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Abstract-Reservoirs are complex artificial ecosystems, oscillating with and responding to 
several impacts of climatological, hydrological and anthropogenic forcing functions. The 
functioning of the reservoirs, is thus related to the multiple impacts of climatological 
factors, to the interaction of climatology / hydrology with the natural functions of the 
watersheds and the reservoirs and to the multiple uses of the reservoirs. The impacts of 
multiple activities in the watersheds and reservoirs is well documented is many regions, 
and this is a background for management: predictive, integrated, adaptative and at the 
watershed level. In order to improve and enhance the multiple use of reservoirs an 
equilibrium of social and economic perspectives and innovative technological 
developments should be promoted. The integration of research, planning and 
management is a fundamental concern, in reservoir science and application. Since the 
forcing functions vary with latitude and multiple operational uses, the result is qualitative 
and quantitative differences in a reservoir or reservoir cascades. Therefore, several 
regional approaches to their management are required. Economic evaluation of the 
“services ” provided by reservoirs should be performed in order to provide a realistic 
balance of the positive / negative impacts of their construction. Reservoirs in the 
Metropolitan Region of São Paulo represent special cases due to their strategic value in 
water supply and multiple uses.

1 Introduction
All the major hydrographic basins of South America have been impounded by the construction of 
large reservoirs. Initially built up with the objective of providing hydropower for energy supply, these 
artificial ecosystems were subjected in the course of time to multiple uses. The construction of large 
reservoirs (higher than 15 meter crest at the dam site) was intensified in the 30 years between 1950 
and 1980. Particularly in Brazil dam construction strongly interfered with river functioning and 
hydrological cycles, producing many changes in the cycles themselves, in the biodiversity related to 
the rivers, and also in the hydrosocial cycle Several research papers (Junk and Melo, 1987; Tundisi, 
1994a,b; Agostinho et al., 1994; Tundisi et al., 1999, 2003; Straskraba and Tundisi, 1999) showed the 
changes produced in natural systems by reservoir construction and also the multiple uses which they 
brought about or enhanced.

The size and complexity of the natural hydrographic network of South America undoubtedly influence 
the use of this valuable resource and the exploitation of the water resources. Construction of 
hydropower plants is one of many alternatives for exploiting the vast continental water supply in 
South America, and enhancing economic development and industrial build-up

2 . Reservoirs as complex systems
A reservoir is only a component of three major ecological subsystems: the watershed and its 
hydrographic network, the reservoir itself, the outflow and the downstream river. These subsystems 
are closely coupled and the reservoir functioning depends on these interactions. Reservoirs as part of 
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the watershed integrate detectors of the overall impact of anthropogenic activities carried out in the 
watershed, but they also reflect the state of conservation of the watershed if it is pristine, or degraded.

The levels of organization of watersheds as discussed by Vollenweider (1987) are:
1. Geological and climatological properties of the watershed;
2. Limnological properties of rivers, reservoirs, wetlands;
3. Water properties (water chemistry, hydrodynamics);
4. Anthropogenic impacts.

A reservoir is a fully interactive network among living organisms and their physical-chemical 
environment. As complex ecosystems, reservoirs present several characteristics which should be 
described: function and structure is determined by forcing functions such as climatological and 
hydrological factors; reservoirs are self-designing systems able to reorganize after dam closure; 
elements are recycled in the reservoirs; homeostasis is a result of interaction between chemical 
composition and biological functions; reservoirs have characteristic time scales and spatial scales; 
reservoirs have either artificial or natural pulse patterns; reservoirs have a complex network of 
biological components which interact with their hydrological regime and watershed inputs; and many 
reservoirs have a high degree of heterogeneity both in space and time.

Other factors that can add to the complexity of reservoirs are: age, morphometry, level of outlets and 
type of dam construction, and retention time.

The magnitude of reservoir response to the external climatological, hydrological and anthropogenic 
forcing depends upon the magnitude of the impacts and inputs and the size and volume of a reservoir. 
The time variability in reservoirs is a source of complex oscillations and the biota of the reservoirs, their 
food webs and the biogeochemical cycles respond to the oscillations with several transient organizations 
states. Therefore, the functional dynamics of the reservoirs are a complex process of input / output and 
varying degrees of responses to forcing functions. Reservoir forcing functions may be categorizes as 
climatological dependent through such agents as rainfall, wind, solar radiation. These functions are also 
operational, such as retention time, water level fluctuations, or water withdrawal. The forcing functions 
vary with latitude, and multiple operational uses, resulting in important qualitative and quantitative 
differences that produce various patterns of limnological and ecological functioning.

The multiple uses of watersheds and reservoirs produce many impacts in the biodiversity, water 
quality, hydrolofical cycle and water quality. These impacts are cumulative since they are incorporated 
in the functioning of the reservoirs and in their structure and function. For example, the accumulation 
and effects of heavy metals on the sediments and on the aquatic biota is a matter of concern not only 
for aquatic scientists but also for managers and decision makers. As the multiuse become more 
complex and diversified (Kennedy et al, 2003; Tundisi et al, 2003), more difficult is the task to remove 
impacts, recover watersheds and reservoirs. Costs of recovery will be difficult to evaluate if the 
reservoirs are large, dendritic and subject to dynamic activities resulting from changing economic 
exploitation of watersheds, and water quantity. Cumulative impacts are not only affecting the reservoir 
itself but the regional / local economy, human health and ultimately they impair multiple uses.

3. Urban reservoirs in the La Plata Basin and the Metropolitan of S. Paulo
A prominent feature of the water resources in the La Plata basin is the urban reservoirs for water 
supply of large populations. An outstanding example is the reservoir system for the S. Paulo 
Metropolitan region (although many other urban areas, from large to small towns, have the same 
pattern of water supply). The S. Paulo Metropolitan region has 26 large reservoirs, constructed in the 
last quarter of the nineteenth century and the twentieth century. These reservoirs, today located amidst 
a heavily populated and industrialized urban system, supply drinking water for 21 million inhabitants. 
The costs of treatment have increased in the last 10 years due to the many problems of eutrophication, 
toxicity and deforestation that affect the water quality and produce loss of biodiversity.

Many reservoirs are used for recreation, tourism and fisheries as well as for water supply. These 
activities were developed by the local communities over the years; the reservoirs are located in other 
municipalities, not in the S. Paulo town, and therefore there are problems of an institutional and 
political nature that interfere with their management. Despite efforts to introduce the watershed 

190



Hydrological Dynamics

approach as a concept for management, the institutional and legal constraints are difficulties for 
implementation (Braga et al., 1998). The strategy for management of these reservoirs is focused on the 
following actions (Tundisi, 1990a, 1990b):
• Control of non-point sources of phosphorus and nitrogen (reforestation of watersheds, sanitary 
education of population),
• Treatment of wastewater to control eutrophication,
• Organization of a data bank, and
• Implementation of corrective and remediation actions at the watershed level, and technology for 
reservoir recovery (in-lake management), aeration, sediment isolation and phosphorus inactivation, 
• Negotiations on the water uses and supply / demand should follow structural actions.

The cost of these actions is very high. For example, the estimated cost for the pollution abatement of 
Pinheiros River in S. Paulo town is USS 100 million. It also requires an extensive period of 
preparation for institutional integration (federal, state and municipal institutions), involving 
negotiation at several levels. A great effort should be made for environmental and sanitary education, 
especially for populations near the reservoir, on the lake shore (Tundisi, 1993a, 1993b).

4. The integration of limnological research in the effort for sustainable 
water resource management: the challenges of reservoirs
Our understanding of the reservoirs as a unique class of epicontinental aquatic ecosystems is growing 
but far from complete (Kennedy et al., 2003). The design and operation of the reservoir has 
limnological consequences and this provided a basis for a better knowledge of the link between 
engineering and limnology.

However the impact and role of reservoirs in the watersheds and the hydrological and hydrosocial 
consequences of their presence are still not well know and should require the integration of social, 
economic and environmental considerations in the management. For example what is the perception of 
the community about the reservoir pollution and eutrophication and the possible effects on their health 
and economic activities?

Reservoirs in urban regions and specially those located in the Metropolitan Region of São Paulo have 
an enormous and diversified impact on the economy and social organization in the region water 
availability, recreation, biomass exploitation are some activities that certainly will be affected by the 
deterioration of the reservoir water quality. The extent of this disruption in the cycle, produced by 
pollution and contamination, should be quantified and could provide limnologists with and insight 
capable to define the linkages between engineering and operation requirements, ecological outcomes 
and consequences and social aquatic resources (Robarts and Wetzel, 2000). Linking ecohydrology 
and hydrology is not and easy task and limnological studies are in the center of this linkage. Table 1 
shows the engineering design of the parameters of reservoir location, morphometry, operation and its 
limnological implications.

A recent development on the knowledge of reservoir function and structure in the Metropolitan region 
of São Paulo and the role of limnological knowledge is given by the interaction of climatological 
forcing functions with the hydrography and vertical structure of the reservoirs. The vertical structure 
of these reservoirs is dependent on the wind force and duration and also on the input of solar radiation 
that supply energy to the water mass, besides the energy utilized for photosynthesis. During the cold 
fronts that affect the Metropolitan Region of São Paulo, wind force increases, solar radiation decreases 
and a process of vertical circulation is permanent changing the water quality and promoting a more 
homogeneous distribution of physical and biological variables in the system. After the passage of the 
cold front, wind force is low, solar radiation and surface heating increases and biological and chemical 
stratification occurs changing the water quality of the reservoirs and promoting the growth of 
cyanobacteria that further deteriorate the water quality increasing the costs of treatment. Therefore the 
cost of treatment of the water available for domestic use in the Metropolitan Region of São Paulo is 
related to the frequency and absence of the cold fronts. That affect this region during the whole year 
(Tundisi et al, 2004a,b).
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Table 1. Engineering design considerations and limnological implications related to reservoir purposes

Reservoir 
Purposes

Design
Considerations

Design-related 
Parameters

Limnological implications

Flood control Storage capacity Geographic location Material loading
Hydropower

Navigation
Water supply

Inflow volume
Inflow seasonality
Hydraulic head

• Incident solar radiation
• Precipitation/evaporation
• Geology and soil type

• Nutrient supply
• Inorganic suspended 
matter

Irrigation 
Recreation

Tourism
Agriculture

Volume
Level of outlets
Filling phase period

Location within the 
watershed
• Basin slope
• Stream order
• Drainage area
• Surface area to drainage 
area ratio
• Landuse

Hydrology
• Hydraulic retention
• Advective transport

Thermal budget
• Water temperatures
• Degree of stratification

Morphometry
• Length to width ratio
• Shoreline development
• Surface area
• Volume
• Volume to surface area 
ratio

Light regime
• Non-algal turbidity
• Photic depth

Mixing regime
• Mean and maximum 
depth
• Surface elevation 
fluctuation
• Outlet depth (s)

• Density currents
• Mixing depth

Material retention

Modified from Kennedy (1999).

5. New perspectives for reservoir management in the metropolitan region 
of São Paulo: changing strategies for the future
The management options and alternatives show in chapter 4 of this paper are one step in the overall 
strategy of management of reservoirs of the Metropolitan Region of São Paulo. Strategies that demand 
the implementation of only structural inputs in the management are not sufficient. By structural inputs 
we understand new channels, water transportation, technological plants. It is necessary a vast array of 
non structural inputs such as proposed in the NEGOWAT project: negotiations on supply / demand 
with the local communities, active participation of the public and a permanent increase of awareness in 
order to improve public understanding of the problem. (Tundisi, 2003b). The watershed concept in the 
management is in part adapted and accepted by the decision makers and managers but this has to be 
improved with institutional integration on the problem of water quality & quantity.

The effort for modeling the climatological / hydrological processes should thus be followed by the 
permanent implementation of scenarios of water quality and the economic impacts of water treatment.

For the future options and alternatives it is clear that the emphasis on treatment and production of 
water of good quality should be continuously pursued, however including a better protection of the 
water sources such as reflorestation, protection of forested areas and protection of wetlands. This 
would improve the water quality at the source promoting a decrease in the costs of treatment and a 
better water quality in the future (Ana, 2002).

The new strategies for reservoir management in the MRSP should also include efforts to promote a 
massive dissemination of information in order to include permanently the community in the process of 
management.
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The costs of water treatment are due to a decrease in water quality at the source. This can be changed 
by a more elaborate process of watershed and water quality protection and conservation. The decrease 
of non point sources of impact is dependent on the community participation and awareness.

Reservoir “services” should be evaluated and this should be part of the new strategic approach to solve 
this complex problem in a complex context and region.

6. Conclusions
The management of natural or artificial ecosystems is now in a transition stage from reactive, local 
and sectorial to a predictive, at watershed level and integrated approach. The watershed as a unit for 
research, management and development of negotiations is now internationally recognized as a useful 
and well designed approach. At each watershed a local / regional data bank should provide a stronger 
basis for strategic planning. A strong link between data bank, research and management should be 
pursued. The evaluation of “services” of ecosystem structure and functions, the values of these 
“services” and their role on the local / regional society is another fundamental issue. For both Tietê / 
Cabeceiras and Guarapiranga basins, an effort into the sanitary education and environmental education 
of the population should help to improve the management process and the negotiations at the 
watershed level.

Considering this issue the “Water School” (“A Escola da Água”) as proposed by Tundisi (2003a) is 
one of the tools that, if implemented, could help in the increase of awareness and participation

The need for restoration of aquatic ecosystems claim for a strong emphasis on “ecological design” 
(Palmer et al, 2004) that is the ability to restore the ecosystem at structural and functional levels. 
Restoring functions in reservoirs implies in the restoration of water quality and the necessary measures 
to improve watershed functioning, specially feedback systems and biodiversity.
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