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ABSTRACT
The study of the water quality in natural or artificial reservoirs has utmost importance to hinder
eutrophication and develop projects for multiple uses. Through the knowledge of reservoir energy
diagrams and the hierarchy of factors that act on reservoir energy dynamics, management systems can be
proposed with the objective of maintaining the quality of water. The symbolic language of energy flows
provides not only ways to compare diverse ecosystems, but also enables a relative evaluation of the
behavior of each component of the ecosystem. Thus this study utilizes the energy systems language
developed by Odum [12] to represent a reservoir as a dynamic system. Two models have been evaluated
and simulated to evaluate eutrophication in Broa Reservoir. The models were aggregated, macroscopic
mini-models of the reservoir that retained the most important components and relationships. The first
mini-model simulates the reservoir daily metabolism and the second considers long-term phosphorus
inflow. The models were tested with data from the Broa Reservoir. Results show that the use of energy
flow language makes possible the construction of models to represent adequately structures and important
functions of the Broa Reservoir. In this manner understanding of the real ecosystem is facilitated.
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1. INTRODUCTION
Reservoirs are complex and dynamic ecological systems that interact with human
activities in several ways. Broa Reservoir is a shallow and turbulent reservoir located in
the Central-East region of São Paulo State, Brazil at 22o15’S; 47o49’W. It was
constructed in 1936 and initially designed for hydroelectric power supply. The reservoir
has small dimensions (Calijuri & Tundisi [3]): maximum length, 8.0 km; maximum
width, 2.0 km; mean width, 0.9 km; maximum depth, 12.0 m; mean depth, 3.0 m;
surface, 6.0 km2; perimeter, 21 km; volume, 22 × 106 m3. This particular ecosystem,
besides being used for scientific experimental studies and applied research, is also used
for recreation and sport fishing. It was also observed that in some cases, low levels of
waste inputs (such as nutrients and organic matter) could, in fact, enhance the reservoir
productivity. However, in many aquatic environments similar to Broa Reservoir, waste
loading rates are normally large enough to significantly reduce the reservoir’s utility and
sport fishing potential and other recreational purposes. Therefore, a number of problems
can happen due to competition and conflicts in the use of natural resources.
Limnological studies have been carried out since 1971 and indicate that Broa Reservoir
is a reasonably preserved environment that is still not highly affected by human
activities, as confirmed by the presently low concentration of nutrients (Rodriguez &
Matsumura-Tundisi [17]). However, the Itaqueri River (one of the main tributaries of
Broa Reservoir) has displayed several evidences of eutrophication, such as excessive
growth of macrophytas and algal blooms, suggesting a dysfunction of the whole system
(Abe et al. [1]). In additon, the region where it is located is characterized by the highest
rate of human population growth in the country, and as a consequence, the inputs of
anthropogenic wastes have increased steadily over recent years (Queiroz [16]). These
conditions indicate potential problems related to ecosystemic functions, mainly

eutrophication. Thus, studies on this ecosystem have a significant importance to prevent
eutrophication and to allow the development of projects for multiple uses (Tundisi &
Matsumura-Tundisi [18]). It was essential to consider not only the reservoir ecosystem
but also the entire watershed.
Modeling reduces the cost of research by eliminating unnecessary experimental work
since it allows the study of interactions of the various process parameters through
simulation. According to Odum [14], the use of energy systems diagrams (Figs. 1 and 2)
helps clarify the meaning of scientific measurements of system properties and the way
these properties may relate to system behavior and receive reinforcement by the larger
systems of which they are part. Beyers & Odum [2] published a compilation of basic
aquatic models with energy symbols that showed dissolved oxygen reactions with
organic matter in order to indicate that respiration was proportional to the concentration
of primary products. Dissolved oxygen concentrations in waters are low (compared to
air) and also are easily affected by metabolic processes; oxygen is often measured in
aquatic ecosystems as a sensitive indicator of total metabolism. Besides that, in recent
years many scientific studies have been carried out in related areas [15], for example
management of eutrophic aquatic ecosystems. In these studies, the effects of different
nutrients’ addition rates have been simulated using computer models to test theories
related to community productivity and diversity (Howington et al. [6], Kent et al. [7]).
Outflow

Equations:
SL
JR =
1 + k0 × P
dP
= JP − k 2 × P − k 3 × JR × P + k 4 × C × X + k 5 × S × X
dt
dX
= k 6 × (1 − X / XA) + k 7 × JR × P − k8 × C × X − k 9 × S × X
dt

dC
= k10 × JR × P + JC net − k12 × C + k13 × S − k14 × C × X
dt
dS
= k12 × C − k13 × S − k15 × S × X
dt
dN
= k16 × C × X + k17 × S × X − k18 × N
dt

Figure 1. Energy system diagram and equations of the metabolic mini-model

Equations:
dP
= JP − k 2 × P − k3 × log P − k 4 × P + k 5 × S - k 7 × P
dt

dS
= k3 × log P + k 4 × P − k 5 × S − k 6 × S
dt

Figure 2. Energy system diagram and equations of the phosphorus mini-model
The objective of this research is to develop systems models to evaluate eutrophication in
Broa Reservoir. Models of energy flow networks in the reservoir were used to organize
the data and the concepts that informed the study of the reservoir as a system. The
models were aggregated, macroscopic mini-models of the reservoir that retained the
most important components and relationships. Macroscopic mini-models of the
metabolic and phosphorus subsystems were simulated to estimate the effects of changes
in nutrient loads. For a water reservoir the predominance of production over respiration
(according to E.P. Odum [11]) suggests that the system is at an immature or mature
developing stage, has low or high recovery capability, and seems fragile to external
perturbation. Apparently, the present loading rates of phosphorus will maintain gradual
increases in phosphorus concentrations for a long period. The process of eutrophication
in the reservoir was modeled through simulations of present and increasing inflow rates
of phosphorus.
2. METHODS
The procedures to prepare the mini-models followed the guidelines described below.
2.1 Identification of system components and drawing the energy diagram
First of all, the major factors involved in the regulation of an aquatic ecosystem were
identified. For that, storages and material flows were diagrammed according to the
energy systems language proposed by Odum [12]. This energy flow language shows the
external driving forces, internal storages, material flows, the position of components in

the energy hierarchy and suggests the mathematical relationships for all the variables in
a system.
For the metabolic mini-model (Fig. 1), the solar light during the day drives the gross
production of oxygen and labile organic matter and allows the use of available nutrients
from the reservoir. In accordance with the methodology used by Beyers & Odum [2],
respiration is a product function of organic matter and oxygen. Besides the oxygen
production by photosynthesis by aquatic algae and plants, dissolved oxygen is normally
slowly obtained by the gaseous exchange between the water surface and the atmosphere
that occurs in proportion with the gradient of oxygen partial pressure. Respiration
regenerates nutrients for gross photosynthetic production. During the whole day,
organic matter is added into the reservoir by inflowing waters and exported from the
reservoir by overflow. In accordance with the methodology used by Odum [12], a
phosphorus mini-model (Fig. 2) was developed to investigate the long-term change in
phosphorus level as a function of various input rates and different sediment-water
exchange rates.
2.2 Determination of the corresponding differential equations
The differential equations included with the energy system diagrams of the metabolic
mini-model (Fig. 1) and the phosphorus mini-model (Fig. 2) were derived from these
diagrams and used to develop the computer program. Transfer coefficients in Fig. 1 and
Fig. 2 are identified with the letter ‘k’ followed by a number. The state variables of the
metabolic mini-model are identified by a string of capital letters; thus we have,
dissolved phosphorus (P), dissolved oxygen (X), organic carbon (C), carbon in sediment
(S) and consumer biomass (N). In the phosphorus mini-model the variables are
phosphorus in the water column (P) and phosphorus in sediment (S). See Section 2.4
below for a description of the method used to determine values for the transfer
coefficients in the steady-state. Numerical solutions to the differential equations derived
from the system diagrams were graphed as a function of time for simulation results
using Basic. The simulation times for the phosphorus mini-model correspond to 12
years with annual iterations. The metabolic mini-model was calibrated to simulate one
week with hourly iterations.
2.3 Assembling the data for calibration
Once the mini-models and corresponding differential equations had been produced,
transfer processes (represented by arrows in the systems diagrams) and storages
(represented using the tank symbols) were assigned numeric values in appropriate units
to determine the transfer coefficients in the steady-state. The metabolic mini-model
material transfer rate units were expressed as grams per square meter per day (g/m2 per
day), and the data for the storages were expressed as grams per square meter (g/m2). For
the phosphorus mini-model, the material flows were expressed as grams per square
meter per year (g/m2 per year), while grams per square meter (g/m2) were chosen for
storages. Observed values of phosphorus in the water column, phosphorus in sediment,
dissolved oxygen, organic carbon, carbon in sediment, consumer biomass and sunlight
were used to calibrate the mini-models to initial conditions. The reader is referred to
Ccopa [4] for a description of how transfer processes and storages were calculated.
2.4 Determining transfer coefficients
Current numerical values were taken from the literature covering studies previously
conducted in Broa Reservoir. These values were used to calculate transfer coefficients
using corresponding equations for each process. The reader is referred to the set of

differential equations in Fig. 1 and Fig. 2. The terms describing material or energy
transfer on the right hand side of the differential equations were equated with the
numerical value chosen for that process. A spreadsheet (Tables 1 and 2) was used to
calculate the transfer coefficients by dividing the estimate of the transfer process by the
current values of the storages (Odum & Peterson [13]). After the coefficients were
calculated (Table 1, column 3 and Table 2, column 3), they were imported as constants
into the Basic program for computer simulation.
Table 1. Calibration values for the metabolic system mini-model a
Dissolved phosphorus
P = 5.63E-02 (g/m2)
Dissolved oxygen
X = 24.6 (g/m2)
Organic carbon
C = 22 (g/m2)
Carbon in sediment
S = 214 (g/m2)
Consumers biomass
N = 0.143 (g/m2)
Unused sunlight
JR = 4 (%)
Phosphorus load
JP = 1.31E-03 (g/m2/d)
Net load of external organic carbon JC = 0.235 (g/m2/d)
Phosphorus leaving reservoir
J2 = k2×P (g/m2/d)
Phosphorus assimilation
J3 = k3×JR×P (g/m2/d)
Recycle from respiration of water
J4 = k4×C×X (g/m2/d)
column organic matter
Recycle from respiration of water
J5 = k5×S×X (g/m2/d)
column sediment organic matter
Diffusion of oxygen
J6 = k6×(1-X/XA) (g/m2/d)
Oxygen production
J7 = k7×JR×P (g/m2/d)
Respiration in water column
J8 = k8×C×X (g/m2/d)
Respiration in sediment
J9 = k9×S×X (g/m2/d)
Organic carbon production
J10 = k10×JR×P (g/m2/d)
Gross rate of sedimentation of
J12 = k12×C (g/m2/d)
organic carbon
Gross rate of suspension of organic
J13 = k13×S (g/m2/d)
carbon
Organic carbon respired in water
J14 = k14×C×X (g/m2/d)
column
Organic carbon respired from
J15 = k15×S×X (g/m2/d)
sediment
Net consumption of water column
J16 = k16×C×X (g/m2/d)
carbon by consumers
Net consumption of sediment
J17 = k17×S×X (g/m2/d)
carbon by consumers
Respiration and mortality in
J18 = k18×N (g/m2/d)
consumers
a
Letter combinations correspond with expressions in Fig. 1.

k2 = 1.98E-02
k3 = 8.79E-03
k4 = 4.88E-08
k5 = 3.51E-07
k6 = 4.06E-02
k7 = 4.40
k8 = 2.30E-04
k9 = 2.75E-04
k10 = 1.763
k12 = 2.5E-02
k13 = 0.102
k14 = 9.49E-05
k15 = 3.3E-03
k16 = 2.16E-05
k17 = 2.46E-07
k18 = 9.0E-02

Table 2. Calibration values for the phosphorus system mini-modelb
Phosphorus in water column
P = 5.63E-02 (g/m2)
Phosphorus in sediment
S = 2.14 (g/m2)
Phosphorus load
JP = 0.476 (g/m2/y)
Phosphorus leaving reservoir
J2 = k2×P (g/m2/y)
Inorganic sedimentation of
J3 = k3×log P (g/m2/y)
phosphorus
Organic sedimentation of phosphorus J4 = k4×P (g/m2/y)
Recycle of phosphorus to water
J5 = k5×S (g/m2/y)
column
Infiltration of phosphorus into the
J6 = k6×S (g/m2/y)
groundwater aquifer
Phosphorus leaving reservoir by sport
J7 = k7×P (g/m2/y)
fishing
b
Letter combinations correspond with expressions in Fig. 2.

k2 = 7.229
k3 = 1.27E-02
k4 = 37.549
k5 = 0.988
k6 = 1.0E-03
k7 = 1.0E-03

2.5 Graphing and printing simulation results
Starting with the program as initially calibrated, changes in the phosphorus mini-model
variables and metabolic mini-model variables over time were displayed on a computer.
Scaling factors were utilized in the Basic programs to standardize vertical axes and to
organize simulation displays. For later simulations of the mini-models, results were
written to an Excel™ spreadsheet and graphed. Each program was modified and
simulated under variable starting conditions and transfer process rates. The responses to
changes in starting conditions were revealed through the simulation tests.
3. RESULTS
3.1 Metabolic system
3.1.1 Metabolic system calibration simulation
The metabolic system in Broa Reservoir was simulated with the mini-model in Fig. 1.
The mini-model running under calibration values is presented in Fig. 3. Results confirm
that changes in light during the day drive the use of nutrients and the gross production
of oxygen and labile organic matter. The present loading rates of organic carbon (JC)
and phosphorus (JP) show that the total dissolved phosphorus varied between 0.018 and
0.020 mg/L with highest values at sunrise after seven days of average conditions. This
value corresponds to a mesotrophic reservoir according to Tundisi [19]. Under the same
loading conditions, dissolved oxygen levels reached equilibrium with the carbon loads
in seven days, varying between 7.5 and 8 mg/L. Dissolved oxygen values much below
50 mg/L indicate that the reservoir is not very altered by anthropic actions (Tundisi
[19]). The concentrations of organic carbon, carbon in sediment and consumer biomass
reached steady state within the 7-day period.

Figure 3. Simulation of the metabolic system (Fig. 1) using calibration values
3.1.2 Effect of nutrient addition on production and respiration relationship
The effect of human intervention (adding phosphorus or organic carbon to the reservoir)
on gross production (PR) and respiration (RE) relationships was simulated and is
presented in Fig. 4. Analogous simulations can be found in Odum [12]. The addition of
either phosphorus or organic carbon increased both gross production and respiration,
and the gross production was always higher than the respiration throughout the
simulations (PR>RE).
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Figure 4. Simulation of metabolic system showing the reservoir production and
respiration: 1, using calibration values; 2, phosphorus additions; 3, organic carbon
additions
3.2 Phosphorus System

The simulation in Fig. 5 suggested that the phosphorus build-up increases in proportion
to the loading rate. After 12 years the phosphorus levels simulated in the water column
of the reservoir increased 14%, 100% and 200% in response to net loads of 0.476
g/m2/y (inflow of 1997 to Broa Reservoir, according to Miranda & Matvienko [10]),
0.952 g/m2/y (inflows of area-corrected flows to a eutrophic reservoir, according to
Odum [12]) and 1.10 g/m2/y (inflows of area-corrected flows to a hyper-eutrophic
reservoir, according to Odum [12]), respectively, as can be seen in Figs. 5a-5c.

4. DISCUSSION
The production and respiration relationship reflects the highly interdependent
integration of these two processes in aquatic ecosystems (Esteves [5]). For Broa
Reservoir the predominance of production over respiration (Fig. 4), suggests that the
system is at an immature developing stage, has low recovery capability, and is sensitive
to external perturbation. Sensitivity analyses of the metabolic system provided insight
into the primary controlling factors of short-term community metabolism inside the
reservoir such as external phosphorus load (JP) and load of external organic carbon
(JC). Phosphorus mini-model simulation results presented in Fig. 5 show some of the
relationships existing between loading rates and rates of phosphorus increase. The
current loading rates (Fig. 5a) produced gradual increases in phosphorus concentrations
in the water over long periods (nearly 15% of the total phosphorus inflow is not
accounted for in outflow according to Miranda [10]), which suggests a slow natural
increase in phosphorus and eutrophication.
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Figure 5. Simulation of phosphorus system for 12 years at three different inflow rates:
(a) inflow of 1997 to Broa Reservoir; (b) inflow to a eutrophic reservoir; and (c) inflow
to a hyper-eutrophic reservoir

The simulations of increased phosphorus inflow rates to Broa Reservoir presented in
Figs. 5b and 5c show the process of a eutrophic reservoir (phosphorus concentration
between 0.035 and 0.1 mg/L, according to Tundisi [19]) in a short time. At least, it can
be said that there was a slight increase in phosphorus concentration in the reservoir
during the period of time considered in the simulation. Thus our results lead us to
reiterate the conclusions offered by Matheus & Tundisi [9] with respect to the more
general susceptibility of the reservoir to eutrophication. These conclusions are that (i)
there are inputs of urban and industrial wastes in the river Itaqueri, one of the main
tributaries of Broa Reservoir, that can modify the level of nutrients in the reservoir; (ii)
the drainage from areas of cattle farms with extensive pastures occurs mainly at the time
of rains (spring and summer); (iii) several rivers of the region originate in the mountain
range of Itaqueri, descending in jumps of up to 200 meters and having high capacity for
dissolution and transport of mineral rock substances that can cause alterations in the
present ammonium levels in the reservoir; and (iv) the presence of ciliary forest along
the tributary rivers of the reservoir also can contribute nutrients.
It is difficult to determine whether the concentrations of phosphorus in the water will
increase if present loading rates continue. However, marked increases in loading rates or
the release of phosphorus from the sediment to the water column would quickly elevate
water phosphorus levels (Esteves [5]). If further eutrophy is not desired, it is necessary
to avoid nutrient overloading of Broa Reservoir; evidence from other shallow reservoirs
suggests that recovery from highly eutrophic conditions is slow even after diminution of
nutrient loads (Leite & Espíndola [8]).

5. CONCLUSION
This study utilized the energy flow language developed by Odum [12] to represent Broa
Reservoir as an ecological system. Two mini-models were evaluated and simulated to
evaluate eutrophication in Broa Reservoir (SP), retaining the most important
components and relationships. The mini-models were tested on the basis of the data
observed in the Broa Reservoir. The development of simulations using mini-models for
phosphorus and metabolic systems indicated (i) a relationship between production and
respiration that is typical of systems at an immature developing stage, with low recovery
capability and sensitive to external impacts; (ii) estimated average net organic load (JC)
and external phosphorus load (JP) that were sufficient to maintain oxygen levels
between 75-80 mg/L, indicating that the reservoir is little altered by anthropic actions;
and (iii) that present phosphorus inflows will cause continued increases in nutrients
levels, while it is certain that increased nutrient loads could make the reservoir
eutrophic. Finally we can say that systems models are excellent instruments of
integration of information and can serve to test conjectures that are difficult to test in the
field, transforming numerical results into significant messages to theoretical research
and for regional planning.
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