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ABSTRACT: Trophic status of a Brazilian urban reservoir and prognosis about the recovery of water
quality. Garcas Lake is a small tropical urban reservoir, with 68 days hydraulic residence
time (annual theoretical mean) located in Sao Paulo city (Brazil). In order to develop
management strategies for the recovery of its water quality, a diagnosis of the trophic
state was performed. Phosphorus and nitrogen mass balances and the development of a
model to evaluate the nutritive condition of the lake were included. Incoming annual
phosphorus and nitrogen loads by the seven tributaries were, respectively, 6,519 kgP
and 37,157 kKgN. From the total phosphorus load, 45% proceeded from the creek of
zoological Garden Foundation of Sao Paulo (the most important point-source), while 32%
were from the Agricultural and Food Supply Department (the second most important
point-source). From the nitrogen total incoming load, 62.8% corresponded to biological
fixation; 1.4% to non-point sources; 1% to wet precipitation and 34.7% to point-sources.
Mass balances revealed high nitrogen (85% of total input) and phosphorus (61% of total
input) retention in the reservoir. The annual observed mean of total phosphorus in the
water surface was 132 ng.l', indicating a hypereutrophic condition. A hypothetical scenario
of 90% reduction in the load from the seven tributaries could change the trophic status
of the reservoir to an oligotrophic condition (17 ngTPl'). Reservoir management strategies
for the improvement of water quality are discussed.
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RESUMO: Status tréfico de um reservatério urbano brasileiro e prognéstico sobre a recuperagio da
qualidade da agua. O Lago das Garcas ¢ um pequeno reservatorio urbano tropical com
tempo de residéncia hidraulico de 68 dias (média tedrica anual) localizado na cidade de
Sao Paulo (Brasil). Com finalidade de desenvolver estratégias para a recuperacao da
qualidade de suas aguas, um diagndstico do estado tréfico foi realizado. Balancos de
massa de foésforo e nitrogénio e o desenvolvimento de um modelo para avaliar a condi-
c¢ao nutritiva do lago foram incluidos. As cargas anuais de fésforo e nitrogénio introduzidas
pelos sete tributarios foram, respectivamente, de 6.519 kg P e 37.157 Kg N. Da carga total
de fdsforo, 45% provém de pequeno curso de agua da Fundacao Parque Zooldgico de
Sao Paulo (a fonte pontual mais importante), enquanto 32% veio da Secretaria de Agricul-
tura € Abastecimento (a segunda fonte pontual mais importante). Do total da carga de
nitrogénio introduzida, 62.8% correspondeu a fixacao bioldgica; 1.4% as fontes pontuais;
1% a precipitacao umida e 34.7% as fontes nao pontuais. Os balancos de massas revela-
ram elevadas retencoes de nitrogénio (85% do total introduzido) e fésforo (61% do total
introduzido) no reservatorio. A média anual observada de fdésforo total na agua de super-
ficie foi 132 ng.l", indicando uma condicao hipereutréfica. Um cenario hipotético de redu-
cao de 90% da carga dos sete tributdarios poderia mudar o status trofico do reservatorio
para uma condicao oligotréfica (17-ng PT.1"). Estratégias de manejo do reservatorio para a
melhoria da qualidade da agua sao discutidas.

Palavras-chave: carga de fosforo, balanco de massa, modelo de eutrofizacao, manejo de
reservatorio.

Introduction

The exponential growth of human population worldwide has increased the water
demand in great amount, not only for its basic necessities (water supply) but also for
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other purposes, such as industrial, recreational and agricultural activities. The concentration
of human population in urban centers has produced, on a large scale, wastes that it are
dumped without treatment in aquatic ecosystems, specially in tropical regions (Havens
et al.,1996). The “cultural” eutrophication of lentic environments via the introduction of
untreated wastewaters, develops faster in sites of high demographic density and
ceutrophication has proved to be one of the most widespread and serious anthropogenic
disturbances to aquatic ecosystems (Lampert & Sommer, 1997).

Any plan for the restoration and protection of water quality requires a previous
diagnosis of the aquatic environment and, the development and application of ecosystem
behaviour models. A basic requirement for eutrophication models is the determination of
nutrient mass balances (Jorgensen, 1986) and tools for the trophic state evaluation of the
lakes include the use of phosphorus loading models (Vollenweider, 1975; 1976). The early
model of Vollenweider (1975) assumes a constant setting velocity, while the second
estimates the phosphorus trapping from the lake's hydraulic retention time (Vollenweider,
1976).

Toledo et al. (1983) presented modifications in the original trophic state indexes of
Carlson (1977), for the tropical lakes and reservoirs, introducing sedimentation coefficients
and, a weighting system in the indexes, because of the measured variables behaviour.
Using data from 26 reservoirs of South America and Brazil, Salas & Martino (1991) developed
predictive models for in-lake total phosphorus concentrations, based on the incoming
phosphorus load, hydraulic retention time and mean depth.

Although the eutrophication process is favored by year-round high temperatures in
tropical regions and is a very widespread problem, very few studies have been undertaken
on phosphorus and nitrogen mass balances in Brazilian waterbodies.

Studies on nitrogen and phosphorus balance were conducted in Brazil for urban
(Barbosa et al., 1998), mean (Rios, 1999) and high (» 200days) hydraulic retention time
reservoirs (Henry et al., 1999). Tundisi & Matsumura-Tundisi conducted a study in Barra
Bonita Reservoir (Sao Paulo State) about the increasing eutrophication and showed that
rainfall, wind, flushing rate and residence time are the main forcing functions on nutrient
cycles, biomass, and primary production of phytoplankton.

Aiming at the proposal of management strategies for the recovery of waters quality,
a study was performed in an urban reservoir that has a unique scenario in the Latin
America, since it is located in a Biological Reserve with Atlantic Forest remnants (Protection
Area), which is surrounded by the 4™ largest metropolitan area worldwide, the municipality
of Sao Paulo (Vitor & Costa Neto, 2003). The system contributes to local biodiversity and
is a migratory route of bird species. Thus, present study aims at contribute with water
recovery management strategies towards protection of biodiversity in an Atlantic Forest
fragment under intense urbanization pressure. The diagnosis includes a mass balance of
nutrients and the use and development of mathematical model for the evaluation of the
lake trophy and the presentation of hypothetical scenarios of probable incoming
phosphorus load reductions.

Study area

Garcas Lake is located (23° 38'S and 46° 37 W) in the Biological Reserve of Ipiranga
Headsprings State Park in Sao Paulo, Brazil (Fig.1). Considering Latin America, the reserve
is one the largest green areas containing remnants of the Atlantic Forest in a highly
inhabited (14 million people) urban city; it has a mean altitude and a total surface area, of
798m and 526 ha, respectively (Fernandes et al., 2002). Santos & Funari (2002) have
classified the local regional climate, as humid, mesothermic, without water deficiency
and with an excess of water in the summer. The mean annual precipitation is 1,368mm;
the mean air temperature of the coldest month (July) is 15.0 °C, and temperature range
during the hottest months (January-February) is 21.4-21.6°C.

Gargas Lake was shaped by the damming of several creeks in 1917 for water public
supply (Bicudo, D. et al., 2002). It is a small reservoir (surface area: 88,156 m?; mean and
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Figure 1: Study area (Gargas Lake, Sao Paulo, Brazil) with batimetric map; Compartments | and 1l of the

lake; L and P stations for water sampling; Ol to 07 inputs for incoming loads.

maximum depths 2.14 and 4.70m, respectively; maximum length: 512m; shoreline and
volume indexes:1.46 and 1.36, respectively). The reservoir has a residence time of 68
days (annual theoretical mean), and receives water from seven small tributaries (catchment
area: 2.62 km?); three of these inflows (inputs 03, 04 and 05, see Fig.l1) are derived from
the Zoological Garden and, have had great impacts on the lake since 1958. According to
the trophic state formulation of Toledo et al. (1983), this reservoir is classified as a eutrophic
and hypereutrophic system (Nogueira & Ramirez, 1998; Mercante & Tucci- Moura, 1999;
Bicudo, D. et al., 2002). Garcas Lake is thermally stratified and typically develops a
hypolimnetic oxygen deficit from October to February ; it is isothermal from March-April
to August-September (Henry, 1999; Bicudo, D. et al.,, 2002).

From August (the end of the winter) on, thermal gradients in the lake are more
evident and surface thermoclines are observed between 14 and 22 hours (Ramirez,
1996). Thermal stability occurs from spring (in September) on and this physical characteristic
is the trigger for the onset of Microcystis aeruginosa blooms (Nogueira, 1997). These
cyanobacterial blooms persist from September to January-March because the suitable
environmental conditions such as high stratification stability; high pH values; low N/P
ratios; reduced mixing zone and low NH_ ' and NO, concentrations. From 1997 on, when
macrophytes started proliferation in the reservoir, Cylindrospermopsis raciborskii blooms
over particularly associated to the spring period. Co-occurrence of other cyanobacteria
species as Synechococcus nidulans and Microcystis aeruginosa was found (Tucci &
Sant’Anna, 2003). An annual recurrent pattern of temporal and spatial fluctuation of the
water abiotic factors is observed in the Garcas Lake, determined by the mixing and
thermal stability and, by the algae blooms occurrence (Bicudo, D. et al., 1999). The direct
and indirect impacts of Gargas Lake eutrophication include proliferation of mosquitoes
(Mansonia sp), macrophytes (Eichhornia crassipes), deaths of sloths trapped by the floating
macrophytes stands; fish Kill events, and the occurrence of toxic cyanobacteria species
(SantAnna & Azevedo, 2000; Bittencourt-Oliveira, 2003).
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Material and methods

Sampling was monthly conducted in two compartments (I and 1) of the reservoir
(from January, 1997 to June, 1998). Water samples were collected in the surface and at
the bottom in the P and L stations of compartments | and II, respectively (Fig.l). In P
station three other depths were included (1,2 and 3m depths).

Total N and P were measured using the Valderrama (1981) method. After, oxidation
and digestion, nitrate and phosphate were determined according to MacKereth et al.
(1978) and Strickland & Parsons (1960), respectively.

Total N and P daily loads from the seven point-sources and from the outlet were
evaluated by the product of the water fluxes and nutrient concentrations. Monthly loads
corresponded to the product of daily loads by time (days) between the sampling periods.

Rain water was collected in a funnel (30cm diameter) attached to a plastic bottle. A
coarse tissue was placed above the funnel to prevent inputs of insects and plant detritus.
After each rainfall episode, nitrate and phosphate were determined in the water sample
(> 100ml). Monthly N and P loads from wet precipitation were evaluated by the product of
water volume introduced by the rain on the reservoir surface (computed according to
Tubelis & Nascimento, 1987) and the nutrient concentrations.

N and P loads from non-point sources to the lake were estimated using the
coefficients of Jorgensen (1986) which are based upon geological classification and the
soil uses of the watershed.

Sedimentation fluxes of nitrogen and phosphorus were determined in the dry (July,
1997) and rainy (February, 1998) seasons. Sediment traps with a height/diameter ratio of
3: 1 (1ocm diameter), were incubated at two depths (30 and 70% of z

“max

fluxes (Ts) were computed according to Edmondson & Winberg (1971):

). Gross sedimentation

Ts = (C XV X A)ya_ (eq.1)

where C = N or P concentration in the trap; V = trap volume, A = lake area.; a_ =
opening area of the trap.

Nitrogen and phosphorus mass balances correspond to the difference between the
input and the output loads of each element. For compartment II, the retention was
evaluated based on the addition of the nutrient contained in the lake water and, the
amount of the detained element. For compartment I, the retention is the value
corresponding to the difference between the input and output loads.

Nitrogen fixation was estimated based on the difference between the total input
load and a value corresponding to the outlet, plus the retention in sediment and the
amount in the reservoir water and of the non-point source.

The model developed by Salas & Martino (1991) for 26 tropical reservoirs, was used
to identify the trophic status of the lake:

0.676
t, " (eq. 2)
P, = 029 X Lw‘"“g‘ X
0.934
z
where P, = mean annual phosphorus concentration (ng.l"); L(p) = annual areal load of
phosphorus (mg.m=2. year '); t, = hydraulic residence time (years) and z = lake mean

depth (m).

A similar model was developed, by adding the values of Garcas Lake. Data were log
transformed to process multiple regression analysis.

The model was used to make predictions. The following scenarios were tested:
reductions of 80% and 90% the phosphorus annual total load introduced by all the
tributaries of the lake, and a complete reduction of the phosphorus annual total load
introduced by the point-sources of greatest importance (inputs 03 and 07).
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Results

Nitrogen annual total input by the seven point-sources in Garcas Lake was around
37 tonne (Tab. I; N/P loading ratio = 5.7:1). From the nitrogen total load, 47 % and 16% were
introduced by inputs 03 and 05, both point-sources from the Zoological Garden (Fig.2). From
the 6.5 tonne of phosphorus annual total load introduced in Garcas Lake, 45% came from
the Zoological Garden (input 03), while 32% of the annual total load came from the Agricultural
and the Food Supply Department, the second point source (input 07) in importance (Fig.3).
From the nitrogen total load coming into the lake, 61% and 88% are introduced in the
compartments 1 and Il and, for phosphorus, 97% and 99% respectively (Tab. ).

The contributions of N and P non-point sources to Garcas Lake were 0.53 tonne N
and 0.02 tonne P respectively, during the studied period. This corresponds to 4% (Fig.2)
and less than 1% (Fig.3) of the total fluvial load of these elements.

From the nitrogen total input in the reservoir (37,156.76 Kg), 62.8% is derived from
nitrogen fixation; 1.4% from non-point sources; 1% from wet precipitation; and 34.7% from
point-sources. For total phosphorus, 99.5% is derived from point-sources, 0.3% from non-
point sources; and 0.1% from rainfall.

Table 1: Mass balance of total nitrogen and phosphorus in each compartment and for Gar¢as Lake from

January, 1997 to June, 1998.

Lake/Compartments Total Nitrogen (kg) Total Phosphorus (kg)
Input 37,156.76 6,519.04
Lake Output 5,523.27 2,560.81
Retention 31,633.49 3,958.23
Input 22,644.11 6,339.77
1 Output 5,523.27 2,560.81
Retention 17,120.85 3,778.95
Input 32,685.40 6,460.48
| Output 18,172.76 6,281.48
Retention 14,512.64 179.00
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Figure 2: Relative contribution (%) of nitrogen load into Garcas Lake by the seven tributaries (1-7), the
non-point sources (9) and the wet precipitation (8) over the study period (from January 1997 to

June 1998).
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Figure 3: Relative contribution (%) of phosphorus load into Garcas Lake by the seven tributaries (1-7),
the non-point sources (9) and the wet precipitation (8) over the study period (from January 1997

to June 1998).

A positive correlation between monthly rainfall and nitrogen (r = 0.86* ; P« 0.01)
and phosphorus loads (r = 0.74* ; P < 0.01) was found (Fig.4). Higher loads of nitrogen
and phosphorus in rain waters were observed during the months of highest precipitation
(January, 1997 and February-March, 1998). However, the relative contribution of the loads
by wet precipitation to the Garcas Lake was not significant, around 3% for nitrogen (Fig.2)
and less than 1% for phosphorus (Fig.3).

The mass balances showed high retention of nitrogen (85% of the total input) and
phosphorus (61% of the total input) in the reservoir (Tab. I). On spatial level, lower phosphorus
retention (@ 3% ) in relation to the input was recorded in compartment Il. In relation to
nitrogen, around 44% of the amount introduced in this compartment was detained. In
compartment I, the nitrogen and phosphorus retention was higher (76 and 60% , respectively)
in relation to the introduced load.
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Figure 4: Monthly rainfall and, nitrogen and phosphorus loads in rain waters in Garcas Lake.
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Nitrogen higher sedimentation rates were found during the isothermal period (July,
1997) when compared with the values of thermal stratification period (February, 1998)
(Tab. 1I). The highest rates were found at the bottom traps (around 28% higher than at the
surface during the two periods). Although the sedimentation rates were slightly higher at
the bottom, the temporal and spatial differences were insignificant for phosphorus.
Considering that mean values, corresponding to 540.7 mg.m=2. day' for nitrogen and to
0.84 for phosphorus sedimentations (at 30% of z_ _ in the station P), were representative
for the whole reservoir and during the entire study period (18 months), the amount in
sedimentation would be 26 ton. for nitrogen (70% of the total load) and 40.5 kg for
phosphorus (62% of the total load).

The areal annual phosphorus load of compartments I and Il corresponds, respectively,

to 78 and 94% of the load for the lake (Tab. IlI).

Table 1I: Sedimentation rates of phosphorus and nitrogen (mg.m=2.day") at 30 and 70% of Z in Garcas

Lake.
Month Nitrogen Phosphorus
30% Zpax  70% Zpax 30% Zpax  70% Zmax
July/1997 578.37 737.65 0.83 0.87
February/1998 503.02 646.82 0.85 0.88
Table III: Prognosis of total phosphorus (mg.l") in the water of Gargas Lake.
Phosphorus
Lake/Compartment/Strategy Phosphorus load concentration (Ny.})
(mg.m=. year™) Equation 3
Lake 4,891.54 130
Compartment 1 3,821.60 114
Compartment Il 4,618.69 136
With a reduction of 80% total input 978.31 33
With a reduction of 90% total input 489.15 17
Without input of point-source 03 2,794.16 86
Without input of point source 07 3.,181.97 97
Without input of point sources 03 and 07 1,804.58 36
Point-source 03 = Zoological Garden; Point-source 07 = Agricultural and Food Supply Department

Fig.5 shows the seasonal variation of total phosphorus observed concentrations in
Garcas Lake.
From an annual mean of the seasonal variation on the total phosphorus concentrations
in the Garcas Lake and data from Salas & Martino (1991) for 26 tropical reservoirs, a
modified equation (eq.3) for eutrophication modelling was developed:
I\V 0.634
P = 0378 X [,*9° X ——— (eq. 3)

0.993
z

Using the model (€q.3), the phosphorus values found for the reservoir as well
compartments 1 and Il alone, allowed identification of the trophic status of Garcas Lake as
eutrophic. To change the trophic state of the reservoir from a eutrophic (> 35ng.TPI"') to a
mesotrophic condition (10-35nmg. TRI'), an 80% reduction of the areal annual load would be
necessary (Tab. IlI). An oligotrophic condition would only be attained with annual loads
lower than 500 mg.m=2.year ' which corresponds to 90% reduction of the phosphorus amount
introduced to the reservoir. The complete removal of total input of phosphorus by point-
sources 03 or 07 (the two main loads) would not be enough to modify the trophic reservoir
classification (Tab. IlI). Only the complete removal of phosphorus inputs by both 03 and 07
point-sources would change the system to a mesotrophic condition (Tab. II).
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Figure 5: Seasonal variation of observed values of total phosphorus (mg.l1"') in Garcas Lake from

January,1997 (Month 1) to June, 1998 (Month 18).

Discussion

The use of the eutrophication model allowed to us confirm the trophic identification
of the reservoir. It is a eutrophic-hypereutrophic environment, corroborating previous
trophic classification based on TP and chlorophyll-a concentrations, as well on Secchi
transparency (Nogueira & Ramirez, 1998; Mercante & Tucci-Moura, 1999 and, Bicudo, D. et al.,
2002). This condition is mainly due to the external load of the tributaries. Four of the
seven tributaries of Garcas Lake correspond to untreated sewage: three (inputs 03,04
and 05) receive excrements from animals confined in the Zoological Garden of Sao Paulo
(since 1958, year of zoo opening) and one (input 07) receives human feces coming from
the Agricultural and Food Supply Department. Input 03 contributes with the highest total
N (47%) and P (45% ) loads. Since it consists of untreated sewage, a high phosphorus and
nitrogen contribution was expected. However, according to Salas & Martino (1991) excretion
estimated values for animals have higher amount of N than P In input 03 from the
Zoological Garden, food residues (as rations and green crops) are mixed with animal
excrements and enrich the outflow with nitrogen compounds. Moreover, the great number
of birds (including the migrators) is another factor of nitrogen enrichment that it is
introduced to the reservoir. Input 07 (the second point-source in importance for the
reservoir) receives water discharges from the Agricultural and Food Supply Department,
contributing with 5 and 32% , respectively, of the total load of nitrogen and phosphorus
into reservoir.

considering the introduced amount by the tributaries, the majority of the load is
retained in the system. Comparing to Brazilian reservoirs, nitrogen retention in Garcas
Lake exceeds the values of Barra Bonita Reservoir (47% of the input according to Oishi,
1996), and Pampulha Reservoir (67.5% , estimated from data of Barbosa et al., 1998), both
eutrophic reservoirs (the second, a urban reservoir). According to Straskraba (1999), deep
reservoirs seem to have low, sometimes negative value. Negative retention of nitrogen
(corresponding to export) was found in Jurumirim Reservoir (a reservoir with a z_ . of
40m) probably attributed to nitrogen fixation by cyanobacteria (Henry et al., 1999). For
Pampulha reservoir, high N retention (67% ) was attributed to the presence of macrophyte
stands at the mouth zone of the tributaries (Barbosa et al., 1998). Similar condition (mono-
specific stands of Eichhornia crassipes near the input 03 upper zone, compartment Il) is
found in Garcas Lake. However, N retention was higher at the lower zone (Compartment I)
of this reservoir. Higher retention in compartment I can be attributed to internal load by
nitrogen liberation from sediment, since the deeper portion of the reservoir presents
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periods of anoxia over the year (Henry, 1999; Bicudo, D. et al.,, 2002). Another possibility
of nitrogen enrichment in Garcas Lake is the biological fixation by cyanobacteria which
are dominant over the spring-summer time (from September to February-March). During
the study period, Cylindrospermopsis raciborskii dominated over the spring time when
9% of filaments carried heterocytes (Tucci & Sant'Anna, 2003), indicating that part of the
population was fixing nitrogen. Although in lower abundance, Synechococcus nidulans
co-occurred with the bloom, and according to Schallenberg & Burns (2001) some species
of this genus can fix nitrogen directly and indirectly by producing polysaccharides that
stimulate nitrogen fixation by diazorophic planktonic. Recent findings have demonstrated
that many unicellular and filamentous cyanobacteria fix N,. Some of them that lacked
heterocytes evolved structurally, biochemically and ecologically diverse strategies aimed
at exploiting oxygenated, N limited waters (Paerl, 2000). Low inorganic nitrogen
concentrations have been reported for Garcas Lake during periods of cyanobacterial
blooms (Nogueira, 1997; Bicudo,D. et al., 1999). The presence of heterocytes in
Cylindrospermopsis has been noted during low-DIN phases in other Brazilian reservoirs
(Huszar et al., 2000). Furthermore, Carmo (2002) reported the highest values of non-point
nitrogen load (58-77 kg. month') in Garcas Lake during September-October months (spring),
giving support to the nitrogen enrichment hypothesis by biological fixation. According to
Howarth et al. (1998), cyanobacteria are responsible for most planktonic nitrogen fixation
in freshwaters and the rates are only high when these organisms are present in large
numbers. Based on comparison of seven eutrophic lakes, these authors showed that nitrogen
fixation accounted for 6-82% of the nitrogen load, differing markedly between lakes.

In relation to phosphorus, the relative retention, in Garcas Lake is lower than the
values of Salto Grande Reservoir (Rios, 1999: 76% ), Jurumirim Reservoir (Henry et al.,
1999: 77% ) and the estimated value for Pampulha Reservoir, (Barbosa et al., 1998: 97% )
but higher than in Barra Bonita Reservoir (Braga et al., 1998: 44% ). Based on temperate
lakes, Straskraba (1999) showed that phosphorus retention is related to the residence time.
Also according to that same author, reservoir with 50 days t, presented 80% P retention,
which is higher than our evaluation for Garcas Lake (61% ). Considering the compartments
alone, P retention was markedly higher at the lower zone (compartment I) due, most
probably, to the release of phosphorus from the anoxic sediments (internal loading)
mainly during the spring-summer period.

Sedimentation is another factor affecting elements retention in a reservoir.
Cconcerning phosphorus, Garcas Lake values were higher than in Salto Grande Reservoir
(range: 0.07-0.48 mgkPm=.day’, in the upper and lower zones respectively), a Brazilian
cutrophic reservoir (Rios, 1999). Higher nitrogen sedimentation in relation to phosphorus
(Garcgas Lake: » 600 times) is also an indication of great allochthonous contribution.
However, on a vertical scale, the highest sedimentation rates at the bottom signalize an
“autochthonous production” of nitrogen by cyanobacteria which are dominant in the lake
(Nogueira, 1997). High sedimentation rates were observed during the dry period (July
1997), when the reservoir presented a high t, (88 days). In February 1998, factors such as
thermal stratification development (Henry, 1999), a lower t, (43 days) and the water discharge
by the outlet, from the euphotic zone, can contribute to the removal of autochthonous
matter and, thus, nitrogen export.

The phosphorus mass balance showed that the non-point and precipitation loads
are not significant in comparison to allochthonous loads for the in-lake content. Salas &
Martino (1991) found a mean concentration of 119ng PI' in 16 eutrophic ecosystems of
tropical region. In the Garcas Lake, the phosphorus content in water ranged from 58 to
247mg.l" (annual mean: 116ng.l") for the station P and, from 46 to 467nmg.l" (annual mean:
150nmg.1"") in station L (Carmo, 2000). In non-polluted lakes and reservoirs, the total P
concentration varied from 10 to 50ng.l" in the surface (Wetzel, 1993). The magnitude of P
values in Garcas Lake clearly indicates a highly disturbed environment that receives a
nutrient overload of anthropogenic origin.

Several methods for controlling the eutrophication of lakes and reservoirs have
been proposed (Sellers & Markland, 1987; Lampert & Sommer, 1997). They include the
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removal of the nutrient inputs by the tributaries; increasing export of nutrient from the
lake/reservoir, enhancing the immobilization of nutrients in the sediment; the removal of
the chemical elements, specially phosphorus, from the water; the decrease of the
residence time of lakes/reservoirs and, the mixing and aerating of the water column. For
the Garcas Lake, three last strategies seem not to be practicable and successful as a first
management measure. The phosphorus removal from the water cannot be suggested
because, after a treatment as flocculation for instance, phosphorus stocked in the
sediments, will be released from the anoxic sediments, what sets in motion the self-
acceleration of eutrophication. The manipulation of the residence time is also not feasible,
since there is no management system that can change the outlet discharge. The mixing
and forced aerating processes of the reservoir, aiming the acceleration of the organic
matter degradation as well to maintain the hypolimnion oxygenated, is expensive and at
with success not confirmed for all the aquatic ecosystems worldwide. Moreover, these
three strategies don’t involve the control of eutrophication causes. The mass balance
phosphorus demonstrated that the external inputs by tributaries are the most important
factor for the in-lake content. The load reduction simulation from the two most important
point-sources showed that oligotrophic condition can be attained, which represents a
90% reduction or an annual load of 500 mgPm=2. This finding for the present tropical
reservoir is accordance to the general figure provided in Smil (2000), by which comparisons
of polluted lakes and estuaries have shown that excessive eutrophication can be generally
prevented if annual loadings are lower than 1g Pm™? of water surface. Therefore, the first
restoration measure absolutely necessary is water treatment or the wastewater diversion
of the inputs from the Zoological Garden and the Agricultural and Food Supply Department
for the improvement of water quality. Moreover, even after nutrient has been reduced,
there is often a lag in the reservoir's response, which sometimes takes several years
mainly due to the internal loading (e.g. Lampert & Sommer, 1997). Consequently, other
restoration techniques may be necessary. These measures may include increasing P
export by diversion of hypolimnion water or retaining P in the reservoir bottom by improving
the redox conditions in the sediments and hypolimnion.

Acknowledgments

This study was supported by FAPESP (Proc. 97/06468; 97/10213-7) and CNPq (Proc.
520745/95;520745196-5). Mrs. Célia Guimaraes revised the English language. We
acknowledge also for the comments and suggestions of the two anonymous reviewers.

References

Barbosa, E, Garcia, EC., Marques, M.M.G.S.M. & Nascimento, EA. 1998. Nitrogen and
phosphorus balance in a eutrophic reservoir in Minas Gerais: a first approach. Rev.
Bras. Biol., 58:233-230.

Bicudo, D.C., Tucci, A., Ramirez, R., Nogueira, N.M.C. & Bicudo, C.E.M. 1999. Escala de
amostragem e variabilidade de fatores limnoldogicos em reservatorio eutrofizado (Lago
das Garcas, Sao Paulo, SP). In: Henry, R. (ed.) Ecologia de reservatorios: estrutura,
funcao e aspectos sociais. FAPESP/FUNDIBIO, Botucatu, p.411-448.

Bicudo, C.E.M., Carmo, C.E, Bicudo, D.C., Henry, R., Piao, A.C.S., Santos, C.M., Lopes,
H.R.M. 2002a. Morfologia e Morfometria de trés reservatorios urbanos do PEFI. In:
Bicudo, D.C., Forti, M.C. & Bicudo, C.E.M. (eds.) Parque Estadual das Fontes do Ipiranga
(PEFI): unidade de conservacao que resiste a urbanizacao de Sao Paulo. Secretaria do
Meio Ambiente do Estado de Sao Paulo, Sao Paulo, p.143-160.

Bicudo, D.C., Forti, M.C., Carmo, C.E, Bourotte, C., Bicudo, C.E.M., Melfi, A.J. & Lucas, Y.
2002. A atmosfera, as aguas superficiais e os reservatérios no PEFI: caracterizacao
quimica. In: Bicudo, D.C., Forti,M.C. & Bicudo, C.E.M. (eds.) Parque Estadual das Fontes
do Ipiranga (PEFI): unidade de conservacao que resiste a urbanizacao de Sao Paulo.
Secretaria do Meio Ambiente do Estado de Sao Paulo, Sao Paulo, p.161-200.

260 HENRY, R. et al. Trophic status of a Brazilian urban reservoir and prognosis...



Bittencourt-Oliveira, M.C. 2003. Detection of potential microcystin-producing cyanobacteria
in Brazilian reservoirs with a mcyB molecular marker. Harmful Algae, 2:51-60.

Braga, B., Rocha, O. & Tundisi, J.G. 1998. Dams and the environment: the brazilian
experience. water Res. Dev., 14:126-139.

Carlson, R.E. 1977. A trophic state index for lakes. Limnol.Oceanogr., 22:361-369.

Carmo, C.E 2000. Aporte de nutrientes, nitrogénio e fosforo, e sua relacao com os impac-
tos antropogénicos em um lago urbano, Sao Paulo, SP, Brasil. Sao Carlos, USP, 138p
(Tese).

Edmondson, W.T. & Winberg, G.G. 1971. A manual on methods for the assessment of
secondary productivity in fresh water. Blackwell, Oxford. 50l1p.

Fernandes, A.J., Reis, L.A.M. & Carvalho, A. 2002. Caracterizacao do meio fisico. In: Bicudo,
D.C., Forti, M.C. & Bicudo, C.E.M. (org). Parque Estadual das Fontes do Ipiranga (PEFI):
unidade de conservacao que resiste a urbanizacao de Sao Paulo. Secretaria do Meio
Ambiente do Estado de Sao Paulo, Sao Paulo, p.49-65 .

Havens, K.E., Aumem, N.G., James, R.T. & Smith, V.H. 1996. Rapid ecological changes in a
large subtropical lake undergoing cultural eutrofication. Ambio, 25:150-155.

Henry, R. 1999. Heat budgets, thermal structure and dissolved oxygen in Brazilian
reservoirs. In: Tundisi, J.G., Straskraba, M. (eds.) Theoretical reservoir ecology and
its applications. International Institute of Ecology, Backhuys Publishers, Sao Carlos,
p.125-151.

Henry, R., Santos, A.A.N. & Camargo, Y.R. 1999. O transporte de solidos suspensos e N e
P total pelos Rios Paranapanema e Taquari € uma avaliacao de sua exportacao na
Represa de Jurumirim (Sao Paulo, Brasil). In: Henry, R. (ed.) Ecologia de reservatorios:
estrutura, funcao e aspectos sociais. FAPESP/FUNDIBIO, Botucatu, p.687-710.

Howard, R.W., Marino, R., Lane, J. & Cole, J.J. 1998. Nitrogen fixation in freshwater, estuarine,
and marine ecosystems. 1.Rates and importance. Limnol. Oceanogr., 33:83-97.

Huszar, V.L.M., Silva, L.H.S., Marinho, M., bomingos, P. & Sant’Anna, C.L. 2000.
Cyanoprokaryote assemblages in eight productive tropical Brazilian waters.
Hydrobiologia, 424:67-77.

Jorgensen, S.E. 1986. Fundamentals of Ecological Modelling. Elsevier Science Publishing
Company, New York. 389p.

Lampert, W. & Sommer, U. 1997. Limnoecology, the ecology of lakes and streams. Oxford
University Press, Oxford. 382p.

MacKereth, EJ.H., Heron, J. & Talling, J.E 1978. Water analysis: some revised methods for
limnologists. Freshwater Biological Association, Ambleside, 120p. (Scientific Publication
Freswater Biological Association, n.36)

Mercante, C.T.J. & Tucci-Moura, A. 1999. Comparacao entre os indices de Carlson e de
Carlson modificado aplicados a dois ambientes aquaticos subtropicais, Sao Paulo, SP.
Acta. Limnol. Bras, 11:(1), 1-14.

Nogueira, N.M.C., Ramirez R., J.J. 1998. Variacao mensal da condicao trofica do Lago das
Gargas (Sao Paulo, SP. Brasil). Acta. Limnol. Bras, 10:21-34.

Nogueira, N.M.C. 1997. Dinamica populacional de Microcystis aeruginosa Kutzing
(Cyanophyta/Cyanobacteria) ao longo de um ano no Lago das Garcas, Sao Paulo, SP,
Brasil. Rio Claro, Unesp, 109p (Tese).

Oishi, M.K. 1996. Caracterizacao do meio fisico, das caracteristicas fisicas e quimicas e
do fluxo de nutrientes em tributdarios da bacia hidrografica do reservatério de Barra
Bonita (Médio Tieté, SP). Sao Carlos, USP 199p (Tese).

Paerl, H.W. 2000. Marine plankton. In: Whitton, B.A. & Potts, M. (eds.) The ecology of
cyanobacteria. Kluwer Academic Publishers, Dordrecht, p.121-148.

Ramirez, R.J.J. 1996. Variacdes espacial, vertical e nictemeral da estrutura da comunidade
fitoplanctonica e variaveis ambientais em quatro dias de amostragem de diferentes
épocas do ano no Lago das Gargas, Sao Paulo, SP. Brasil. Sao Carlos, USP, 284p (Tese).

Rios, L. 1999. Distribuicao espaco-temporal e balanco de massa do fosforo na represa de
Salto Grande Americana (SP). Sao Carlos, USP 158p (Tese).

Salas, H.J. & Martino, P. 1991. A simplified phosphorus trophic state model for warm
tropical lakes. water Res., 25:341-350.

Acta Limnol. Bras., 16(3):251-262, 2004 261



Santos, PM. & Funari, EL. 2002. Clima local. In: Bicudo, D.C., Forti, M.C. & Bicudo, C.E.M.
(eds.) Parque Estadual das Fontes do Ipiranga (PEFI): unidade de conservacao que
resiste a urbanizacao de Sao Paulo. Secretaria do Meio Ambiente do Estado de Sao
Paulo, Sao Paulo, p.29-48.

Sant’Anna, C.L. & Azevedo, M.T.P 2000. Contribuition to the knowledge of potentially
toxic Cyanobacteria from Brazil. Nova Hedwigia, 71:359-385.

Sellers, B.H. & Markland, H.R.1987. Decaying lakes: the origins and control of eutrophication.
John Wwiley & Sons, New York. 254p.

Schallenberg, M. & Burns, C.W. 2001. Tests of autotrophic picoplankton as early indicators
of nutrient enrichment in an ultra-oligotrophic lake. Freshwater Biol., 46:27-37.

Smil, V. 2000. Phosphorus in the environment: natural flows and human interferences.
Annu. Rev. Energy Environ., 25:53-88.

Straskraba, M.1999. Retention time as a key variable of reservoir limnology. In: Tundisi,
J.G. & Straskraba, M. (eds.) Theoretical reservoir ecology and its applications. International
Institute of Ecology, Brazilian Backhuys Academic of Science, Sao Carlos, p.385-410.

Strickland, J.D. & Parsons, T.R. 1960. A manual of sea water analysis. Bull. Fish. Res.
Board Can., 125:1-185.

Toledo Jr, A.P, Talarico, M., Chinez, S.J.& Agudo, E.G. 1983. A aplicacao de modelos
simplificados para a avaliacao e processo de eutroficacao em lagos e reservatorios
tropicais. In: Anais do 12° Congresso Brasileiro de Engenharia Sanitaria. Camboriu,
p.1-34.

Tubelis, A. & Nascimento, E 1987. Meteorologia descritiva: fundamentos e aplicacoes
brasileiras. Nobel, Sao Paulo. 374p.

Tucci, A. & Sant'Anna, C.L. 2003. Cylindrospermopsis raciborskii (Wolosznska) Seeneyya &
Subba Raju (Cyanobacteria): variacao seminal e relacoes com fatores ambientais em
um reservatorio eutrofico, Sao Paulo, SP. Brasil. Rev. Bras. Bot, 26:97-112.

Tundisi, J.G. & Matsumura-Tundisi, M. 1990. Limnology and eutrophication of Barra Bo-
nita Reservoir, S. Paulo State, Southern Brazil. Arch. Hydrobiol. Beih. Ergeb. Limnol,
33: 661-676.

Valderrama, J.C. 1981. The simultaneous analysis of nitrogen and total phosphorus in
natural waters. Mar. Chem., 10:109-122.

Victor, R.A.B.M. & Costa Neto, J.B. (eds.). 2003. A aplicacao do conceito de Reserva da
Biosfera em areas urbanas: o caso da reserva da biosfera do cinturao verde da cidade
de Sao Paulo. Estudo de caso elaborado para a UNESCO. Coordenacao RBCV. RBCV/
UNESCO, Sao Paulo. 170p.

Vollenweider, R.A. 1975. Input-output models, with special reference to the phosphorus
loading concept in limnology. Schweiz. Z. Hydrol., 37:53-84.

Vollenweider, R.A. 1976. Advances in defining critical loading levels for phosphorus in
lake eutrophication. Mem. Ist. Ital. Idrobiol. Dott Marco Marchi, 33:53-83.

Wwetzel, R.G. 1993. Limnologia. Fundacao Calouste Gulbenkian, Lisboa. 919p.

Received: |15 March 2004
Accepted: 22 June 2004

262 HENRY, R. et al. Trophic status of a Brazilian urban reservoir and prognosis...



