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Re-oligotrophication as a challenge for tropical reservoir
management with reference to Itaparica Reservoir,
São Francisco, Brazil
G. Gunkel and M. Sobral

ABSTRACT
The process of reservoir eutrophication has been recognised as a central problem in tropical
reservoir environmental quality. Effects of eutrophication are complex interactions involving a
decrease in water quality, especially loss of aquatic biodiversity, occurrence of undesired species
such as cyanobacteria with its cyanotoxins, mass development of macrophytes such as Egeria densa
with its mechanical impact on turbines, and an increase in greenhouse gas emissions, mainly of
methane. The eutrophication process can be described by the OECD critical load concept or related
models. The phosphorus use efﬁciency is given by the Chl a–P – relationship, indicating eutrophic
conditions by only 10 μg L1 P in Itaparica Reservoir, Brazil. Eutrophication of the reservoir is
quantiﬁed for internal phosphorus sources (inﬂow, mineralisation of inundated soils and vegetation,
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net cage aquaculture) and external ones (agriculture, emissions of natural caatinga vegetation and
rural communities) The actual internal P load is calculated to be 0.40 g m2 a1, and the critical P
load is given with 1.20 g m2 a1. The external P load amounts about 1.16 g m2 a1 and thus
exceeds the critical export rate of 7.1 kg km2 a1 by 50%, thus a bundling of measurements has to
be considered when attempting to promote re-oligotrophication.
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INTRODUCTION
Reservoirs in tropical and semi-arid zones often have numerous water quality problems, because in many of them a rapid
change of the aquatic ecosystem to a higher trophic level has
occurred (Friedl & Wüest ; Gunkel et al. ; Biswas
). Recently this process of eutrophication has been
recognised as a central problem in a reservoir’s environmental quality and sustainability, and besides water quality
impact due to cyanobacteria development, mass development of macrophytes, emission of methane as greenhouse
gas has become a focus of interest (Giles ; Barros et al.
). Goals for integrated and sustainable reservoir management are reduction in water quality impact, reduction of
impact on nature, mainly on biodiversity as well as of the
contamination level, and in a global point of view, reduction
of greenhouse gas emissions (Tundisi et al. ; White ).
Eutrophication of tropical reservoirs is a phenomenon
often observed, but knowledge of related biological processes
is still scarce (Jeppesen et al. a). The eutrophication potential of tropical reservoirs has to be evaluated as being very high
doi: 10.2166/wst.2012.583
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(Lewis ) due to high insolation and year- round production,
high temperature with promotion of cyanobacteria, dendrite
formation with a large shore line development, high inﬂow
rate with short water residence time, unstable thermal stratiﬁcation (polymictic water body) with high nutrient turnover,
and intensive operational water level changes.
Tropical reservoirs underlie a ‘natural’ rapid eutrophication, the so called trophic upsurge (Gunkel ) as a general
effect of damming up a river and an increased bioproductivity; this is based on several ecological processes, such as (a)
mineralisation of inundated vegetation and soils, (b) changed
hydrodynamic conditions with an increase of the potamon
character, which means increased temperature, reduced
physical re-aeration, and settling of suspended matter, (c)
accumulation of ﬁne organic sediments with deﬁcits of
oxygen and redox chemical re-mobilisation of phosphorus,
and (d) a long-term change of land use in the watershed
with increasing emissions of nutrients due to migration
of people to reservoir shores, seeking better economic
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possibilities, called cultural eutrophication. Quantiﬁcation of
these nutrient input pathways is of high signiﬁcance for
eutrophication evaluation and any management of the reservoir watershed (Friedl & Wüest ). The aim of further
reservoir management has to be a re-oligotrophication,
based on a reduction of nutrient load and a limitation of primary production by phosphorus. Re-oligotrophication has
been successfully carried out with lakes, even large lakes
(Anderson et al. ; Jeppesen et al. b), but for reservoirs, especially tropical reservoirs, knowledge is strictly
limited. Several limnological processes have to be analysed
and quantiﬁed, e.g. reduced water exchange of branches
due to the dentritic form of the reservoir, the release of nutrients from periodic dessication zones (Turner & Haygarth
), sediment sorting by water current and wind-driven
waves, mass development of submerged or ﬂoating macrophytes as pioneer plants and capacity limits for aquaculture.

METHODS
São Francisco River Basin is one of the main river basins of
Brazil with a water basin of 640,000 km2, a length of
3,160 km, stretching from the rainy southwest of Brazil to
the dry northeast. Up to the present, eight reservoirs have

Figure 1

|

Itaparica Reservoir, Brazil.

Downloaded from https://iwaponline.com/wst/article-pdf/67/4/708/441630/708.pdf
by guest

Water Science & Technology

|

67.4

|

2013

been constructed, including Itaparica in the middle course
of the river, located in the semi-arid region of Bahia and Pernambuco, 290 km from the Atlantic Ocean. Itaparica dam
(Figure 1), ﬁnished in 1988, was constructed for hydroelectric
power generation (1,500 MW). Itaparica Reservoir has a
regulated inﬂow of 2,060 m3/sec, a length of 149 km,
828 km2 surface area and a sub-water basin of 93,040 km2.
Maximum depth is 101 m (mean depth ¼ 13 m), the
reservoir’s capacity is 10.7 × 109 m3 (CHESF ). Nowadays
the main water use is for irrigation in agriculture, representing 51% of usage, but there is an increasing water
demand for aquaculture as well as for net cage culture in
the reservoir.
After 20 years of operation, a comparative evaluation
between the environmental impacts foreseen in the environmental study and the environmental situation nowadays
exists (Gunkel & Sobral ), using among others, data
from regular monitoring of water quality, done by CHESF
(Companhia Hidrielectrico do São Francisco) in 2004/2005.
Physical, chemical and biological data were analysed every
three months, using standard limnological methods such as
by ﬁeld probes (conductivity, pH, dissolved oxygen, turbidity),
water chemical analyses (N, P, among others) by US Standard
Methods and biological analyses of phytoplankton using the
Utermöhl method, and zooplankton by net catches (CHESF
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). Further studies concerning water and sediment quality
were carried out on aquaculture systems.

Itaparica Reservoir’s eutrophication process
Water quality
Water temperature in the Itaparica Reservoir is very high
and reaches 32 C. Water chemistry is characterised by
poor buffering capacity (mean alkalinity ¼ 31 mg L1
CaCO3) and low ionic content (mean conductivity ¼
65–132 μS cm1). In the rainy season (April to July) high
concentrations of suspended minerals (clay, silt) are
observed (up to 425 mg L1 in 2005). Precipitation leads
to a signiﬁcant change in water chemistry, and low values
of conductivity with high values of P (51 μg L1, n ¼ 23)
and N (647 μg L1, n ¼ 23) are representative of the rainy
period. The phosphorus concentration is moderate during
the dry period (13 μg L1 P-total, n ¼ 46).
Oxygen concentrations vary from 5.3 mg L1 (68% saturation) to 12.0 mg L1 (150% saturation). Primary
production is dominated by periodical mass developments
of algae, as well as of cyanobacteria and the submerged
macrophyte Egeria densa. Primary production is limited by
phosphorus, N/Pmass ratio factor amounts all over the year ¼
17–20 (mean of the months, 2004–2005).
W

|

2013

P load


pﬃﬃﬃﬃﬃﬃ
zm
Lcrit ¼ Pcrit qs 1 þ
½g m2 a1 
qs

•
•

Phosphorus use efﬁciency
The phosphorus loading concept by OECD, developed in
the northern hemisphere (Vollenweider ) and by analogous studies for Latin American water bodies by CEPIS
(Salas & Martino ) as well as for reservoirs (Huszar
et al. ; Gikas et al. ) use a phosphorus-chlorophyll
relationship as bioproductivity efﬁciency, for Itaparica
Reservoir a correlation is given by
(1)

which gives quite a good ﬁt to the OECD and CEPIS bioproduction equations (Figure 2). The variation of the P use
efﬁciency is mainly given by seasonal conditions (dry and
rainy period) as well as by local algae development being
the focus of recent investigations.

(2)

Pcrit ¼ critical phosphorus concentration in water, qs ¼
hydraulic load (¼Q/A ¼ zm/τw; Q ¼ annual discharge [m3
a1], A ¼ lake surface [km2], zm ¼ mean depth [m], τw ¼
theoretical water residence time [a]).
Lcrit of Itaparica is 1.2 g P m2 a1 using 10 μg L1 as
critical P concentration.
For Itaparica Reservoir, P inputs are given by internal
sources:

•
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The Chl a – Ptotal correlation (Figure 2) can be used to identify a critical Ptotal concentration in the reservoir of 10 μg L1
Ptotal, representing phytoplankton biomass of <5 μg L1 Chl
a, that means mesotrophic conditions by the OECD ()
classiﬁcation system. This P use efﬁciency has to be classiﬁed as very high, compared with 27 μg L1 Ptotal given by
OECD () and 16 μg L1 Ptotal from Huszar et al. ().
The critical load (Lcrit) was determined by the Vollenweider model (OECD ; Equation (2))

RESULTS AND DISCUSSION

log Chla ¼ 0:07 þ 0:714 logPtot , r2 ¼ 0:202, n ¼ 46

|

•
•

inﬂow (2,154 m3 sec1) with a mean P concentration of
19.6 μg L1 (CHESF ), but occasional increased concentration up to 77 μg L1, observed in the rainy season;
an internal load by mineralisation of the remaining vegetation of about 74 t ha1 biomass and a P content of
40 kg ha1 (Kaufman et al. ) with a P loss over a
period of 20 years;
net cage aquaculture of Tilapia with a productivity of
20.000 t a1 (planning target), release of 260 t P (feed conversion factor of 1.3, P content of feed of 0.6%, P release of
80%), the actual ﬁsh production is about 4.000 t a1;
increased P concentration in water (up to 60 μg L1 P)
and in sediment below net cages with up to 0.3 g kg1 P
(background concentration <0.1 g kg1 P) were observed;
internal P load by redox chemical release, no data
available;
rainfall to the lake surface with about 1 kg km2 a1 P
(Resende et al. ).
External sources are:

•

export from irrigation in agriculture (surface runoff, drainage, erosion) of about 4,700 ha with a P release of
100 kg km2 a1, this value is in good accordance with
Brazilian watersheds with an export of 73 respectively
86 kg km2 a1 (Sperling & Behrendt ; Barros et al.
) and in the lower range of European export rates
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Chl a correlation with the total P in Itaparica Reservoir: 1 ¼ this study (▪ ¼ rainy period, ▴ ¼ dry period), 2 ¼ OECD (1982), 3 ¼ CEPIS by Salas & Martino (1991), 4 ¼ Huszar et al.
(2006).

•
•

from 100 to 1,000 kg km2 a1 (10 and 90 percentile, n ¼
17; Kronvang et al. );
export from the natural caatinga area (93,040 km2) with
about 0.01–0.3 kg ha1 a1 (Bruijnzell );
sewage input by about 50,000 people living on the margins
of the reservoir without or with insufﬁcient sewage treatment (facultative ponds), assuming emission of 50% of
the inhabitant equivalent of about 3 g d1 P.

Re-oligotrophication potential of the Itaparica Reservoir
Re-oligotrophication by restoration and sanitation measures
has already been applied over the last few decades in
the management of eutrophied lakes (Sas ; Jeppesen
et al. a), and has even been successfully carried out
with large lakes, e.g. Lake Constance (Häse et al. )
and Lake Maggiore (Ruggiu et al. ). But still some deﬁcits exist for oligotrophication of tropical lakes as well as of
reservoirs, e.g. nutrient use efﬁciency (Huszar et al. ),
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the signiﬁcance of top-down control (Jeppesen et al.
b), and the severe water level decreases during droughts
(Naselli-Flores ).
Re-oligotrophication of a reservoir is a multi-factor process, that includes sanitation (watershed measurements) and
restoration (in situ measurements) strategies, hydropower
operational conditions, and an adapted use of the water
body (e.g. by aquaculture).
Sanitation means pollution control in the watershed,
and a critical export rate (ERcrit) in kg ha1 a1 (Wolfram
et al. ) can be calculated on the basis of the critical P
concentration (Pcrit) in a reservoir.
The critical export rate from the watershed is given by
Equation (3):
ERcrit ¼ Lcrit  A  10  ðPload  ERÞ[kg ha1 a1 ]

(3)

where ERcrit ¼ critical export rate from the watershed in
kg ha1 a1, Lcrit ¼ critical P load in g m2 a1, calculated
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Calculation of P loading of Itaparica Reservoir

P source

P load g m2 a1

Calculation base

P concentration

2,154 m3 sec1

P in water: 19.6 μg L1

Internal sources:
Inﬂow São Francisco

1

0.14

1

Mineralisation of inundated
vegetation and soils

Biomass ¼ 74 t ha

P release ≈ 40 kg ha

0.2

Aquaculture

Actual production: 4.000 t a1
Planned production: 20,000 t a1

P release: 52 t
P release: 260 t

0.06
0.32

Internal load from deposited
sediments

No information available

–

Atmospheric deposition by rain
to the lake surface

1.1 kg1 a1

0.001

Sub sum (actual)

0.40

External sources:
Agriculture (70% irrigation area)

P release ≈ 100 kg km2 a1

6,700 ha
2

2

1

Sub-basin (caatinga)

93.040 km

P release ≈ 10 kg km

Rural communities

50,000 inhabitants

P release ≈ 1.5 g inh1 d1

Sub sum

a

0.01
1.12
0.03
1.16

by OECD () eutrophication model, A ¼ surrounding
factor (lake surface/watershed), Pload ¼ P input into the
reservoir in g m2 a1 and ER ¼ export rate from the watershed (g m2 a1).
For the Itaparica Reservoir the actual ER is given by
10 kg km2 a1 P, while ERcrit amounts to 7.1 kg km2
a1 P (without intensive aquaculture) and 4.3 kg km2
a1 P with intensive aquaculture. The effect of the insufﬁcient sewage treatment is small (Table 1), but most P
export is given by wash out and erosion in the watershed,
and established technologies such as water inﬁltration,
rainwater harvesting, erosion control and vegetation
strips along rivulets and reservoir margins are needed.
An internal P source of high signiﬁcance and with
the possibility of its regulation is aquaculture, and for
ponds and raceway systems water re-use for irrigation is a
simple but effective method to reduce the P load of the
reservoir.
Besides determination of carrying capacity of a reservoir
respectively of a distinct reservoir branch this is a promising
new approach in reservoir management, a key factor, and
has been applied for aquaculture cage culture systems for
Tilapia in Moxotó Reservoir. The capacity limits for aquaculture are given by oxygen budget with oxygen consumption
by ﬁsh and nitriﬁcation (of ammonium excretion of ﬁsh),
and point out only a small amount of available oxygen of
1–2 mg L1 (28–24 C; postulate no water current in the
net cages). Under consideration of over-saturation during
W
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daytime and oxygen depletion at night, the amount of available oxygen is more restricted and gives an explanation of
why mass ﬁsh kills have already been observed in the net
cages in reservoirs of the São Francisco River.
New technologies such as low P ﬁsh feed, abstraction of
feed residue under net cages by pumping (and re-use in agriculture) and cultivation of ﬁsh species with higher economic
value but with lower intensity must be taken into account.

CONCLUSION
Reservoirs are central elements of ﬂood control and energy
production, but in many cases environmental impacts on
nature have been signiﬁcant and actual research indicates
the severe greenhouse gas emission potential of tropical
reservoirs, due to eutrophication processes, as well as the
occurrence of undesired species such as cyanobacteria and
submerged macrophytes.
The phosphorus use efﬁciency denoted by Chl a–P
relationships indicates a very effective use of the nutrient
and only 10 μg L1 lead to a high Chl a concentration of
up to 30 μg L1 and exceed other correlations such as the
OECD relationship.
The application of the OECD load concept points to
internal P sources of 0.40 g m2 a1, while external P
sources amount about 1.16 g m2 a1. The critical export
rate is given by only 7.1 kg km2 a1, thus a bundling of
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measurements has to be applied to reduce P contamination
level to an acceptable level. The critical load of the reservoir
and the critical export rate of the watershed enable an evaluation of different P sources and ﬂuxes.
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