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Abstract In the recent past, the Sepetiba Bay
watershed, located in the Rio de Janeiro State, Brazil
has experienced rapid industrial development and
population growth, as well as an increase in water
pollution and environmental degradation. To analyze
the complex interrelationships among the agents
affecting the Sepetibza Bay environment, a system
dynamics model was developed. The model builds on
extensive studies conducted for the watershed, and
simulates different hypotheses of economic growth and
of demographic expansion. Thus, it can be used as a
decision support tool for the identification of invest-
ment priorities and policy analyses under various sce-
narios. In order to provide a comprehensive approach
to the environmental management of the Sepetiba Bay
watershed, the model had to consider only the most
relevant aspects of the behavior and the key interac-
tions among agents operating in the watershed. In this
article, the model’s structure is presented together with
some of its main results.
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Introduction

The Sepetiba Bay is located in the Rio de Janeiro
State, approximately 50 km to the west of its capital. It
is a semiconfined water body, with approximately
305 km? of area, bounded at South by the Marambaia
sandbank, at North and East by the continent, and at
West by the Ilha Grande Bay (Fig. 1).

Small beaches and estuaries, separated by rocky tips,
characterize the North shore. The Marambaia sand-
bank, 40 km long, is a dam of sand that acts as a natural
shelter to wave attacks. The connection with the
Atlantic Ocean is made through passages and channels
between the continent and several islands.

At East, near Barra de Guaratiba, the bay is linked
to the sea by a narrow channel. It has about 40 km? of
preserved mangroves, an important natural nursery of
species with great commercial interest. The rivers and
channels that flow into the bay drain an extensive
watershed of about 2654 km? which includes agri-
cultural areas and industrial and urban zones. In
addition, the sepetiba watershed receives the water
coming from the transposition of the Paraiba do Sul
watershed (160 m?s). There is also an extensive
contribution of sediments to the bay coming from the
rivers, provoking an estimated sedimentation rate of
0.3 to 1.0 cm per year (SEMA 1997a). Sepetiba Bay
has depths from 2 to 12 m, except in the navigation
channels where the depth is greater. Approximately
50% of its area has depth less than 6 m (SEMA
1997a). The bay holds in its eastern portion an
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Fig. 1 Map of Sepetiba basin
(adapted from SEMADS
2001)

ha Grande Bay

archaeological and biological reserve, with an area of
approximately 28 km? the majority of which is
composed of flooded lands, margined with extensive
mangroves (IBAM 1998).

Fishing is an important activity for the local com-
munity. It is mostly an artisanal activity and is directed
toward the capture of shrimp, croaker, and mullet,
among other species. Local tourists consume part of
it and the rest is commercialized in the city of Rio de
Janeiro’s fish markets. In the mangroves, crabs and
oysters are also captured for local consumption.

The proximity of Rio de Janeiro brings about a
constant flow of recreational tourists in search of bea-
ches and islands of the region, especially during
weekends and holidays.

Since the 1970s, when industries were introduced,
the Sepetiba region has had to cope with the highest
rate of industry growth in all of the Rio de Janeiro
Metropolitan Area. On top of that, the industrial
activity that has come to the region has presented a
high pollution profile. The consequence was a decline
of the Sepetiba Bay water quality, demonstrated by a
substantial decrease in dissolved oxygen, the beginning
of a sharp upward movement in algae, and heavy metal
concentrations that already exceed Brazilian standards
(World Bank 1996).

The basins of rivers Guandu, Guandu-Mirim, Pira-
qué, Guarda, and Cacdo Vermelho hold 90% of the
study area’s 1.34 million inhabitants. In addition, these
basins concentrate 91% of the potentially pollutant
industries, either already installed or in the process of
being installed. Because of that, they are responsible

@ Springer

Marambaia Sandbank

for more than 90% of the discharges reaching the
Sepetiba Bay.

The State Government has declared as a strategic
priority the development of the Sepetiba port and its
related industries. Given the expected fast industrial
development and population growth in the Sepetiba
basin, there is an urgent need for a pollution manage-
ment system in the region. The cost of preserving envi-
ronmental quality varies strongly—and inversely—with
the degree of cross-sector coordination of policies and
regulation (World Bank 1996).

The question of how environmental issues should be
managed in the context of such projected rapid in-
creases in industry and population led to the idea of
building a system dynamics model to support the
overall planning process of environmental manage-
ment of the bay’s watershed. This model—the Sepetiba
Bay Environmental Management model or SBEM—is
presented in this paper, which is organized as follows:
first, there is a description of the model together with
the main hypotheses used in its development. Then, a
selection of the results obtained is presented. Finally,
there is a discussion about the lessons learned with the
process of building the model as well as some
indications for future developments.

Methods and Model Description

The major reason for choosing the system dynamics
approach was its ability to represent complex
interrelationships between human actions (economic
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agents and government) and the socio-biological-
physical environment (Costanza and Ruth 1998). It is a
well-established method, which has been applied to the
study of systems in several fields, such as management
(Georgantzas 2003); policy analysis (Meadows and
others 1992); economics (Radzicki and Sterman 1994);
biology (Arquitt and Johnstone 2004); medicine
(Dangerfield and others 2001); and climate change
(Sterman and Sweeney 2002).

In complex systems, interactions among processes
presenting positive and negative feedback loops of
varying strength are present. System dynamic mod-
els explicitly represent these feedback loops and
their—usually nonlinear—relationships. As a result, it
is possible to model the dynamics of complex systems
behavior in a natural way (Hannon and Ruth 1994). In
addition, by introducing the possibility of dealing with
qualitative aspects present in long-time-scale contexts,
system dynamics models can represent phenomena in
ways that go beyond what traditional time series
models are able to do.

In the specific instance of the Sepetiba watershed,
the need for a methodology that would be able to deal
with the inherent natural complexity associated with
the management of ecosystems is even more striking.
Indeed, the 12 counties that comprise the study area
show marked socioeconomic differences, with many
diverse problems and demands.

The system dynamics model developed sought to
represent the most relevant interrelationships among
the several agents involved in the region, in such a way
as to obtain a general view of the time-changing
behavior of the environmental variables and their
response to different policies.

One way to view a watershed is as a space and
ecological entity that concentrate and enhance the
pollution effects and the sediment contribution from its
several watercourses to the reception body. In addi-
tion, as a socioeconomic and political unit it can be
utilized for management planning, conservation strat-
egies, and implementation purposes (Clark and others
2005). This is the reason why many studies on the
environmental problems—and possible solutions as
well—of the Sepetiba Bay area defined the bay’s
watershed as their primary focus.

The SBEM followed these lines for two reasons:
first, because it employed many of the available studies
formerly made for the bay’s watershed; and second,
because it was conceived as a decision support tool
to assess possible courses of action for the management
of bay’s watershed. Specifically, its objective was
to provide the Rio de Janeiro State Environment
Secretary—SEMA—with a mechanism to assess

and develop integrated actions on the watershed,
considering several branches of environmental knowl-
edge, in a multidisciplinary approach. Additionally, it
should assist SEMA in the coordination of actions ta-
ken by different agencies institutionally responsible for
the administration of the watershed area, by supplying
the Secretary with a “hub model” for further envi-
ronmental modeling. Along these lines, SBEM’s initial
goal was to achieve a conceptual model capable of
identifying the most relevant problems in the wa-
tershed system.

Most of the model’s database was obtained from
extensive studies that analyzed many aspects of the
watershed, such as demography and population
growth, industrialization, land use, water resources,
and sanitation (SEMA 1997a, 1997b, 1997c, 1997d,
1998). In addition, information on key planning ele-
ments such as those related to effluents and water
quality were gathered through interactions with
stakeholders familiar with the watershed system.
Actually, continuous consultation with those stake-
holders (public officials, members of grass root orga-
nizations, inhabitants of the area, and so on) allowed
for the identification of the complex relations, which
spring from social and economic factors. The consul-
tation process worked through the presentation of re-
ports on the model’s stage of development in meetings
with stakeholders and the SEMA team. The informa-
tion sharing with those people involved with the main
issues about the watershed generated feedback that
helped to identify the model’s functional relations and
contributed to its acceptance by the stakeholders.

The SBEM was built around eight distinct sectors.
These sectors were defined in such a way as to facilitate
a separate view of each component of the Sepetiba Bay
watershed system, while maintaining the systems ap-
proach comprehensive view. The chosen sectors were
the following: population dynamics; industry; com-
merce, services and tourism; agriculture and cattle
breeding; infrastructure; land use; public finance; and
effluent, residues, and solid waste (Fig. 2).

By dividing the model into sectors, it was possible to
investigate a set of causal relationships within a par-
ticular context more thoroughly, leaving the task of
finding interconnections between sectors to a later
stage. Moreover, the sector partition facilitated the
work division among the different levels of expertise
that composed the interdisciplinary team in charge of
the model’s construction, thus maximizing the poten-
tial of each one’s contribution.

The model attempted to represent the main factors
responsible for the environmental degradation of the
watershed and the water pollution of the Sepetiba Bay
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Fig. 2 Interrelationships
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by depicting the structure of the system that produces
and maintains that degradation. The purpose was
to provide a reference framework for seeking answers
to the following (decision) questions: (1) which com-
mand and control actions—or economic mecha-
nisms—should be used for environmental pollution
control; and (2) which should be the investment pri-
orities to interventions for the area’s environmental
preservation and recovery.

Two additional points of the SBEM architecture are
worth mentioning. The first one is the interaction with
specific models built for the watershed, as, for example,
the Model for Simulation of Dissolved Oxygen—SI-
MOX (SEMA 1998), developed by the Pan American
Centre for Sanitary Engineering and Environmental
Sciences—CEPIS, Lima, Peru. Thus, rather than
building yet another model, the SBEM’s modeling of
the Biochemical Oxygen Demand (BOD) parameter
used SIMOX results. The second point is the model’s
account of the three levels of government intervention
in the watershed: county, state, and federal.

The software used in the SBEM implementation was
the Stella graphical interface (High Performance Sys-
tems 2002). The subsections below present a brief
description of the sectors that compose the model.

Agriculture and Cattle Breeding

Agriculture and cattle breeding is not an expressive
sector in any of the region’s counties, be it in terms of
the amount of land used or production’s value. For that
reason, the model did not consider the use of agro-
toxins and effects of these activities on soil degrada-
tion. However, this sector has some impact on
the population dynamics caused by the migration to
different counties according to the availability of
new jobs. Thus, the model represents the agriculture
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and cattle breeding sector dynamics through its
contribution to the creation of new employment
opportunities, which is assumed to be a function of the
annual variation of the value of the production. The
number of new jobs is estimated mathematically as the
product of the total value of the production and the
average worker’s productivity, which corresponds to
the inverse of the mean income each worker brings to
the sector.

Industry

The Sepetiba watershed is the major area for industry
expansion in the Rio de Janeiro Metropolitan Area.
Actually, within its boundaries a considerable propor-
tion of the State’s industrial plants is installed already.
In SBEM, the modelling of the industrial sector
considered 10 different activities: metallurgy, bever-
age, rubber, editing and printing, chemistry, textile,
mechanics, plastic products, clothing, and ‘“‘other.”
These activities are linked to each of the 12 counties that
compose the watershed and are represented through the
array tool provided by Stella, which allows for the
duplication of systems with similar characteristics.

The industrial production dynamics considered
three scenarios for the region: ‘“‘Business as usual,”
“Industry concentration in Itaguai” (the county where
the port of Sepetiba is located), and “‘Intense second-
ary industrialization in the watershed” (SEMA 1997b).

The first scenario presupposes a movement towards
the usual spatial concentration of the industrialization
process, which is characterized by a polarization
around labor force markets, infrastructure, and avail-
able services. This means that the present process of
industry location is expected to continue, that is, it will
cluster in those sites that already have been perceived
as preferential options for industrial investment
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decisions. The second scenario depicts a cumulative
development in Itaguai County, which has its input/
output links associated with the import/export activities
of the Sepetiba port. The third scenario contemplates a
situation of a diversified industrial development with
an internal integration made possible by predominantly
regional input/output links, which usually are present in
durable goods production hubs.

The main variable represented in this sector is the
annual level of industrial production for the various
activities and counties, measured in constant 1995
prices. This is a stock variable, whose dynamics are
given by the rate of industrial growth. This rate is a
flow variable that conditions the increase or decrease
of production levels. The magnitude of the flow de-
pends on the scenario under analysis, but it is always
limited by the availability of land allotted to industry.
In order to consider the effects of regional infrastruc-
ture investments in the rate of industrial growth, an
“industry attractiveness’ function was implemented.
A function of the growth rate of each industry sector
that takes into consideration both the current and the
previous years defines the dynamics of the number of
industry jobs. This function is designed in such a way
as to slow down any sharp change in the industrial
production.

Infrastructure

The model represents the infrastructure sector by
dividing it into three modules: the Sepetiba port, the
sewage treatment plants (STP), and the solid waste
management. In the Sepetiba port module, the growth
of cargo movements—arising both from the existing
pier (coal, carbon coke, and alumina) and from piers to
be implemented at the new terminals (container, iron
ore, and bulk cargo)—is calculated.

The sewage treatment plant (STP) module quanti-
fies the investment needed to implement the chosen
option for intervention, according to the Regional
Sewage Master Plan (SEMA 1997d), which proposes a
total of 29 STP subsystems. The model allows for a
choice between two stages of STP implementation. In
the first stage, which refers to the time period between
years 2000 and 2009, 50% of the area’s population will
be assisted. In the second stage, corresponding to the
2010/2020 time period, there would be an upgrading of
some STPs, as well as the construction of new ones,
which brings out an increase of sewage services to 80%
of the area’s population. The SBEM assumed that
STPs would provide reductions of biochemical oxygen
demand of 40% and 90%, during the first (2000-2009)
and the second (2010-2020) time periods, respectively.

The solid waste management adopts a simple
structure in the model. It just follows the Solid Waste
Management Master Plan, concerning the amount of
investment made in each county, distributed along
medium-term (2000-2010) and long-term (2010-2020)
time periods. The information generated in this mod-
ule passes on to two other sectors: industry (which
computes investments in industrial infrastructure) and
public finance (which calculates the total investment
per county).

Land Use

Similarly to the infrastructure sector, land use is di-
vided into modules: industrial areas and sand extrac-
tion. The industrial areas module makes an assessment
of the land-use needs for industrial purposes in each
county. The modeling methodology used in this case
was to compute an average area for each industrial
activity present in the database of 105 industries
established in the Sepetiba watershed furnished by
the Rio de Janeiro State Industrial Development
Company (CODIN). This average multiplied by the
number of production units defines the total amount of
land needed (demand) in the industry sector. The
comparison between industrial demand and supply of
land—the latter being a function of each county’s
characteristics—provides an upper bound to the rate of
industrial growth, thus controlling the flow of industrial
development, and indicating the need for investment in
infrastructure as well.

The mineral extraction in the region centers on sand
exploitation and is an important source of the Sepetiba
Bay pollution. The sand extraction is mainly done
along the banks of one of the largest rivers in the
region, the Guandu River, in Itaguai County, which is a
major supplier of sand for the construction industry in
the Rio de Janeiro metropolitan area. The sand
extraction causes not only the environmental problems
arising from the throwing of suspended material into
the river waters but also produces the loss of the river’s
original banks.

The main variable used in this module is the ‘“‘area
of the extraction site.”” This area is a function of the
volume extracted and of the depth of the sand mine,
which could reach 30 m. The variation of the volume
extracted depends on the annual growth of the con-
struction industry demand. Additionally, the sand
extraction module calculates the amount of suspended
material thrown into the river waters as a (fixed) per-
centage of the volume extracted. This calculation is
then taken to the Effluent, Residues, and Solid Waste
sector, for further computations of its impact.
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Fig. 3 Dynamic model for the Population sector

Population Dynamics

Because of the lack of sewage collecting systems in the
Sepetiba Bay region, the number of inhabitants in a
county directly influences the bay’s pollution. Actually,
house sewage is usually disposed of, without any kind
of treatment, into streams and rivers that flow into the
bay, thus affecting their water quality. Therefore, it is
especially important to model population growth in
order to analyze its effects on the environment.

The population growth was modeled under the
assumption that the number of inhabitants in each
county varies as a function of net birth rates (birth rate
minus death rate) and net migration (immigration
minus emigration). The net migration is influenced by
the ‘““attraction factor” of each county—which is a
function of the system’s economic components—trans-
lated into the number of jobs available in the county
(employment effect variable). The employment effect
estimates empirically the fluctuations in population
growth over the vegetative growth rate. It is defined as
the ratio between the number of work places—a vari-
able that varies according to inputs generated from the
model’s further sectors (Fig. 3)—and the county’s esti-
mated labor force. Therefore, the model’s population
dynamics strongly interacts with other sectors.

Public Finance

This module represents the most relevant interactions
between tax-generated revenues and development
needs of the Sepetiba Bay region, so that comparisons
between investment needs and financing resources can
be performed.

The model allows for the simulation of changes in
average tax rates over total value of production, dis-
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criminating different levels of government (federal,
state, and county). In addition, it is possible to simulate
the percentage of tax revenue (direct or indirect) that
is available locally.

Effluent, Residues, and Solid Waste

The model has taken into account the following pol-
lutants: organic load, measured by the BOD; toxic
substances, assessed by the ‘“Chemiotox index”
(SEMA 1998); suspended material; and oil/grease. All
of these pollutants were considered as arising from
anthropogenic actions, basically represented by the
dynamics of industrial production and population
growth. The Chemiotox index provides a quantitative
assessment of the toxicity of industrial effluents as a
function of the intrinsic toxicity of contaminants
present in a particular production process.

Organic Load

Because the major source for BOD increase is the
population itself, rather than the industry, the model
considered only the BOD associated with the number
of inhabitants. The BOD (mg/L) evaluations in the
watershed were made only for spots closest to the
mouth of the rivers.

The following equation is an example of how the
model represents the effect of a source of pollution on
the environment. The purpose was to maintain the
model’s complexity at a reasonable level. The equation
attempts to model situations at different stages of the
sewage treatment plants implementation along several
time periods:

BOD(f) = BODc x TR x POPa(t) + BODc x (P(t) — POPa(t))

where
BOD(¢) = Total BOD at time ¢
BODc = BOD per capita (mg/L/inhabitant)
TR = treatment reduction (according to the technology
employed in the STP)
P(t) = Population of the subwatershed at time ¢
POPa(¢) = population assisted at time ¢

This equation is implemented in the model as
follows:

a) For the period without treatment: TR = POPa = 0;
and BODc is taken as the observed 1996 BOD per
capita;

b) For the period 2000-2009, after the first-stage
implementation of a STP: BODc = BOD per
capita foreseen for the year 2005; TR = 0.4 (cor-
responding to the primary treatment of sewage);



Environ Manage (2006) 38:879-888 885
POPa(r) = 50% of the subwatershed estimated Productivity Coeficient
population; and Work Places

¢) For the period 2010-2020, after the second-stage
implementation of a STP: BODc = BOD per capita
foreseen for the year 2015; TR = 0.9 (corresponding
to the secondary treatment of sewage); POPa(t) =
80% of the subwatershed estimated population.

Toxic Substances

Metallurgy is the industry responsible for more than
90% of the toxic substances produced in the region
(SEMA 1998). For this reason, only the contribution of
this activity was modeled. The model used a technical
coefficient based on the Chemiotox index and the va-
lue of the metallurgy industry production. A graphical
input was used so as to consider variations among
different time periods.

Suspended Material

The main sources for suspended material generation
are the following: sand extraction; population activi-
ties; and industrial production. The model allows the
simulation of reductions—based on the treatment of
industrial effluents—in the amount of suspended
material discharged.

Oils and Greases

Oil and grease pollution is generated by industrial
activities and by gas station operations, associated with
rainfall runoff. The model, in the current version, takes
into account only the impact of industrial activity, be-
cause of its importance as compared to other sources.

Solid Waste

In considering the variable “‘solid waste,” the model
employs two categories: dangerous waste, subdivided
into organic and inorganic, and nondangerous waste,
also subdivided into organic and inorganic. The only
source for dangerous waste considered was the indus-
trial activity. The amount of waste produced by the
population was calculated by taking an average
per inhabitant and multiplying it by the number of
inhabitants at a particular time, for each county.

The model features keys, which can be used to
simulate the implementation of solid waste treatment
systems in different counties, based on guidelines for
short, medium, and long terms, as well as the time
period in which the guidelines should to be effective.

Commerce & Services

‘ariation

Historical growth

~

Joint Variation
- e ¢ ®
- F
na

Population ‘ariation ¥y
Industrial production varation

-

Fig. 4 Dynamic model for the Commerce and Services sector

The cost of implementing solid waste treatment and
management systems is reflected in the Public Finance
sector, in terms of investment needs.

Commerce, Service, and Tourism

In the Sepetiba watershed, the industrial activity and
the number of inhabitants strongly influence the
Commerce and Service sector of each county. Because
of that, the dynamics of the model (Fig. 4) assumes
that the level of commerce and service activities
(measured in monetary terms) varies according to a
rate that depends on three variables: change in
the value of annual industrial production; annual
population change; and historical growth of trade and
service activities. The ratio of the level of these activ-
ities and the estimated productivity coefficient for each
worker furnishes the number of workplaces generated
by those activities.

Tourism in the Sepetiba Bay mainly takes place in
the coastal zones. It is characterized by a floating
population from Rio de Janeiro’s middle class fami-
lies and is structured around second residences.
Landscape attractiveness strongly influences tourism,
thus making sewage treatment an important factor
for the flow of tourists. Accordingly, tourism
dynamics in each county takes into account, for the
computation of tourist flow per year, the historical
rate of investments in sewage treatment. The product
of annual tourist flow per year and an estimated
average expense per tourist infers the income gen-
erated by tourism. Finally, the model uses an esti-
mate of the number of necessary workers per tourist
to calculate the number of workplaces generated by
this activity.
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Results

The different sectors of the model simulate possible
outcomes in the context of the three base scenarios
that represent the possibilities of industrial growth in
the area. Besides intrasector interactions, there are
intersector feedback loops, which are the basis for
capturing the simultaneity of actions and reactions
in time, thus providing useful information for the
implementation of comprehensive actions.

Population pressure is an important driving factor
within the model. The outcomes that emerge from the
structure adopted for the population dynamics are not
simply linear extrapolations of trends, but complex
patterns, ensuing from many interacting processes.
Demographic parameters acting jointly with economic
and policy variables influence, in different ways, the
population change in different counties. For instance,
in Itaguai—the county most affected by the simulations
of the industrialization process under diverse scenar-
ios—the time trajectories of the variable ‘‘total number
of workplaces” imply a variation of the county’s pop-
ulation in the range of 5%, by the end of the study
period (from 224,000 to 236,000).

The module dealing with land-use dynamics helps to
identify, through scenario analysis, which locations
could be congested in the near future. It does not,
however, indicate explicitly a constraint to the amount
of area available for industrial development. Of course,
this could occur because of the several changes taking
place in the region. Nevertheless, the watershed is
heterogeneous and gathers very distinct regions, from
densely urbanized spaces and strictly industrial zones
to areas with few or no economic activities. It was
thought then that it is up to each county to decide upon
its own vocation, which in turn will play a critical role
in the definition of the feasible policies to be imple-
mented by the agencies responsible for the watershed
development.

Another point brought out by the model was that
pollution abatement policies in Sepetiba Bay should
concentrate initially in the decrease of pollutant loads,
such as organic matter, nutrients, and toxic substances.
A representative example of such a result is the
quantitative dependence between the implementation
of control measures and pollution decline. This
is shown by the simulation of BOD decrease as a
function of the strategy for STPs distribution over the
watershed, together with the chosen treatment tech-
nology. In addition, it is possible to compare different
strategies for STPs “‘year of operation beginning” in
terms of how a particular configuration performs vis-a-
vis the BOD level. Figure 5 shows the BOD variation
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Fig. 5 Biochemical oxygen demand (BOD) at Cac¢do Vermelho
River mouth. (1) Without sewage treatment plants (STPs)
implementation; (2) implementation of primary STP in 2005;
(3) implementation of a primary treatment STP in 2005 and
secondary treatment STP in 2010; biochemical oxygen demand
(BOD) in mg/L

in time at the mouth of Cag¢ao Vermelho River, for a
given configuration of interventions under the
assumption of the ‘“‘business as usual” scenario. The
Cacao Vermelho River drains a basin with the smallest
discharge in the region and crosses, in its high and
medium courses, a large and densely inhabited urban
area. Because of this, the combination of domestic and
industrial effluents produces a discharge that is larger
than the river’s natural flow, thus configuring a very
difficult situation for water treatment.

Through the linkage between the Effluent, Resi-
dues, and Solid Waste, and the Public Finance sectors,
the model allows for an evaluation of the implications
in the sanitation system of either anticipating or post-
poning investments. In the Cacdo Vermelho wa-
tershed, for instance, the implementation of STPs with
primary treatment would require investments in the
order of US$ 30 million and would cause a BOD
reduction by year 2020 to 70.33 mg/L, which corre-
sponds to a cost of about US$ 2 million per unit of
BOD. By adopting the secondary sewage treatment,
the cost-benefit relationship would be more favorable,
because it would reduce BOD to 22.56 mg/L, at a cost
of about US$ 450 thousand per unit of BOD. Figure 6
illustrates the necessary investments to implement the
29 STPs delineated in the Regional Sewage Master
Plan, at an estimated total of US$ 150 million. In order
to give an idea of the financial capability of the region’s
different counties, Figure 6 also shows the total taxes
generated in each county.

The implementation of the STPs outlined in the
Master Plan would reduce BOD to acceptable levels,
as the following numbers show: Guandu watershed:
0.69 mg/L (the region’s lowest value because of its
largest discharge); Guarda: 12.37 mg/L; and Piraqué:
15.91 mg/L. In the basins of the Ca¢do Vermelho and
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Fig. 6 Investment values in sewage treatment plants and tax
generation in the counties of the Sepetiba Bay

Guandu Mirim Rivers, because of their extreme pol-
lution condition, the BOD reduction would be less
sensitive, reaching levels of 22.56 mg/L and 27.09 mg/L,
respectively, which suggests that in those cases more
investments, aiming at the implementation of second-
ary sewage treatment systems, is necessary.

With the Master Plan implementation, an environ-
mental improvement is expected. This improvement
should have a direct impact on counties where tourism-
related proceeds have a representative contribution to
revenue. For instance, in the case of Mangaratiba, a
coastal county, the model indicates that with STPs
implementation there would be a 9.5% increase in
tourist flow, with a consequent increase in revenues.

Conclusions

The complex problems inherent to an area such as the
Sepetiba Bay watershed demand new and more com-
prehensive approaches to environmental management.
The system dynamics approach makes it possible to
build a model that is capable of representing the
interactions among the several stakeholders involved
in the Bay’s environmental system, as described in this
paper, thus increasing the quality of the analysis of
possible interventions.

In the case of the SBEM, the idea was to build a
model that would motivate users with reduced or no
programming familiarity to operate and to participate
in the model’s construction as well. The target was thus
to make a model as easy to understand and simple to
operate as possible.

In order to tackle multifaceted and interrelated
issues such as those that are present in the Sepetiba
Bay watershed, rather than to go deeply into details, it
is necessary to abstract from them and focus on a larger
picture. For this reason, the model developed for
the watershed environmental management took into

consideration only the most relevant subjects related to
economic, social, and geographical issues, along with
their major interactions.

It is worth noting that the SBEM model was built
with a modular concept in mind, in such a way as to
facilitate communication with specific models devel-
oped for the analysis of particular sectors, as, for in-
stance, those focused on land-use change dynamics
(Verburg and others 2002) or population growth
(Krutilla and Reuveny 2006). Thus, the SBEM model
can be viewed as a high-level interface between dif-
ferent models, providing outputs to multiple social and
ecological systems and receiving inputs from them.

Statistical data were scarce for many of the variables
depicted in the model, a fact that hindered attempts to
establish quantitative links, connections, or depen-
dency relations between them. The fisheries sector is
an example of such a difficulty. Despite its importance
to the local economy—especially the trawling activity
to catch shrimp and related species—it was not possi-
ble to model adequately the relation between pollu-
tion, silting up, and fisheries production. Another
example is the unfortunate lack of information con-
cerning the overall reduction or degradation of man-
grove areas, making it impossible to relate them to
population growth and the increasing pressure for land
use.

However, even with the liabilities imposed by the
limited availability of quantitative data, the dynamic
system modeling approach and the stakeholders’
effective participation made possible the building of
credible future scenarios for the watershed. This par-
ticipation came forward with the qualitative data
obtained through their knowledge of the region and in
their validation of the generic assumptions of the
model.

Nonetheless, it is important to point out that the
results acquired with the help of the model are essen-
tially indicative of how the different phenomena rep-
resented by the variables modeled, such as those in the
industrial and public finance sectors, affect and modify
the watershed’s environment. The same holds true for
the potential of pollution generated by human activi-
ties, i.e., the model provides just a reference ground
for the assessment of environmental management
strategies.

An environmental target can be reached through
different resource allocation strategies, which are dis-
tinct spatially and temporally. The SBEM flexibility
can help in the definition of where, when, and which
investment efforts should be prioritized in respect to
which control actions should be put into effect in order
to reduce pollutant loads.

@ Springer



888

Environ Manage (2006) 38:879-888

Because of its suitability to scenario analyses of a
system with the complex characteristics of the Sepetiba
Bay’s watershed, once the SBEM’s basic principles and
interrelations are well understood, it could satisfacto-
rily answer technical questions related to the environ-
mental management of the watershed. If used as a
decision support tool for diverse agencies, the model
could provide sound analyses of the consequences of
different public policies. Moreover, the dissemination
of information of these consequences to a larger
public could contribute to a greater transparency of
government actions.

Finally, it is necessary to report an unfortunate
setback in the SBEM’s implementation. Despite the
intense stakeholders’ interest, the recommendations
of the model were never put forward. As a new
government of the Rio de Janeiro State came into
power, there was reluctance to comply with them and
as a result, the model could not be validated entirely.
Even so, it remains a valid tool for policymakers who
are committed to basing their decisions on firmer
ground.
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