts that otherwise could go
unnoticed. Integrating assessments of the physical and
chemical states of the water and sediment can help iden-
tify possible impacts generated by activities occurring in
the basin.

Furthermore, similar to water quality assessments,
several environmental variables allow for the identification
of the physical, chemical and biological states of the sedi-
ment and therefore the purpose of the assessment must be
defined. Certain variables may specify and clarify a given
diagnosis; however, it is necessary to clearly understand
the purpose of the investigation, as well as which vari-
ables are more adequate for identifying and quantifying
specific impacts. In some situations more detailed analyses
are required. Nevertheless, basic biological, physical and
chemical parameters have been widely used in sediment
studies that have provided consistent data. They are thus
frequently used in environmental management and moni-
toring plans.

The evaluation of the quality of several variables in
the sediment in the Rio Verde Reservoir, Araucaria, Parana,
is presented below as a case study which seeks to facilitate
the evaluation of the proposed research. This study repre-
sents the first physicochemical evaluation of the sediment
of this reservoir since it was filled more than 40 years ago.
The definition of the parameters of this study was support-
ed by CONAMA Resolution 344/2004, DD 195-2005- E/
CETESB, along with the technical knowledge of the re-
searchers. The purpose was to evaluate the physical and
chemical quality of the reservoir sediment as a function of
its usage, as well as to assess the influence of the sub-ba-
sins on the drainage area. As such, this assessment can be
replicated in other areas; however, in all cases, the selec-
tion of points, parameters, laboratories, logistics, and avail-
able resources must be carefully evaluated and adapted to
the situation. We recommend thorough consideration of
item 2 — RELIABILITY OF WATER QUALITY ASSESSMENTS
presented in Chapter 10, because many of these consider-
ations can and must be applied to sediment analyses.

9.1.1 Fundamentals of sediment evaluation

CONAMA Resolution 344/2004 is the only national
legislation on sediment evaluation; however, this legisla-
tion focuses on the dredging of marine and inland waters
and sediment reuse in other activities. We therefore chose
to analyze major contaminants and elements that are impli-
cated in the eutrophication process and are present in the
legislation, as well as the guiding principles of the Environ-
mental Sanitation Technology Company (Companhia de
Tecnologia de Saneamento Ambiental — CETESB), entitled
"Establishment of guiding values for soils and groundwa-
ter in the state of Sao Paulo” (“Estabelecimento de Valores
Orientadores para Solos e Aguas Subterraneas no Estado
de Sdo Paulo”). The guiding principles were first published
in the Official Gazzette; Business; Sao Paulo, 111 (203),
October 26, 2001, and were later repealed by Board Deci-
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sion 195-2005- E, in November 23, 2005, and replaced
by the “New Guiding Values for Soils and Groundwater in
the state of Sdo Paulo” (“Novos Valores Orientadores para
Solos e Aguas Subterraneas no Estado de Sao Paulo”). This
Board Decision 195/2005 — CETESB implements different
assessment levels and consequently updates content levels
for elements and compounds, as well as quality, preven-
tion and intervention levels.

9.1.2 Analytical parameters

The following parameters were analyzed: phospho-
rus, nitrogen, pesticides, metals, arsenic, pH, ORP, granu-
lometry and organic matter.

The analyses of pesticides in the sediment included
the following compounds recommended in CONAMA Res-
olution 344/2004 and CETESB (n.°195-2005-E): Cyanide
Benzo (b) fluoranthene, benzo (g, h, i) perylene, benzo (k)
fluoranthene, indeno (1,2,3, cd) pyrene, 1,2,3,4-tetrachlo-
robenzene, 1,2, 3.5-Tetaclorobenzeno, 1,2,4,5-Tetacloro-
benzeno, Chlordane (cis and trans), pentachlorophenol,
Percent Solids, BHC Alpha, Beta BHC, BHC Delta, Gamma
BHC, cis Chlorane , trans Chlorane, DDD (isomers ), DDE
(isomers), DDT (isomers), Dieldrin, Endrin, PCBs (sum-list
Dutch), Benzo (a) anthracene, benzo (a) pyrene, Chrysene,
Dibenzo (a, h) anthracene, Acenaftaleno, Acenaphthylene,
anthracene, Phenanthrene, fluoranthene, fluorene,
2-methylnaphthalene, Naphthalene, pyrene, and sum of
PAHs.

Metal analyses included the following elements: Alu-
minum, Antimony, Arsenic, Barium, Beryllium, Bismuth,
Cadmium, Calcium, Lead, Cobalt, Copper, Chromium, Tin,
Strontium, Iron, Phosphorus, Lithium, Magnesium, Man-
ganese, Mercury, molybdenum, Nickel, Potassium, Silver,
Selenium, Sodium, Vanadium, Zinc.

9.1.3 Sampling Areas

Sampling areas were established for sediment analy-
sis based on the representativeness of each site, the geo-
graphical position in the reservoir, entry point of tributar-
ies, depth and hydrodynamics of the reservoir. As such, five
sample points were established in the Rio Verde Reservoir:
R1, R2, R3, R4 and R5 (Figure 3, Table 4).

Two sampling periods were realized, one between
October and November, 2009, and another in June, 2010.
The scheduling of sample collection was implemented
in order to coincide with agricultural activities; the first
sampling period was conducted at the beginning of the
planting season during soil preparation (October/Novem-
ber 2009) and the second was performed after the harvest
(June, 2010), when pesticides and fertilizers are no longer
applied.

9.1.4 Sample collection, preservation,
packaging and analytical procedures

Sediment samples were obtained by scuba diving and
collecting with the use of a PVC core of 50cm in length and
10cm internal diameter. The samples taken at points R1
and R4 are 50cm in length, but for the remaining points
samples are only 30cm in length due to the difficulty of
inserting the core into the sediment. During the October/
November 2009 collection period, samples were collected
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at all five points in the reservoir. In June, 2010, for logistical
reasons, only points R1 and R4 were sampled. The samples
were sectioned into predetermined layers immediately after
removal from the water. The layers were defined as: surface
sediment (0 — 10cm), intermediate sediment (10 — 30cm),
and deep sediment (30 — 50cm) (Table 5). Only surface and
intermediate layers were obtained from the 30cm samples.

All samples collected were stored in clean containers
appropriate for each type of analysis and kept refrigerated
and protected from the light until they reached the labo-
ratory. Sample collection and preservation followed the
criteria outlined by the Environmental Protection Agency
(EPA, 2006) for pesticides and the ‘Standard methods for
the examination of water and wastewater’ (APHA, 2005)
for the other parameters.

In addition to the samples mentioned above, samples
from the interstitial water and the water-sediment inter-
face were collected for phosphorus analysis in June, 2010.
Nitrogen concentration was also evaluated in the water-
sediment interface and in the sediment. The samples of
interstitial water were collected with a 10 cm core that was
transported to the lab in a closed cooler with ice. The core
was only opened at the point of removal of a sub-sample.
The sub-sample was processed by centrifuging at 3000
rom, at 4°C, for 5 minutes. The supernatant (about 50 mL)
was collected and frozen. In order to collect the water-
sediment interface sample, a Van Dorn bottle was used
and we assumed this sample as representative of the bot-
tom water. To this end, the bottle was slowly submerged in
a location where no sampling had taken place that day and
the sample was taken only when the equipment touched
the bottom of the reservoir.

During the June, 2010, campaign, a sediment sam-
ple of 50cm was obtained at points R1 and R4 to measure
redox potential (ORP) and pH. For these measurements,
a PVC core, identical to that used to obtain sediment
samples, was perforated at 5cm intervals (Figure 4). The
holes were individually sealed with duct tape, which were
removed at the time of measurement and immediately re-
placed. The measurements were performed with the aid
of a Digimed DM-2P portable pH meter equipped with a
Model DME-CV2 pH Electrode and a combined platinum
redox annular diffusion electrode (DMR-CP2).

The physicochemical parameters of the water col-
umn, such as temperature, pH, dissolved oxygen and con-
ductivity, were measured in the field every 0.5m with the
aid of a Horiba model U22XD® multiparameter sensor dur-
ing both the 2009 and 2010 collection periods. In 2010, in
addition to the sediment samples, water samples were also
collected for the analysis of phosphorus, nitrogen and pes-
ticides (Table 4). The water samples were obtained at two
or three depths according to the euphotic zone, estimated
by the Secchi depth and with the aid of a Van Dorn bottle.
These samples were mixed to create a composite sample
of the euphotic zone. The water samples were protected
from light and heat during transportation to the labora-
tory. Sub-samples were then pre-filtered through a glass
fiber filter (GF-3 Macherey-Nagel®, 0.6 um pore diameter)
for the analysis of dissolved N and P. The samples were
stored in a freezer until they were sent for analysis.
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TABLE 4 — PARAMETERS AND RESPECTIVE SAMPLING POINTS FOR SEDIMENT EVALUATION IN RIO VERDE
RESERVOIR OVER TWO PERIODS: 2009 AND 2010

PARAMETER OCT./NOV. 2009 JUL. 2010
Pesticides (sediment) All points * R4 and R1 *
Pesticides (water) R4 and R1
P and N (sediment) All points * R4 and R1 **
P and N (water column) R4 and R1
P (interstitial water) R4 and R1
P and N (interface water-sediment) R4 and R1
pH and ORP (sediment) R4 and R1 **
Granulometry in Org Matter (sediment) All points ** R4 and R1 *
Metals (sediment) R4 and R1 ***

NOTE: * Only surface sediment (0 — 10cm); ** 50cm core *** 30cm core.

TABLE 5 - LOCATION OF SAMPLING POINTS IN THE RIO VERDE RESERVOIR AND DEPTH OF THE SEDIMENT LAYERS

SAMPLED
COORDINATES PROFILE
POINT UTM (SAD69) (cm) PARTICULARITIES
. 0-10
R1 X:0651812 10-30 Region closest to the head of the reservoir
y:7178676
30-50
x:0650436 0-10 . .
R2 y7177720 10-30 Intermediate region
X: 0649212 0-10 . .
R3 y: 7176510 10-30 Intermediate region
. 0-10
R4 X:O648214 10-30 Deepest region, next to the dam
y: 7176058
30-50
x: 0650625 0-10 .
R5 y: 7179505 10-30 Region of low water speed

9.2 ANALYTICAL RESULTS AND DISCUSSION

9.2.1 pH, DO and temperature

As mentioned above, some auxiliary parameters
were concurrently evaluated for the water with the goal of
providing further support for the sediment quality analysis.

Figures 5 and 6 present the results of pH, dissolved
oxygen (DO) and temperature of the water column for
points R1 and R4.

The temperature data showed a more pronounced
vertical gradient in 2009 than in 2010 at both sample
points. R1 presented higher temperatures in both sampling
periods than the deeper point R4.

The pH was relatively homogenous in the water col-
umn over both sampling points and periods (means of 6.8
to 7.1 for R1 and R4, respectively) and within normal val-
ues.

The DO concentrations in the epilimnion were con-
sistently above 5 mg/L for all samples. On the other hand,
DO concentrations in the hypolimnion were lower in 2009
(2.5mg/Lin R1 and 3.4mg/L in R4) which occurred during a
cold period. The electrical conductivity was also measured
with an average value of 0.091 (x 0.004 standard devia-
tion) at R1 and 0.077 (x 0.001 standard deviation) at R4.
As with the pH values, these values are very similar.

FIGURE 4 — MAP OF SAMPLING POINTS
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WATER COLUMN AT POINT R4 OF THE RIO VERDE RESERVOIR IN 2009 AND 2010

9.2.2 Granulometry TABLE 6 — GRANULOMETRIC ANALYSIS IN 3 LAYERS (1= 0
—10cm; I =10 — 30cm; Ill = 30 — 50cm) OF THE SEDIMENT

Table 6 shows the results of the granulometric analy- PROFILE FROM THE RIO VERDE RESERVOIR. 2009/2010

ses of the sediment from the Rio Verde Reservoir.

In the Rio Verde Reservoir there is a prevalence of % % % %
soils that are rich in fine sediments. The clay fraction is SAMPLE | YEAR | GraveL | sanp SiLY CLAY
particularly prevalent with sizes smaller than 0.002mm in R1Sed| 12002 0 0.09 29.34 | 70.57
most of the sampled points. Only at point R5 did the re- 2010 0 044 | 2002 | 7955
sults show lower values for the clay fraction. However, the RiSedll | 2009 0 0.10 12.49 87.41
proportion of silt, which is also thin (between 0.002 and R1Sed lll | 2009 0 0.07 31.80 68.14
0.06mm), was high (ABNT NBR 6502/95). R2sed | | 2009 0 037 | 2606 | 7356

. L . R2Sed Il | 2009 0 0.55 27.73 71.72

The granulometric composition of the fractions at R5 235ed 1 | 2009 o 102 5801 2097
was different than the other sample points. While all other R3sed I | 2009 0 2'05 3 -87 66-08
points showed variations in clay and silt content, they pre- 2009 0 0:11 30:98 68:91
sented a more homogenous pattern with respect to per- R4Sed | 2010 032 193 147 7308
centages of sand which reached a maximum of 1% in the RASed I | 2009 0 030 24,69 7501
surface layer. For the sand fraction at point R5, values of RaSed I | 2009 0 087 3324 | 6589
22% were observed in the surface layer and 12% in the R5Sed | | 2009 009 2213 | 72.12 566
deepest layer (10 to 30cm), suggesting that the sub-basins R5Sed Il | 2009 0.18 12.30 83.07 4.45
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that contribute to this part of the reservoir have more san-
dy soil in comparison to the other areas in the basin.

The abundance of fine sediments at the sample loca-
tions across the reservoir was expected because of the lotic
environment, the dam and the characteristics of the basin
soils (CALLISTO & ESTEVES, 1996).

9.2.3 pH and ORP

pH is an important parameter in controlling metallic
ion precipitation, mobility, and bioavailability in the sediment
(ESTEVES, 1998). The redox potential (ORP) is significant in
the dynamics related to the ions contained in the sediment
and water column, particularly nutrients such as nitrogen
and phosphorus. This parameter is important for under-
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standing and assessing the sorption processes (adsorption,
absorption and desorption) of nutrients in the sediment.

The sediment pH was assessed in the 2010 sampling
period. The values were relatively homogenous across the
whole profile (Figure 7), with the mean at point R4 (7.1)
slightly higher than that at R1 (6.7) and similar to those
observed in the water column.

On the other hand, the ORP evaluated in 2010 pre-
sented a greater variation at both points (R1 and R4) (Fig-
ure 8), with a mean value at R4 (-172mV) lower than at R1
(-151mV). These results suggest that the sediment has a
lower reduction potential but it is not completely anoxic,
which would present electronegativity values of about
-300mV (SCHENATO et al., 2008).
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FIGURE 7 — pH VALUES IN THE SEDIMENT PROFILE (0-50cm) AT R1 AND R4 IN 2010 FROM THE RIO

VERDE RESERVOIR
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FIGURE 8 — REDOX POTENTIAL VALUES (mV) OF THE SEDIMENT PROFILE (0-50cm) AT R1 AND R4 IN

2010 FROM THE RIO VERDE RESERVOIR

9.2.4 Organic matter content

The organic matter content varied between 3 and
12% and the most significant variation was not related to
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differences at sampling points but to the different sampling
periods. In 2010, the highest organic matter content values
were detected (R1-12.4 % and R4 — 10.6%), which were
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practically double those observed in 2009 (Table 7).

Studies conducted in the Irai reservoir (CARNEIRO et
al., 2004), which is located in the same Alto Iguacu hy-
drographic basin, showed lower values of organic matter
than those seen in this study, averaging about 1-2%, in
accumulation areas close to the dam. Therefore, despite
the predominance of inorganic material in the sediment,
with levels of organic matter lower than 10%, these re-
sults suggest intense cycling in the reservoir and gradual
deposition of organic content beyond that of the benthic
community, which according to Heggie et al. (2002), can
contribute significantly to the organic biomass to the sedi-
ment. It is important to note, however, that the reservoir is
more than 40 years old and total vegetation removal was
not performed before the reservoir was filled.

A study on the Australian coast by Heggie et al.
(2002) reported that in order to avoid eutrophication, the
carbon contribution to water bodies should be lower than
40mmol m? day”, i.e. lower than 2,000t ha' year'. The
Rio Verde Reservoir presented mean supplied BOD values
at 500kg day".

9.2.5 Phosphorus

9.2.5.1 P concentration
The analysis of the samples from 2009 showed that
the concentration of total P in the surface sediment (0 -

10cm) was higher at points R3, R4 and R5, with the first
two located in accumulation areas closer to the dam, and
R5 a sampling area with low water circulation speed (Figu-
re 9). On the other hand, in 2010, the total P concentration
was relatively higher at point R1 (closer to the head of the
reservoir) than at R4, indicating an increase in recent con-
tributions.

These values (between 12 and 33mg g') are relati-
vely low if compared with other Brazilian reservoirs of the
same age (FRANZEN, 2009; SILVA et al., 2001; SANTOS,
2003). Franzen (2009), in a study conducted in three re-
servoirs of the Salto System in Rio Grande do Sul State,
found total phosphorus values at about 1200 mg g in
the surface sediment (0 — 20cm). According to the author,
these values may be considered intermediate if compared
with the guideline values presented in the “Sediment Qua-
lity Guideline of Ontario” (CANADIAN, 1993), or even high
when compared to total phosphorus levels found in other
lentic systems such as Wind Lake (644mg kg) in Canada.
This variation demonstrates that there are different ways of
classifying phosphorus levels and it is important to consider
values from similar systems when conducting comparisons,
particularly in relation to climate and morphological con-
ditions.

The values of total P are about 60 times below the
alert levels as outlined by CONAMA Resolution 344/2004.

TABLE 7 — ORGANIC MATTER CONTENT (%) IN DIFFERENT SEDIMENT LAYERS OF THE RIO VERDE RESERVOIR, 2009 AND

2010
SAMPLING POINTS R1 R2 R3 R4 R5
Year 2009 2010 2009 2009 2009 2010 2009
0-10cm 4.8 12.4 4.7 3.3 7.2 10.6 6.9
% Organic Matter in the sediment layers 10-30 cm 4.9 - 7.4 6.9 3.2 - 5.4
30-50 cm 4.5 - - - 5.6 - -

Total-P in sediment (pug g-1)
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FIGURE 9 — TOTAL PHOSPHORUS CONCENTRATION (mg g-1) IN THE SURFACE SEDIMENT (0 — 10
cm) AT ALL SAMPLING POINTS IN RIO VERDE RESERVOIR, 2009 AND 2010
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The observed pattern of organic P in the sediment
was similar to the pattern observed for total P, i.e., the
values were higher at points R3, R4 and R5, with R3 and
R4 considered accumulation areas, and R5 an area with
low water circulation (Figure 10). Again, in the following
year the highest values were observed at point R1, the
closest to the mouth of the main tributary, suggesting that
in 2010 there was an increase of input loads.

Organic P represents about 50% to 77% of total P
content. Schenato (2009), in a study of phosphorus dynam-
ics in Rio Grande do Sul State, observed that the phosphorus
present in the sediment from the sub-basin with anthropo-
genic inputs was predominantly geochemical, while in areas
less affected by anthropogenic disturbances, the phospho-
rus from biological sources prevailed. This can explain the

predominance of the organic fraction in the sediment of Rio
Verde Reservoir because its basin experiences little anthro-
pogenic disturbance, if compared to other basins. In relation
to agriculture, there are several areas with this type of activ-
ity in the basin; however, according to the analysis of “con-
centrations and loads” (Chapter 10), most of the sub-basins
have good soil management and preservation, since high
phosphorus levels in the soil have not yet been detected.

The inorganic P concentrations in the surface sedi-
ment (0 — 10cm) were also slightly higher at points R3, R4
and R5 than at points R1 and R2 in 2009. In 2010, the con-
centrations at both studied points were similar (Figure 11).
Unlike in 2010, the results from 2009 did not show high
levels at the points of entry into the reservoir thus indicat-
ing that in 2010 the contributions increased.

Organic-P in sediment (ug g-1)
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FIGURE 10 — ORGANIC PHOSPHORUS CONCENTRATION (mg g-1) IN SURFACE SEDIMENT (0 - 10
cm) FROM ALL SAMPLING POINTS OF THE RIO VERDE RESERVOIR, 2009 AND 2010

Inorganic-P in sediment (ug g-1)
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FIGURE 11 — INORGANIC PHOSPHORUS CONCENTRATION (ug g') IN SURFACE SEDI-
MENT (0 — 10cm) AT ALL SAMPLING POINTS OF THE RIO VERDE RESERVOIR, 2009 AND
2010
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The concentration of labile P (the fraction of the solid
portion more easily available) in the surface sediment (0 —
10 cm) was very similar at points R1, R2 and R3, in 2009.
Point R4 presented the highest labile P value (8.1pg/g) in
that year and point R5 the lowest value (3.0ng/g).

In general, the values of labile P (Figure 12) were sim-
ilar to those of inorganic P (Figure 11). A very significant
correlation (r = 0.98) was observed between the inorganic
and labile P fraction values registered in 2010 (points R1
and R4), while in 2009 there was no correlation (r = 0.02).

At some sample points, the labile P values were high-
er than inorganic P, suggesting the labilization of some
organic forms during the analytical procedure. Due to the
high clay contents in the sediment (Table 6), it was expect-
ed that the ratioof P, /P, would be significantly lower.

Table 8 shows values for total P, organic P and inor-
ganic P in the sediment profile in the samples collected in
2010. In addition to the surface layer, two other layers at dif-
ferent depths were analyzed at points R1 (beginning of the
reservoir and higher water circulation speed) and R4 (closest
point to the dam and reduced water circulation speed).

At point R1, the concentration of the different forms
of phosphorus was quite similar across the three layers
analyzed (0 — 10; 10 — 30cm and 30 — 50cm). On the other
hand, at point R4 which is closest to the dam, phosphorus

concentrations were higher in the most superficial layer (O
— 10cm) of the sediment whereas the values of phosphorus
in deeper layers were very low. This suggests a recent in-
crease in the input load into the reservoir. Considering that
at R1 the concentration of phosphorus was similar in both
the deep and surface layers, this suggests a very significant
physical displacement of sediment or an intense displace-
ment of phosphorus in recent years in the area near R4.
The low values of total, inorganic and organic phosphorus
in the deeper layers at R4 were also accompanied by low
labile P values at the same depth (Table 8).

In comparing these two sampling areas, higher val-
ues of total P were expected at R4 because of the proximity
to the dam, a known area of accumulation and low water
circulation speed, and furthermore, the values recorded
in 2009 had been higher at R4 when compared to R1.
However, the results did not meet our expectations and
more detailed studies must be conducted in order to bet-
ter understand this phenomenon. Situations like this are
not uncommon and for this reason it is very important to
ensure the quality of sampling and laboratory procedures.
If doubts exist, they should be further examined to better
understand the dynamism and complexity of the system
(see Chapter 10, Section 2 — Reliability of Water Quality
Assessments).
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FIGURE 12 — LABILE PHOSPHORUS CONCENTRATION (ug g) IN THE SURFACE SEDIMENT
(0 — 10cm) AT ALL SAMPLING POINTS OF THE RIO VERDE RESERVOIR, 2009 AND 2010

TABLE 8 — TOTAL PHOSPHORUS (Total-P), ORGANIC PHOSPHORUS (Organic-P), INORGANIC PHOS-
PHORUS (Inorganic-P) AND LABILE PHOSPHORUS (Labile-P) CONCENTRATION VALUES (ug g-1) IN

3 LAYERS OF THE SEDIMENT PROFILE : | =0 = 10cm; Il = 10 = 30cm ; Il = 30 — 50cm — RIO VERDE
RESERVOIR, 2010
TOTAL-P ORG.-P INORG.-P LAB-P

R1 1 24.2 19.0 5.2 5.1

RT1I 25.0 19.4 5.5 5.1

R1 I 26.9 18.4 8.5 7.0

R4 1 18.8 13.2 5.6 6.2

R4 I 2.1 1.1 0.9 1.2

R4 Il 0.6 0.2 0.4 1.0
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9.2.5.2 Concentration of phosphorus in interstitial
water, water-sediment interface and water
column

The sampling points R1 and R4 were analyzed to as-
sess and compare P concentrations in interstitial water, wa-
ter-sediment interface and the water column. The results
of the analyses showed that the concentrations of P and
P-PO, at both sampling points were significantly higher in
interstitial water than in the water-sediment interface or
the water column. The concentration of P-PO, observed in
the water column was only 1% to 2% of the concentra-
tion observed in the interstitial water, indicating the po-
tential of this component for retaining and (or) releasing
ortophosphates. With a large stock of phosphorus in the
sediment that can be easily released to the water column,
and considering the redox potential of the sediment (-151
to -171mV —Figure 8), it is important that the hypolimnion
and particularly the water-sediment interface is kept aer-
ated and oxidized, minimizing phosphorus re-suspension.
Several studies have shown that the interstitial water is a
component rich in nutrients that systematically disperses to
higher waters (BEZERRA, 1987; ISHII, 1987; OHLE, 1976).
Many authors prefer to associate interstitial water with tro-
phic levels in lakes rather than with the particulate material
of the sediment (OHLE, 1976, ESTEVES 1998) because of a
greater correlation of phosphorus values in these compo-
nents. It is important to note, that when comparing con-
centrations of P-PO,” between the interface and the water
column, very similar values are obtained. However, if we

consider only P, there is a disparity between microen-
vironments, with higher values presented at the water-
sediment interface, especially at point R1(Figure 13) and
possibly in the form of organic phosphate.

The concentrations of P_ and PO, in the interstitial
water and in the water-sediment interface were higher at
point R4, an area of slower circulation than R1, which is lo-
cated at the beginning of the reservoir and thus with great-
er water speed. However, these concentration levels in the
interstitial water may be considered low when compared
to other lakes. A study conducted by Ohle (1976) showed
nutrient values for some temperate lakes were related to
trophic states, where oligotrophic environments had values
around 20ug L' of P__, mesotrophic environments 140
— 170ug L', and eutrophic environments values between
1,000 and 2,200 20ug L.

In the water column, P, concentrations were higher
in R1; again, suggesting a recent increase of phosphate
loads into the reservoir, although these values are very low
and characteristic of an oligotrophic environment.

Considering the discussion above, we can say that the
water column and the particulate material of the sediment of
the Rio Verde Reservoir present some oligotrophic characteris-
tics, while the interstitial water of the same sediment presents
meso-eutrophic characteristics. These results suggest that the
reservoir is able to keep the hypolimnion aerated most of the
time, with little thermal-chemical stratifications, otherwise the
values in the water profile would be significantly higher: a
situation for which there is some potential.

Total-P and PO4- (ug L-1)
40071
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— 206
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FIGURE 13 — CONCENTRATION OF TOTAL PHOSPHORUS AND PHOSPHATE (mg L-1) IN THE INTERSTITIAL
WATER, WATER-SEDIMENT INTERFACE AT POINTS R1 AND R4 IN THE RIO VERDE RESERVOIR, 2010
NOTE: Ptotal in the sediment in pg g-1 is shown in Figure 9, with R1: 13.3 (2009) and 24.4 (2010) and R4: 30.1(2009) and 18.8 (2010)

9.2.5.3 Evaluation of phosphorus release
Temperature can play an active partin phosphorus
dynamics in the sediment, reducing the adsorption and
indirectly increasing biological activity. Considering that
organic phosphorus is most prevalent in the sediment, it
is important to explore microbial activity as a part of the
phosphorus release process. During mineralization of
organic matter, phosphorus can be indirectly mobilized,
either by consumption of nitrate and sulfate or by the
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formation of methane (CHRISTOPHORIDIS & FYTIANOS,
2006). However, the phosphorus released by this biological
process may become unavailable when there is oxidized
Fe and when environmental conditions are favorable to
adsorption/precipitation.

At high densities, benthic invertebrates and bentho-
phagic fish may considerably disturb the sediment, thus
transferring by diffusion phosphorus from the sediment
to the water column (WETZEL, 1999). In the Rio Verde
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Reservoir, consistently high catch levels in the samples of
Geophagus brasiliensis (acard), a species of benthophagic
fish, was observed which may be a factor in phosphorus
diffusion. Another process that may contribute to phos-
phorus diffusion from the sediment to the water column is
gas production. Gases produced by biological activity, such
as CO,, CH, and N, form bubbles which contribute to the
movement of phosphorus as the gases rise to the surface.
In the Rio Verde Reservoir, the release of bubbles from the
sediment was observed on several occasions when collec-
ting samples for the project, along with the capture of sur-
face methane caused by the high degree of decomposition
of the remaining plant debris from the filling of the reser-
voir 40 years ago.

Complexation reactions between PO, and Fe or Al is
favored in conditions of neutral to slightly acidic pH (FRAN-
ZEN, 2009) which are consistent with the conditions found
in the Rio Verde Reservoir. However, the complexation P-Al
is probably a secondary reaction in the reservoir, conside-
ring that at pH values greater than 5.6 to 5.8, AP**ions
precipitate as AI(OH),. This suggests a greater importance
of the P —Fe bond. In the field, we observed a reddish color
to the sediment which is caused by the presence of signi-
ficant amounts of iron. This indicates that, in the inorganic
component, Fe may be one of the major regulators of P
dynamics in the Rio Verde Reservoir.

The low phosphorus concentrations found in the
water column and the water-sediment interface are not
consistent with the high values observed in the interstitial
water. In addition, the redox potential of the sediment was
consistently electronegative (below +200mV), i.e., favora-
ble for phosphorus desorption. This suggests that the wa-
ter-sediment interface is frequently in an aerobiotic state,
with the establishment of an oxidation microzone. Other
factors which also affect phosphorus release from the se-
diment, such as pH, temperature and bioturbation, had
little effect on element resuspension to the water column.
These results can be explained by the levels of dissolved
oxygen (DO) observed at the bottom of the reservoir. Even
under the stratification conditions in 2009, the values of
DO in the bottom layer were higher than 5 mg/L (Figures
5 and 6), forming an oxidation layer that minimizes the
diffusion of interstitial desorbed phosphorus to the waters
in higher layers. In 2010, DO concentrations in the bottom
waters of the reservoir were higher than 6.5mg/L.

Generally, anoxic states favor the mechanisms of P
release from the sediment. It is estimated that in an anae-
robic state the levels of phosphorus resuspension from the
sediment to the water column may reach 1,000 times the
values observed in aerobic states (WETZEL, 2001). Despi-
te the fact that our analysis produced satisfactory DO va-
lues that are consistent with the phosphorus content in
the water column, states of anoxia and hypoxia are quite
common, particularly between November and April. This
can lead to a gradual release to the water column from
the bottom (internal loading). Consequently, there would
be a risk of promoting the proliferation of cyanobacteria
microalgae (see Chapter 13).

As previously discussed, it is important to note that
the levels of total P in the sediment are considered low,

Downloaded from http://iwaponline.com/ebooks/book-pdf/868060/wic9781780406480.pdf
bv IWA Publichina publications@iwan co uk

varying from 13.3 to 33.2mg g, well below the alert le-
vels outlined in the legislation (CONAMA 344/2004). Ho-
wever, the values encountered in the interstitial water are
not as low as that found in the sediment, suggesting that
attention must be paid to reservoir management, including
restricting new contributions and constantly monitoring
phosphorus levels in the water column. We emphasize that
continuous monitoring is necessary in order to better un-
derstand whether phosphorus concentration in sediment
components (including solid phase, liquid phase and inter-
face) will significantly affect the equilibrium of the phyto-
plankton community of the reservoir in the future.

The assessment of phosphorus release from the sedi-
ment does not depend solely on the analysis of phosphorus
fractions in the sediment and water. The physicochemical
characteristics of the sediment and of the environment
where it occurs, as well as biological activities of the eco-
system, should be taken into consideration. All these pro-
cesses may be significant in phosphorus dynamics in the
sediment of the Rio Verde Reservoir. However, the quan-
tification of phosphorus release from the sediment to the
water column, especially the dynamics of the interstitial
water and the importance of the different processes that
contribute to this release, should be better studied through
controlled experiments in the laboratory. The present study
presents an initial assessment of the phosphorus concen-
tration in the sediment that can be used as a reference
for further studies on the dynamics and importance of this
element in the reservoir.

9.2.6 Nitrogen

9.2.6.1 N concentration

The N, values in the surface sediment of the Rio
Verde Reservoir varied from 2,400 to 4,400ug g, consid-
ering the samples taken in both 2009 and 2010. These
values are below the alert levels indicated by CONAMA
344/2004 (Figure 14).

The total nitrogen (N, ) values in 2010 were 15 to
30% lower than the values obtained in 2009. Of the five
points evaluated in 2009, point R5 had the highest total N
value in the surface sediment (0 — 10cm) and R4 the low-
est: both points are in areas of low water speed (Figure 14).

A study developed by Prada & Oliveira (2006) in a
reservoir under good conditions of preservation (essentially
forested) in its drainage basin, identified values of about
3,200 to 6,600ug g, demonstrating that basins with little
agricultural or anthropogenic disturbance can also have
high concentrations of organic nitrogen and total N can
reach values similar to those reported for anthropogeni-
cally disturbed environments.

In lotic environments, sediment stabilization and ac-
cumulation is unusual and significantly lower total N values
are expected, even when compared to more disturbed en-
vironments. The surface sediment of the Itajai-Acu River,
Santa Catarina State, was assessed in a study conducted
by Susin et al. (2007), where values between 350 and
2,200ug g were observed. Another study in the Barigui
River, which is also a lotic environment, located in the same
hydrographic unit as the current study and is known to re-
ceive a large sewage load, detected values in the order of
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FIGURE 14 — TOTAL NITROGEN CONCENTRATION (mg g-1) IN THE SURFACE SEDIMENT (0 — 10cm) AT ALL
SAMPLED POINTS OF THE RIO VERDE RESERVOIR, 2009 AND 2010

362 to 1,778ug g' (FROEHNER & MARTINS 2008). These
values are lower than those observed in the relatively well
preserved environment of the Rio Verde Reservoir. It is
important to study another reservoir in this hydrographic
basin with similar preservation conditions to better under-
stand these results. One environment that would be worth
analyzing is the Piraquara | Reservoir, located in the Metro-
politan Region of Curitiba.

In examining the profiles sampled in 2010 (Table 8),
the values of N__ were similar at all points sampled, about
2,400ug g' (mean 2,422 pg/g + 52 SD). These values are
significantly lower than those observed in 2009 (surface
layer) (Figure 14).

Unlike the results observed for phosphorus, total
nitrogen concentrations in the water-sediment interface
were lower than the values observed in the water column,
suggesting recent inputs. On the other hand, both the val-
ues observed for the interface and the water column were
similar across the sampled points, indicating a certain de-
gree of homogeneity in the reservoir.

9.2.7 Metals and Arsenic

Table 9 shows the values for the metals and arsenic
present in the sediment of the Rio Verde Reservoir at two
sampling points (R1 and R4) and three depths in the sedi-
ment profile (I=0—-10cm; Il = 10 — 30cm; Ill = 30 — 50cm).

The elements arsenic and cadmium were not de-
tected in the analyses (detection limits of 10 and Tmg/kg,
respectively). However, contamination level 1 established

by CONAMA 344/04 is 5.9mg/kg for arsenic and 0.6mg/
kg for cadmium, values below the detection limits used in
this study. The detection limits used are nevertheless below
contamination level 2.

The heavy metal chromium presented the high-
est concentration in the sediment, varying from 100 to
139mg/kg. These results are above the values recom-
mended by CONAMA resolution 344/04. Bonai (2007)
found similar levels of chromium in the sediment of the It4
reservoir in Santa Catarina varying from 74.3 to 119.5mg/
kg at five sample points. Silvano (2003), studying a pond
downstream of mining activities also in Santa Catarina,
found higher values, between 215 and 325mg/kg. If we
consider the base levels established by Bowen (1979) of
approximately 72mg/kg, the levels suggested by Forstner &
Wittmann (1983) of 77 mg/kg, and contamination level 2
of the CONAMA resolution 344/04 at 90mg/kg, the sedi-
ment of the reservoir can be characterized as having exces-
sive chromium. The concentration of chromium in water
should be lower than Tug/L.

Chromium can have different oxidation levels from
Cr** to Cr®. The trivalent form is the most stable and
common in nature and it is essential for the functioning
of living organisms. The hexavalent form is highly toxic
and carcinogenic. Long-term exposure to chromium can
result in the accumulation of the metal in certain tissues,
mainly the liver and spleen (FREITAS, 2006), and can
cause cutaneous ulcers, dermatitis, nasal inflammation,
lung cancer, among others. The presence of chromium

TABLE 8 — TOTAL N CONCENTRATION VALUES (ug g-1) IN THREE LAYERS OF THE SEDIMENT PROFILE: | = 0 —
10cm; Il =10 - 30cm ; Ill = 30 — 50cm; TOTAL N IN THE WATER-SEDIMENT INTERFACE (ug L-1); TOTAL N (ug

g-1) IN THE WATER COLUMN (ug L-1), RIO VERDE RESERVOIR, 2010

PROFILE TOTAL-N TOTAL-N WATER- TOTAL-N
SEDIMENT SEDIMENT INTERFACE WATER COLUMN
R11 241
RTI 2.372 177 283
R0 2.505
R4 1 2.469
R4l 2.367 179 293
R4 I 2.408
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ions in water can indicate industrial pollution, such as
residues and effluents from the production of anodized
aluminum, stainless steel, paints, pigments, explosives,
paper and photographs. Clearly, it is important to better
understand the industrial areas and activities in the basin,
upstream of the reservoir.

Aquatic organisms exhibit significant variation in sen-
sitivity to this element (BRANCO, 1972; ABNT, 1997). The
impact of chromium on the biota of the Rio Verde Res-
ervoir, therefore, depends on its oxidation state which is
directly affected by pH and redox potential (Eh). In environ-
ments with low Eh and tendencies toward acidic pH, the
species of Cr3* are most prevalent as cations Cr3*, CrOH?,
Cr(OH),*, Cr(OH),® and anions Cr(OH),. Under oxidizing
states and a more alkaline pH, the species of Cr®* predomi-
nate as anions HCrO, and CrO,?~ (BERTOLO et al., 2009).
Given that the pH of the Rio Verde Reservoir sediment is
neutral on average, the redox potential may be a determin-
ing factor in the chromium oxidation state. Since Eh values
are electronegative in the reservoir, it is likely that chromi-
um exists in the most reduced state. Despite being found
naturally, the long-term effects of Cr** on the biota, at the
concentrations found in the Rio Verde Reservoir, should be
further investigated.

9.2.8 Contaminants in the Sediment and Water:
Pesticides, PCBs and PAHs

The analyses of pesticides in the sediment samples
revealed that in both study years (2009 and 2010) all the
compounds chosen for analysis and included in the current
legislation (CONAMA/344 and CETESB/2005), were below
the detection limits of the analytic procedures employed.
They are thus within the permitted levels.

In the water samples, the values found for all pesti-
cides included in CONAMA resolution 357/2005 were be-
low the maximum authorized levels.

Through a survey of the points of sale for pesticides
in the Rio Verde Basin, we developed a list of the 22 most
commonly used pesticide compounds. Of this list, nine were
herbicides, eight insecticides and five fungicides (Table 10).

CONAMA resolution 344/2004 includes substances
with a greater persistence potential in the environment,
such as organochlorines and PAHs. Due to their chemical
structure, these compounds are most likely to be found
in the sediment. As can be seen in Table 10, the chemi-
cal groups of the pesticides used in the Basin, especially
the insecticides (carbamates, pyrethroids and organophos-
phates), are less persistent in the environment as compared
to organochlorines.

TABLE 9 — METAL CONTENTS IN THE SEDIMENT AT POINTS R1 AND R4, RIO VERDE RESERVOIR, 2010

CONAMA 344
METALS R1-1 R1-1I | R1-Il | R4-I RA-1I | R4-M UNIT
LEVEL 1 LEVEL 2

Aluminum 2.97 3.09 3.01 3.86 4.43 4.35 g/100g
Antimony ND 10 ND 10 ND 10 ND 10 ND 10 ND 10 mg/kg
Arsenic ND 10 ND 10 ND 10 ND 10 ND 10 ND 10 5.9 17 mg/kg
Barium 138 144 138 136 61 35 mg/kg
Beryllium 1.4 1.4 1.4 0.8 0.4 0.2 mg/kg
Bismuth ND 10 ND 10 ND 10 ND 10 ND 10 ND 10 mg/kg
Cadmium ND 1 ND 1 ND 1 ND 1 ND 1 ND 1 0.6 3.5 mag/kg
Calcium 932 1007 900 636 418 224 mag/kg
Lead 19 26 19 20 16 17 35 91.3 mg/kg
Cobalt 18 18 19 14 6 4 mag/kg
Copper 43 46 46 25 18 15 35.7 197 mag/kg
Chromium 120 129 126 102 139 100 37.3 90 mag/kg
Tin ND 10 ND 10 ND 10 ND 10 ND 10 ND 10 mg/kg
Strontium 9 10 10 7 4 4 mag/kg
Iron 7.37 7.67 7.27 6.86 5.58 4.5 mag/kg
Phosphorus 1008 1077 1068 721 312 225 mag/kg
Lithium 8 8 8 7 8 7 mag/kg
Magnesium 1176 1223 1091 819 290 172 mag/kg
Manganese 499 542 473 813 381 204 mag/kg
Mercury 0.13 0.11 0.14 0.1 0.08 0.08 0.17 0.488 mg/kg
Molybdenum ND 10 ND 10 ND 10 ND 10 ND 10 ND 10 mg/kg
Nickel 26 28 26 14 13 7 18 359 mag/kg
Potassium 943 1008 903 820 326 200 mag/kg
Silver ND 4 ND 4 ND 4 ND 4 ND 4 ND 4 mg/kg
Selenium ND 10 ND 10 ND 10 ND 10 ND 10 ND 10 mg/kg
Sodium 99 87 10 79 55 48 mg/kg
Vanadium 11 117 118 101 109 88 mg/kg
Zinc 55 60 58 38 20 16 123 315 mg/kg

NOTE: Data highlighted in light gray in the table refer to inorganic elements, potentially pollutants, discussed in CONAMA resolution 344/04

ND: Not-detected.
Level 1: threshold below which there is a probable impact on the biota

Level 2: threshold above which there is a probable adverse impact on the biota
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TABLE 10 — MAIN PESTICIDES USED IN THE RIO VERDE BASIN

CHEMICAL GROUP COMPOUND CLASS CULTURE
Chlorpyrifos | Potatoes, corn, beans, tobacco, wheat, sorghum and vegetable crops

Organophosphates Parathion I Potatoes, beans, corn and wheat

Methamidophos | Beans, potatoes, tomato and wheat

Carbaryl | Beans, tobacco, corn and vegetable crops
Carbamates methomyl | Potatoes, corn, wheat and vegetable crops
Mancozeb F Potatoes, grapes, tobacco, wheat, beans and vegetable crops
Pyrethroid Lambda Cyhalothrin I Beans, tobacco, corn, vegetable crops and wheat
Deltamethrin | Corn, sorghum, wheat, beans, potatoes and tomato

Acetanilide Metolachlor H Corn and beans
Propionate Buti Fluazifop-P + H Potatoes, vegetable crops, beans and tobacco
Aryloxy phenoxy Fomesafen
Gycine derivative Glyphosato H Pasture, corn, grapes, wheat, conifer and eucalyptus
Triazine Atrazine H Corn, conifers and sorghum
bipyridyl Paraquat H Wheat, corn, grapes and beans
Strobilurin Azoxystrobin F Potatoes, beans and vegetable crops
Phthalonitrile Chlorothalonil F Potatoes, beans, grasslands, corn, vegetable crops, wheat and grapes
Acetamide Cymoxanil F Potatoes, grapes, tomato and onion
Triketone Mesotrione H Corn
Benzothiazine Bentazone H Beans, corn and wheat
Benzonitrile loxnil H Onion
Organic tin Fentin Hydroxide F Potatoes, beans and vegetable crops
Sulfonylurea Nicosulfuron H Corn

NOTE: | = insecticide; H = herbicide; F = fungicide.

Organophosphate pesticides are non-persistent and
thus they represent an improvement on organochlorines.
However, they usually have a severe toxic effect on hu-
mans and other mammals as compared to organochlo-
rines. Organophosphates decompose in days or weeks
and, therefore, they are rarely found in food chains and
sediment (BAIRD, 2002). An example is Parathion, an or-
ganophosphate of the phosphorothioate group, which is
very toxic but persists in the soil on average one week.

As with organophosphates, carbamates also have
a very short life-cycle in the environment: they react with
water, decomposing into simple, non-toxic products. Py-
rethroids, as well as some herbicides, are xenobiotic and
are analogous to compounds found in nature. Considering
that pesticide degradation occurs predominantly through
biological processes, due to the enzymes present in ani-
mals, plants and microorganisms, the persistence of these
compounds in the environment are also considered low.

Based on a general analysis comparing the persis-
tence of the chemical groups of pesticides, we note that
there is a low probability of accumulation, and therefore
low probability of detection, in the sediment of the most
widely used compounds in the Rio Verde Basin. On the
other hand, our analysis is based on the substances out-
lined in CONAMA resolution 344/2004, and thus our re-
sults can be explained in part by the fact that organochlo-
rines are not used in the basin.

In a more detailed examination of the persistence
and contamination potential of pesticides, the Goss, EPA
and GUS indices were evaluated. The assessment of sur-
face water pollution (Goss Index) and groundwater (EPA
and GUS criteria) resulted in the identification of the fol-
lowing priority compounds to be analyzed in the basin: for
surface waters — Atrazine, glyphosato, mancozeb, metola-
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chloro, chlorpyrifos and metonil; and for sediment — man-
cozeb, chlorpyrifos, endosulfan and lambda-cyhalothrin.
Although the models used do not indicate a high impact
potential for parathion and carbaryl, these molecules were
considered as priorities for investigation: parathion in the
sediment and carbaryil in the water.

It is worth noting, that among the 22 most used pes-
ticides in the Rio Verde Basin (Table 10), only three (atra-
zine, carbaryl and glyphosate) are included in CONAMA
resolution 357/2005. These three pesticides are indicated
as potential water pollutants in the basin, considering the
GUS and EPA criteria and the Goss index, as described
above.

On the other hand, all the compounds analyzed in
the water were below the detection limit. This result may
be associated with the collection time, which occurred in
June, a period in which agricultural activity in the region is
greatly diminished because most of the crops in the basin
are summer crops.

10. FINAL CONSIDERATIONS

The amount of phosphorus in the water sediment
and water-sediment interface may be considered low;
however, the phosphorus found in the interstitial water
is relatively high, suggesting that the ecosystem requires
constant monitoring.

This phosphorus may be released from the sediment
component if the oxygenation states of the water bottom
are changed. As phosphorus concentrations in the sedi-
ment are low, temporary periods of anoxia in the hypolim-
nion likely will not significantly influence the phytoplank-
ton community. Nevertheless, we suggest monitoring both
water and sediment. We also recommend that specific ex-



SEDIMENT

periments are conducted that assess the potential release
of phosphorus from the sediment and the interstitial wa-
ter, in order to better understand the intervening dynamics
in the reservoir.

Considering the results of the analysis of pesticides
and nutrients in both water and sediment, we conclude
that the Rio Verde Hydrographic Basin does not contribute
significant pollutant loads to the reservoir.

The contamination of the sediment with chro-
mium was detected at levels above those allowed by the
current legislation. Due to the current physical and chemi-
cal state of the reservoir, this excess does not seem to pose
a threat to the biota. However, further investigation of the
possible causes of chromium accumulation must be con-
ducted as it may become a more serious problem in the
future.
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ABSTRACT

The characteristics of hydrodynamic circulation and the transport of contaminants is discussed in this work in order to
add to our understanding of the phenomenon of eutrophication in the Rio Verde Reservoir. Models used in the analy-
sis are part of SisBaHiA® (in Portuguese, Sistema Base de Hidrodinamica Ambiental). SisBaHiA® s a set of models that
is able simulate coastal and inland water bodies. In this study, we used the horizontal two-dimensional hydrodynamic
circulation model (2DH) and the vertically integrated model of water quality and eutrophication for non-conservative
and passive scalars. Results from environmental modeling show that the chosen models are suitable and can be used
quantitatively in characterizing the excessive algae growth in reservoirs, thus providing the foundation for new appli-
cations and developments. Despite the errors associated with boundary conditions and the simplifications considered
herein, the model has demonstrated its potential to adequately simulate the data set collected from the reservoir.
Based on the results of the hydrodynamic model, we noted the significant influence of wind in determining hydro-
dynamic circulation in the Rio Verde Reservoir. Inflows/outflows only generate impacts in circulation in their immediate

surrounding regions and do not contribute to the circulation of the reservoir as a whole.
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Water quality models, hydrodynamic circulation, reservoir.

1. INTRODUCTION

The characteristics of reservoirs place them in an
intermediate position between rivers and lakes and they
can be divided into three zones based on different physical,
chemical and biological properties. In relation to surface
area, reservoir drainage basins of are typically larger than
natural lake basins, as well as narrower and more elongat-
ed. Thus, reservoirs receive only a small fraction of their
inflow directly from runoff in the drainage basin and most
of the water, nutrients and sediments are usually supplied
by one or two major tributaries.

Water quality in reservoirs is closely linked to average
residence time. In large, deep reservoirs, residence time
can be years, while in narrow and shallow reservoirs, resi-
dence time can be only a few weeks. If the residence time
is short, the quality of the water in the reservoir can be
mainly determined by the quality of tributaries. However,
if the residence time is long, one can expect a significant
effect from sources coming from the surface or bottom of
the reservoir as well as biological activity (FISCHER et al.
1979).

The various phenomena that occur within reservoirs
hinder the understanding of system behavior and its analy-
sis in different scenarios. The mathematical representation
of a lacustrine system for the study of water quality, con-
sidering all its physical, chemical and biological processes,
can be quite complex. Water quality models are able to as-
sess the impacts generated by the release of pollutants and
it is possible to understand phenomena such as excessive
growth of algae due to eutrophication.

Downloaded from http://iwaponline.com/ebooks/book-pdf/868060/wic9781780406480.pdf
bv IWA Publichina publications@iwan co uk

Quantitative ecological modeling of reservoirs is
a major challenge, especially considering that transport
mechanisms and physical, chemical and biological process-
es active in the water body are vast and require an inter-
disciplinary approach. However, the development of math-
ematical models that seek to quantify these processes has
been the object of study in recent decades. The complexity
of the system must be reflected in the modeling process,
ensuring that the model has the capaity to understand the
behavior of the environmental system and, thus, evaluate
the effects that various actions can have on its behavior.

Data needed for studies and projects focusing on
water resource management are generally scarce and ob-
tained from only a few points across the area of interest.
Water quality models are indispensable tools to integrate
this spatially dispersed information, allowing its interpola-
tion and extrapolation across the entire area of interest. In
addition, new scenarios may be simulated to analyze chan-
ges in the medium. The spatial dynamics of the movement
of pollutants can also be better understood with the use of
these models (ROSMAN, 2000).

In lakes and reservoirs, the spatial scale of phenom-
ena related to water quality occurs preferentially in the ver-
tical direction, whereas the dominant transport processes
in lakes and reservoirs occur along the depth, with few
transverse and longitudinal variations. Another important
characteristic of reservoirs, related to depth and low longi-
tudinal velocity, is thermal and chemical stratification. Solar
radiation, wind, and inlet and outlet flow, related to resi-
dence time, influence the processes of stratification.
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The vertical dynamic observed in reservoirs is related
to the presence or absence of stratification which, in the
case of continental reservoirs, relates to variations in tem-
perature. The penetration of light into the water column
defines the region where photosynthesis can occur and
thus determines the migration of species to the surface. In
shallow lakes, wind has a more significant impact on the
vertical mixing processes, in addition to increasing turbid-
ity and decreasing light penetration. Another factor to be
considered is the distribution of nutrients throughout the
water column. As distribution is not uniform, it is possible
that species adapted to regions with higher concentrations
of nutrients can have an advantage over other species, es-
pecially in periods of decreased concentration.

The distribution of a substance within a body of
water is performed by advective and diffusive transport
mechanisms. Advection can be defined as the movement
of the substance associated with the resolvable velocity
field in the scale of interest. The velocity field in bodies of
water with open surfaces, such as reservoirs, is determined
through the use of hydrodynamic models, which represent
a set of basic input data for water quality models.

Diffusion can be defined as any movement in non-re-
solvable scale, which must be modeled in terms of resolv-
able magnitudes. In large reservoirs or lakes, wind is the
primary agent in transmitting random movement to water
(CHAPRA, 1997).

Water quality models are based on the principle of
mass conservation, representing advection-diffusion and
changes in concentrations of substances due to chemical,
physical and biological processes. When the substance is
passive, that is, the velocity field is independent from its
concentration, the study of substance transport is a prob-
lem that is disengaged from hydrodynamic modeling.

Water quality models have various dimensions ac-
cording to the body of water of interest. Water quality
models with zero dimensions can be used to estimate the
spatial average of pollutant concentration. In this case, it is
assumed that the pollutant is thoroughly mixed within the
water body and hydrodynamic circulation data is not re-
quired. Models in one dimension are usually used to simu-
late rivers; the geometry of the system is represented by
a linear network of segments. Variations in water quality
parameters occur along the longitude as water is trans-
ported from one segment to another. These models are
also used in deep lakes and those with a small surface area
to simulate the vertical variation of temperature and other
quality parameters.

Water quality models applied to reservoirs often have
two or three dimensions to represent spatial heterogeneit-
ies. When two-dimensional models are used, a new term
is added to the transport equation to represent the loss
of differentiated advection along the vertical and/or hori-
zontal direction. This process is called dispersion (CHAPRA,
1997).

Physical, chemical and biological processes can in-
crease or decrease the concentration of substances within
the system. The chemical and biochemical reactions can be
modeled by defining their kinetics, which is related to the
velocity or rate at which these reactions occur. Reactions
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can be classified according to their order, which express-
es how the concentration of a particular reagent varies.
Although the order of reactions needs not necessarily be
a whole number, most significant reactions used in water
quality modeling have an order equal to zero, one or two.

Zero-order reactions are independent of the concen-
tration of reactants. Examples include the oxidation of am-
monia nitrogen to nitrite nitrogen and glucose oxidation
by aerobic bacteria. However, these biochemical reactions
slow down when substrate concentrations approach zero.
In the case of first-order reactions, the rate of change is
directly proportional to the reagent concentration. Exam-
ples of these reactions include dissolution and removal of
gases in water and the decomposition of organic matter by
bacteria in tests to define the biochemical oxygen demand
(BOD) in a water sample. Second-order reactions are those
in which the reaction rate is proportional to the square of
the concentration of one reactant or to the product of con-
centration of two different reagents. An important use of
second-order reactions is the representation of biological
transformations.

Knowledge of the thermal regime of reservoirs and
lakes is particularly important for three reasons: effluent
discharges at different temperatures can cause negative
effects on the aquatic ecosystem; temperature influences
chemical and biological reactions; and temperature varia-
tions affect the density of water and, consequently, chan-
ges transport processes, forming thermal stratification.
The water temperature is the main variable responsible
for maintaining the life of aquatic systems, affecting the
growth and development of living beings (ANGELOCCI &
VILLA NOVA, 1995).

The solar radiation that reaches the surface of the
lake is transformed into heat, especially near the surface.
This transfer process occurs slowly, producing layers of
different temperatures and hence different densities.
Wind is the principle force able to mix these layers. If the
energy generated by the wind is not sufficient to promote
mixing, the water column is stratified for long periods of
time. Thus, stratification can be quite resistant to mixing,
forming three distinct layers: epilimnion, hypolimnion and
metalimnion. The mixed layer can be restricted to the epili-
mnion or move to hypolimnion, causing vertical movement
throughout the water column, mainly resulting from the
wind.

Thus, temperature variations can occur on daily and
seasonal scales, generating stratification and de-stratifica-
tion events within these scales. This vertical circulation in-
fluences the distribution of nutrients in the water column:
if stratification occurs, nutrients are quickly consumed by
phytoplankton; when de-stratification takes place, there is
a homogeneous distribution of nutrients throughout the
water column, which does not cause any shortage of nutri-
ents in the epilimnion.

Temperature variations noted throughout the water
column in lakes and reservoirs depend on wind and other
energy flows to which these water bodies are subjected.
Several studies have shown the influence of solar radiation
on the formation of temperature profiles. Sperling et al.
(2004) show the thermal structure of a developing lake,
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highlighting the temporal variation of thermal stability of
the water column over two years. Lopes & Bicudo (2001)
review the existing literature on lake systems in the Ama-
zon and Southeast regions of Brazil and present an investi-
gation of diurnal and daily variations for different physical
properties in a subtropical, shallow and oligotrophic res-
ervoir for two distinct periods, dry and rainy. Lawson &
Anderson (2007) discuss a de-stratification system installed
in the Elsion lake which is able to increase the levels of
dissolved oxygen.

In the literature there are a vast array of ecological
models. Jorgensen et al. (1996) show that approximately
1000 models have been described and referenced in the
current literature. These models demonstrate an evolution
that began in the 1920s with the work of Streeter and
Phelps on rivers, up to current models, which involve the
simulation of toxic substances, organic pollutants, metals
and sediment-water interactions (FRAGOSO JR., 2009).
Within this context, SisBaHiA® (in Portuguese, Sistema
Base de Hidrodinamica Ambiental) has been developed
since 1987 by the Coastal and Oceanographic Engineering
Department, Oceanic Engineering Program, Federal Uni-
versity of Rio de Janeiro (COPPE/UFRJ). SisBaHIA® is able to
model coastal and inland water bodies and it consists of:
a three-dimensional hydrodynamic circulation model (3D)
or a two-dimensional horizontal hydrodynamic circulation
model (2DH); an Eulerian advective-diffusive transport
model with reactions; a water quality and eutrophication
model; a Lagrangian deterministic transport model; a prob-
abilistic model; as well as a wave generation model. The
Water Quality And Eutrophication Model of SisBaHIA® is
an Eulerian advective-diffusive transport model vertically
integrated for non-conservative scales, or in other words,
the modification of concentration is the result of physical,
chemical and biological processes. In this case, the velocity
field used is an average in the vertical direction and no
description of the velocity profile is allowed. Further de-
tails on SisBaHiA® can be obtained through www.sisbahia.
coppe.ufrj.br.

This study presents the development of environ-
mental modeling for assessing the hydrodynamics and
transport of contaminants in the Rio Verde Reservoir. The
model allows us to simulate, predict and assess eutrophi-
cation relating to biological data and water quality. As
such, it provides support for decision making by defining
the effectiveness of mitigation measures and assessing
reservoir zones where higher algae concentration may
potentially occur.

2. DESCRIPTION OF THE RIO VERDE
RESERVOIR

The Rio Verde Reservoir is located in the Metropolitan
Region of Curitiba (RMC), at a longitude of 490 31'W and
latitude of 250 31°S, having a surface area of approximate-
ly 5,971,731.0 m?, an average volume of 25,643,732.0 m3,
and an average depth of 5,642 m. The reservoir is part
of the Rio Verde Hydrographic Basin. Further details on
land-use, soil type, morphology and geology of the basin
that forms the tributaries of the Rio Verde Reservoir can be
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found in Chapters 1 through 5. The bathymetry of the res-
ervoir, shown in Figure 1, was obtained from bathymetric
data collection carried out from April 7 to 10, 2008. Due
to the presence of submerged trunks and excessive vege-
tation in some parts of the reservoir, it was not possible
to perform bathymetry throughout the entire reservoir.
Therefore, it was necessary to use topographic maps to
determine depth where data collection was not possible.
The elevation volume ratio of the reservoir can also be
seen in Chapter 9. The Rio Verde Reservoir is oriented in a
Northeast (NE)-Southwest (SW) direction, with a length of
approximately 7500 m and a maximum width of 1300 m.
The reservoir has two distinct regions: one near the dam,
with greater depths, and another near the Rio Verde, with
shallower depths. Another feature of the reservoir is the
dendritic system formed by branches where small rivers
drain into the reservoir and these regions are characterized
by high residence time.

The main tributary of the reservoir is the Rio Verde,
accounting for 70% of the total tributary flow; other small-
er tributaries also contribute with low flow levels. Figure
2 shows the flow rates obtained by sampling or using the
SWAT model (Soil and Water Assessment Tool). Further
details on the determination of flow rates can be found
in Chapter 8. In relation to outflows, two exit points were
set, one in the catchment area, close to the dam and with
a permanent value of 0.83 m3/s, and another at the spill-
way, such that the sum of inflows is equal to the sum of
outflows.

The climate of the region, according to the Koep-
pen classification, is Cfb - temperate, with cool summers,
frequent frosts, and no defined dry season. Meteorologic-
al data obtained from a station installed near the dam of
the Rio Verde Reservoir (on a slab located at water intake,
Latitude 25°31°36,83"S and Longitude 49°31°39,07") con-
firmed the classification of the region’s climate. This station
provides wind direction and speed, air temperature, solar
radiation, and precipitation. Temperatures are taken every
15 minutes. Sensors are installed approximately 10 meters
from the open water surface.

Figure 3, 4, 5 and 6 show the values of solar radi-
ation, air temperature, humidity, and precipitation, col-
lected at the meteorological station between August 2008
and August 2010 and used for the temperature model.
The maximum values of solar radiation measured at the
station are dependent on cloud cover, showing a variation
between winter and summer. The maximum solar radia-
tion recorded is 1442.0 W/m?. However, taking into ac-
count the moving average over a period of 30 days, this
variation is no longer visible.

Air temperatures vary with the seasons, with values
close to zero in the month of May. The average temper-
ature during the period is 17.12°C, with a maximum value
of 33.79 °C and minimum of 0.04°C. Humidity values
show little annual variation, with average values of 80.0%,
a maximum value of 100.0%, and a minimum value of
17.26%. Data on rainfall that reaches the reservoir can
be seen in Figure 6. There is no clearly defined period
of drought or flooding; during summer, rains occur with
greater volume and during the winter it is generally drier.
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FIGURE 3 — DATA ON SOLAR RADIATION IN W/m?* MEASURED AT THE WEATHER STATION IN THE RIO VER-
DE RESERVOIR. THE CONTINUOUS LINE REPRESENTS THE AVERAGE FOR A 30 DAY PERIOD
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FIGURE 4 — DATA ON AIR TEMPERATURE (°C) MEASURED AT THE WEATHER STATION OF THE RIO VERDE
RESERVOIR. THE CONTINUOUS LINE REPRESENTS THE AVERAGE FOR A 30 DAY PERIOD
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FIGURE 6 — DATA ON RAINFALL (mm) MEASURED AT THE WEATHER STATION OF THE RIO VERDE RESER-
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The concentration values of various substances in the
tributaries, which are used as environmental conditions in
the model of water quality, are shown in Figure 7. BOD
concentrations in the rivers are consistently low, less than
3.0 mg/L, except at point TE14, where BOD is equal to
6.0 mg/L in July 2008. Most of the concentrations in the
tributaries of the Rio Verde Reservoir are 1.0 mg/L, which is
the limit of detection, and from this we can conclude that
the load of organic matter contributing to the reservoir is
minimal.

The Rio Verde Reservoir presents a dynamic system
of stratification, characterized by a reasonable stratification
in summer and a mixed water column during the winter.
Figure 8 and 9 show the temperature profiles measured at
stations R2 and R4, respectively, between July 2008 and
July 2009. We can see that the two stations have similar
behavior in relation to stratification: between April and
September, the water column shows no stratification and
can be considered well mixed; from October, with the ar-
rival of summer, the water column begins to stratify, with
the largest gradients found in late summer (March), a be-
havior typical of subtropical lakes. One can also see that
January 2009 was an unusual month with velocity values
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less than in December, which demonstrates a month with
mild temperatures, as can be seen in air temperatures
shown in Figure 4.

The specific mass profile can be defined based on
the temperature data, taking into account that, in the res-
ervoir, there is no salinity gradient. Considering a binary
system, the density in g/cm?, can be written as:

_ 1+A
B+0.698A

B=1779.5+11.25T —0.0745T*

p(T) . A=5890+38T —0.375T7 e

M

where T is the water temperature in degrees. The profiles
of the specific mass at R4 are shown in Figure 10. It is clear-
ly observed that the density gradients generated are small,
indicating a limited capacity for vertical mixing in the water
column due to buoyancy. The largest gradient occurred in
February 2009 (15.61.10°g.cm=.m™") and the lowest oc-
curred in May 2009 (0.17.10°g.cm=.m™"), showing that
the water column stratifies in summer and de-stratifies in
winter.
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FIGURE 9 — TEMPERATURE PROFILES AT STATION R4 BETWEEN JULY 2008 AND JULY 2009

2.1 HYDRODYNAMICS AND TRANSPORTATION
IN THE RIO VERDE RESERVOIR

The ratio between depth and width of the reservoir is
about 1:230 and between depth and length is of 1:1330.
This suggests a predominance of horizontal velocities and
that velocities in the vertical direction are sufficiently low so
that the hydrostatic pressure distribution can be assumed.
Besides, shallow reservoirs should present a smooth ther-
mal stratification, as can be seen in the data obtained from
the Rio Verde Reservoir.
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A criterion for evaluating the importance of the strat-
ification process and input and output circulation data of
the reservoir, and consequently the distribution of mass in
the reservoir, is the densimetric Froude number, defined

QS

where L is the length of the reservoir (7500 m), h_ is the

Phm @)

Apg
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average depth (5.6642 m), Q is the average of inflows
(m3s), Vtis the average volume (25,643,732 m?), g is the
acceleration of gravity (9.81 m/s?), p is the specific mass of
water (1.000 g/cm?), and Ap is the average specific mass
gradient between the bottom and the surface. In average
summer conditions, and considering the month of high-
est gradient (February 2009), the result is £, = 0.001. In
average winter conditions, and considering the month of
lowest gradient (May 2009), F, = 0.01.

The wind patterns noted in the Rio Verde Reservoir
demonstrates that wind mostly blows Northeast (NE),
which coincides with the alignment of the reservoir axis
thus generating a good trajectory for wind in this direction,
with approximately 4850 m. Wind is expected to be the
major force in hydrodynamic circulation and as such the
major force in mass transport in this reservoir. In two re-
gions, one near the dam where the main water intake and
the spillway are located, and the other near the Rio Verde,
the main tributary of the reservoir, the hydrodynamic flow
and transport are dominated by inflows and outflows,
forming a “near field.” Outside this region, circulation and
transport are determined by the wind.

3. CIRCULATION IN THE RIO VERDE
RESERVOIR

The hydrodynamic circulation pattern is a set of phe-
nomena essential for determining the transport of simulat-
ed substances. For this, we used the SisBsHiA® two-dimen-
sional hydrodynamic model, considering the inflow from
tributaries, the intake flow, and the wind measured at the
weather station installed at the dam as driving forces. The
simulation was performed for a period of 364 days, be-
tween July 01, 2008 and June 30, 2009, the same period
of calibration used for the water quality model.
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The SisBaHiA® spatial discretization scheme allows an
optimal representation of uneven edges and complex ba-
thymetries like those found in reservoirs, preferably made
via biquadratic quadrilateral finite elements. However,
spatial discretization can also be made using quadratic tri-
angular finite elements, or a combination of both types of
elements. Such a method of space discretization is poten-
tially of the fourth order. Time discretization is based on
implicit finite difference method with truncation error of
the second order.

For the development of the modeling process, it is
necessary to build a finite element mesh in the modeling
domain. Figure 11 shows the developed mesh and the es-
tablished contours. We established two types of contours:
open contour, with three nodes defined close to the spill-
way, and land boundaries. Except for the nodes corres-
ponding to the rivers, the spillway and the intake, all nodes
were considered impermeable, with normal speed equal
to zero. The hydrodynamic model was tested with the val-
ues of flow and wind from July 01, 2008. The wind was
considered variable in time and spatially homogeneous.
The amplitude of the equivalent background roughness
(e), needed for the definition of friction tensions, was es-
tablished by regions: in regions with large amount of sub-
merged trees, bottom roughness amplitude values were
increased (with values around 0.130 m). In other regions of
the reservoir, we considered the predominance of silty-clay
sediments, with values around 0.015 m. Figure 12 shows
the spatial distribution of this parameter.

The parameters used in the numerical simulation of
hydrodynamic circulation set for the viscous stress terms are
shown in Table 1. SisBaHiA® uses few parameters related to
the calibration of these terms, maintaining the accuracy of
the results. Details on the hydrodynamic circulation model
and parameters involved can be found in Rosman (2000).
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HYDRODYNAMICS AND TRANSPORTATION IN THE RIO VERDE RESERVOIR

TABLE 1 — PARAMETERS USED IN HYDRODYNAMIC CIR-

CULATION
PARAMETERS VALUES
ax (scale parameter in the x dimension) 1.0
ay (scale parameter in the y dimension) 1.0
At (s) 100.0
Von Karman Constant 0.405
Maximum Courant Number 55.7
Average Courant Number 22.7

The results of the two-dimensional hydrodynamic
circulation model of the Rio Verde Reservoir, including the
field of vertically averaged currents, shall be considered
qualitatively. Figures 13 and 15 show the spatial pattern of
currents in two different situations: in the dry season (Sep-
tember 29, 2008) and the rainy season (March 28, 2009).
The velocity fields show a strong relationship with the local
wind pattern (Figures 14 and 16) through the presence of a
clockwise vortex formed in the region near the dam (lentic
region), which intensifies depending on the wind pattern.

During the dry season, represented by the day Sep-
tember 29, 2008, there is a northeasterly wind with a
speed of approximately 6.0 m/s during the day. At night,
the wind speed is reduced. The currents follow the wind
direction, forming two vortices: a large vortex, clockwise in
the central region of the reservoir, and a smaller, counter-
clockwise one. In the regions near the spillway and the Rio
Verde, there is an intensification of the currents due to lo-

N

w E
7181400

cal effects of inflows/outflows.

In the rainy season, represented by day March 28,
2009, the wind shows a very weak pattern, only intensify-
ing later in the day. Under these conditions, only the clock-
wise vortex in the central portion of the reservoir is formed.
There is also an intensification of the currents in the region
near the Rio Verde, caused by floodsing observed during
this period. Taking into account these patterns, it can be
stated that the hydrodynamic circulation, and consequently
the horizontal transport, is strongly dependent on the wind
and that inflows/outflows generate a localized circulation.

3.1 RESIDENCE TIME

Once the hydrodynamic circulation pattern is deter-
mined, it is possible to assess the residence time in the res-
ervoir. The residence time is a key concept to estimate the
scale of transport that occurs in a reservoir, allowing us to
determine the capacity to eliminate contaminants released
into a water body and also define areas of a greater or
lesser stagnation.

SisBaHIA® allows the calculation of the residence
times based on the use of the Lagrangian transport model
(ROSMAN, 2000). Put simply, SisBaHiA® evenly distributes
an amount of particles within the domain, with a constant
spacing. At the end of the simulation, the time it takes for
each particle to leave the domain is calculated. This deter-
mines the residence time for the region “marked” by the
particle. In the Rio Verde Reservoir, particles were released
with spacing of 20.0 x 20.0 meters.

s I
7180400 (
7179400
7178400
V (mis)
I —
7177400 IfJ-t“'«F»u
0.0455
o ~0.0430
== " oo41s
0.0383
7176400 = 0.0345
T, 0.0304
0.0262
0.0220
0.0181
7175400 9.0145
——= 0.0114
= 0.0088
0.0066
0.0048
0.0034
7174400 ) o024
* 10.0017
"~ o.0011
(UTM™) 0.0007
0.0000
7173400 T T T
647500 648500 649500 650500 651500 652500 653500 654500

FIGURE 13 — CIRCULATION PATTERN OBTAINED WITH SISBAHIA® FOR SEPTEMBER 29,

2008

Downloaded from http://iwaponline.com/ebooks/book-pdf/868060/wic9781780406480.pdf
bv IWA Publichina publications@iwan co uk

229



230 RESERVOIR EUTROPHICATION: PREVENTIVE MANAGEMENT
An applied example of Integrated Basin Management Interdisciplinary Research

(s/w) peads pumA

01234567881011121314151617181920212223
Time (h)

FIGURE 14 — WIND PATTERN ON SEPTEMBER 2008 AT THE RIO VERDE RESERVOIR

T161400

7180400

7178400

T17T400

7178400

7175400 J 3 ane
- 3 00144

: 00088

0 008

0 0048

000

00024

ooy

oo

(UTM™) 00007
D oo
7173400 -
647500 648500 840500 850500 851500 652500 653500 654500

FIGURE 15 - CIRCULATION PATTERN OBTAINED WITH SISBAHIA®
FROM MARCH 24, 2009

7174400

Downloaded from http://iwaponline.com/ebooks/book-pdf/868060/wic9781780406480.pdf
bv IWA Publichina publications@iwan co uk



HYDRODYNAMICS AND TRANSPORTATION IN THE RIO VERDE RESERVOIR

03/10/2009

(s/w) paads pupA

012345678 81011121314151617181920212223
Time (h)

FIGURE 16 — WIND PATTERN ON MARCH 2009 AT THE RIO VERDE RESERVOIR

From the hydrodynamic circulation obtained for 364
days, it is possible to set cycles, or repeat the circulation for
up to 1092 days, or three cycles of 364 days. Thus, a simu-
lation time sufficient to characterize the residence times in
the reservoir was obtained.

Figure 17 shows the spatial distribution of residence
times obtained with SisBaHiA ®, with an average of 218
days. Taking into account the spatial distribution of resi-
dence time, we can define three distinct regions: the first
is formed by the arms of the reservoir where the residence
time is high, exceeding one year; the second is the region
close to the Rio Verde, which also has a high residence
time of about 450 days; and the third is the central region
of the reservoir, with a residence time of less than 150
days. From the spatial distribution of residence times, it is
also possible to define the regions most prone to stagna-
tion; regions with high residence times are places where
eutrophication processes may occur more frequently.

4. HORIZONTAL MASS TRANSPORTA-
TION IN THE RIO VERDE RESERVOIR

4.1 ADDUCTIVE-DIFFUSIVE TRANSPORT
EQUATION

The problem of modeling the parameters of water
quality involves two distinct aspects: the space and time
dimension of transport, and understanding the chemical
processes related to nutrients and their interactions with
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biological agents. In this sense, considering that the strat-
ification period at Rio Verde Reservoir is limited and that
the greatest interest lays in understanding the horizontal
distribution of nutrients, it is possible to determine that
a two-dimensional model for transport can be used, re-
sponding satisfactorily to the observed variations. The ver-
tical integration suggests that this model can be applied
to shallow water bodies that have horizontal dimensions
prevalent over the vertical dimension, with a well-mixed
water column, where the vertical stratification is of little
relevance. Time scales are dependent on measurements
performed, with significant daily variations. The chemical
processes of nutrients comprise the biochemical cycles for
each nutrient separately and their interactions (FRAGOSO
Jr. et al., 2009). Based on the requirements listed above,
and supported by the circulation as defined in item 3, the
model used in this study to assess water quality was SisBa-
HiA®. In SisBaHiA®, the velocity field is known, that is, the
scalar transport does not change the hydrodynamics of the
receiving water body. As a consequence, the modeling of
the hydrodynamic pattern of the water body and the mod-
eling of the scalar transport are unrelated issues. However,
for a realistic simulation of the scalar transport to occur,
an adequate simulation of the hydrodynamic field is ne-
cessary. In relation to the transport mechanisms of a given
substance in a water body, the advective process is usually
dominant thus suggesting a large dependency between
the hydrodynamic simulation and the transport process.
However, diffusive processes are also very important for
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the definition of transport. In the SisBaHIA® MQA, diffusion
is modeled according to filtering techniques. The vertically
integrated equation, describing the transport of scalar to
large-scale variables and using the filtering technique for
modeling turbulent stresses, is given by (ROSMAN, 2000):

aC 0C; 2 .| |eC
j+U,vO J=li H D‘,gjk+ﬁ% ik isz 2)
ot ox;  Hox; ¢ 12 | 0% | | Ex,

where  is the concentration of the variable of interest j,
Ui are the velocity components in the x; direction vertically
integrated, ZR, represents the processes of transforma-
tion of the variable j, H is the height of the water column,
D, is the tensor representing the turbulent mass diffusion
coefficient, §, represents the Kronecker delta, and A,
(equal to a,A)) is the filter width in the dimension x,, with
a, being a parameter of scale. Typical o, values calibrated
for diffusion/advection are of 0.25 to 2.0, with the usual
value of 1.0. Further details on the transport model can
be found in Cunha et al. (2002). Variables considered in
the SisBaHiA®, which describe the nutrients, are shown
in Table 2.

The plankton community consists of bacteria, uni-
and multi-cellular algae (phytoplankton), and invertebrates
(zooplankton), characterized by the ability to float in water.
In continental water, representatives of virtually all groups
of algae can be found and all these groups have chloro-
phyll-a in their cells. Therefore, the analysis of chlorophyll-a
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TABLE 2 — VARIABLES CONSIDERED IN THE SISBAHIA®

SYMBOL VARIABLE UNIT
C9 Chlorophyll-a pgChla/L
Cc4 Herbivore Zooplankton mgC/L
c7 Organic Nitrogen mgNO/L
C1 Ammoniac Nitrogen mgNA/L
C2 Nitrate Nitrogen mgNI/L
C8 Organic Phosphorus mgPO/L
Cc3 Inorganic Phosphorus mgP/L
s Biochemgil/é)eer:nand for mgoL
Cc6 Dissolved Oxygen mgO/L

Temperature °C
S Salinity mg/L

is an important indicator of the phytoplankton commun-
ity's biomass and is used in the SisBaHIA® as the variable
that identifies phytoplankton biomass.

4.2 PHYSICAL, CHEMICAL AND BIOLOGICAL
PROCESSES

There are several interactions between nutrients gen-
erated through the processes modeled in the SisBaHIA®.
Biogeochemical cycles for each nutrient and their inter-
actions with phytoplankton dynamics are shown in the
following figures: Figure 18, which represents the process-
es related to phytoplankton dynamics; Figure 19, which
represents the processes related to the nitrogen cycle; and



HYDRODYNAMICS AND TRANSPORTATION IN THE RIO VERDE RESERVOIR 233

Figure 20, which represents processes related to the phos- chemical Oxygen Demand in water are modeled according
phorus cycle. The dynamics of Dissolved Oxygen and Bio- to the processes outlined in Figure 21.
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Different forms of nitrogen and phosphorus in water v
can be modeled from the transformation processes de- ZRs :kgC9 —kqCo —key Co _kng9 _ESC9 3)
scribed above. The distribution of these different forms of
nutrients is complex, mainly due to the large number of
species and transformation processes involved. The distri-
bution of species is defined to identify problems related to
yvater quality which are asspciated V\{itlh the species and the SRy = rcaEzkng9C4 —k,,Cy—k,.Cy— kgzcc4 (4)
influence on the limnological conditions of the reservoir.
Considering the problem of simple mathematical formu-
lations represening complex processes, and the lack of in-
formation about the spatial and temporal variability of the
coefficients related to the transformation processes, sim-
plifications can lead to a reduction in the accuracy of the YR, =k, C, _MQ +r (I—E )k C,C, +
results obtained by the model. However, the accuracy of H " o
the results can meet the project objectives. Mathematical Foka fonCo + (o 12 Vo 10, Co + Pk £,Co + (5)
formulations of the transformation processes used by the
SisBaHiA® are shown below. In Table 3, constants used in (r"a /rw )kezf""c“
the SisBaHiA® (Chapra, 1997) are presented.
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2R =rk, (- f,)C, + wfe (1= 1,,)C, +
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(km—-il-cl)rnafmkgcg +k,C, —k,C

Cl

ZR, = klZCI - kZDCZ - (1 - (kam—+c1)

Jrna-fl‘xngCQ (7)

ZRX = rpaKrafop C9 + (rpa /rca Krz‘fop C'4 + rpaKeaf;)pC9 +
(rpa /rca)Kezf;;pC4+ r})a (1 - Ez )ngC9C4 - KXSCS - (8)

V., (1-
a( fDS)Cs
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rooa (U= £,)Cs (1, /1) K (1= £,)C, +
pa ea(l -fop )C +( rca) kez (1_f;p)C4 - (9)
rpafupkgc9 + kg Gy _ﬁc

SR, =k, (0, = Cy) ~k,Cs — 1, ki, C, + 1 12 k,Cy —

10
r;)z*r;’akmcf) oc krz C SOD ( )
:_k C - VS3(1[;fD5) C +’/Z)crca (l—Ez)ngC9+
TocleaKeaCo + 1k Cy e

The growth rate of phytoplankton kg varies with the
intensity of light, temperature, and the availability of nutri-
ents. The adjustment of the rate of growth with temper-
ature is accomplished by means of an exponential formula,
the Arrhenius equation. This formula is also used to adjust
the remaining rates considered in the model that vary with
temperature. To determine the limitation of growth due to
nutrients, the Michaelis-Menten kinetics is used and the ef-
fects of each nutrient are combined according to the min-
imum limiting factor. Only phosphorus and nitrogen are
represented as limiting nutrients. The effect of light intensi-
ty on algae growth was represented by the Steele equation
integrated along the depth, which considers the effects of
photoinhibition. As we used average data for solar radia-
tion at 15 minute intervals, the photoperiod (expressed as
the fraction of the day with sunlight) was omitted from the
Steele equation (CHAPRA, 1997). The formulation of the
rate of growth of phytoplankton can be described as:
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where kg (20) is the maximum growth rate at 20°C under
optimal conditions of light and excessive nutrients, 0 is the
correction factor for temperature 7, H is the total depth of
the water column, /, is the intensity of light on the surface,
I is the optimal intensity of light, k,, and k_, are half-sat-
uration constants for phosphorus and nitrogen, P is the
concentration of reactive phosphate, and N the sum of am-
monia nitrogen and nitrate nitrogen concentrations.

The attenuation of light through the water column
is defined by the Beer-Lambert law. The light extinction
coefficient k_ used was:

ko =k, +0.0088a +0.054a>" (13)
where k" is the light extinction coefficient due to the
absorption by suspended particles, with the exception of
algae, and a is the concentration of algae (ugChla/L). A
constant value of 0.3m™ to k’, was adopted as it is a typical
value for reservoirs (CHAPRA, 1997).

4.3 TEMPERATURE MODEL

The water body temperature depends on the heat
exchange between the water surface and the atmosphere
and, hence, the distribution of energy throughout the
water column. The balance of the heat flow may be writ-
ten as (THOMANN AND MULLER, 1987):

Hn = Hs + Ha— Hbr — He — Hc (14)

where, Hn is the total surface heat flow at the air-water
interface (W/m?), Hs is the net solar shortwave radiation
(W/m?), Ha is the net atmospheric longwave radiation (W/
m?), Hbr is the longwave back radiation from the water (W/
m?), He is evaporation (W/m?), and Hc is conduction (W/
m?). The temperature variation due to external sources and
sinks can be obtained based on the following relationship:

Hn
T=
Z pcH (15

where, cis the specific heart, Cal/kg°C, p is the specific mass
of water and Hn is the total heat flow per unit area. The
short-wave atmospheric radiation was measured directly at
the weather station; the long wave atmospheric radiation
is estimated as a function of air temperature and relative
humidity, values obtained at the weather station; heat flow
related to long wave radiation in water toward atmosphere
is determined as a function of temperature at the water
surface; heat flow through conduction and evaporation are
defined according to the wind intensity in the reservoir (also
obtained at the weather station) and according to the gradi-
ent between air and water temperature.



236 RESERVOIR EUTROPHICATION: PREVENTIVE MANAGEMENT
- An applied example of Integrated Basin Management Interdisciplinary Research

TABLE 3 — DESCRIPTION OF CONSTANTS CONSIDERED IN THE SISBAHIA® , RANGE OF PERMITTED VARIATION (VARIATION)
AND VALUE ADOPTED USED IN THE MODELING OF TH