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Abstract

Aratijo FG, Azevedo MCCd, Ferreira MdNL 2011. Seasonal changes and spatial variation in the water quality of a
eutrophic tropical reservoir determined by the inflowing river. Lake Reserv Manage. 27:343-354.

The water quality of a eutrophic tropical reservoir was studied over a 5-year period (2000-2004), with quarterly
sampling (Jan, Apr, Jul, and Oct) carried out at 3 sampling stations with one station in each of 3 zones (fluvial,
transitional, and lacustrine). During the wet season, large amounts of phosphorus were introduced into the reservoir
by the increased inflow of the river. Dissolved oxygen, pH, and chlorophyll a levels peaked in the wet season; pH,
chlorophyll a, and total phosphorus in several cases were recorded above the recommended Brazilian guidelines.
Dissolved oxygen was lower than acceptable levels in the euphotic layer and reached very low levels in the
hypolimnion, indicating thermal stratification. Efficient reservoir management is necessary to restore environmental
quality, and our results indicate that selective withdrawal may be an effective means of improving the quality of

water in Funil Reservoir.
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Reservoirs built for hydroelectric purposes can induce sig-
nificant ecological transformation on aquatic systems that
change the water quality at spatial and temporal scales (Rice
et al. 2001). The amount and quality of inflowing water into
a reservoir affects nutrient loading rates, which can influ-
ence water quality (Nogueira 2001, Delazari-Barroso et al.
2009). Seasonal rainfall variation influences inflow volume
in quantity and quality. These changes typically reflect the
watershed geology, land use, landscape patchiness, and cli-
mate (Rybak 2000).

Spatial gradients are formed along the longitudinal axis of
reservoirs and reflect 3 reservoir compartments (Thornton
1990, Nogueira et al. 1999): (a) fluvial zone, characterized
by comparatively high water velocity, nutrient availability,
and lower light penetration; (b) lacustrine zone, charac-
terized by still water, higher light penetration, and lower
nutrient availability for uptake by phytoplankton due to
sedimentation processes that occur in the upstream zone of
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the reservoir; and (c) transitional zone, with intermediate
characteristics.

The Funil Reservoir was built in 1969 to generate hydro-
electric power and to control the Paraiba do Sul River (PSR)
flow. Although a major source of drinking water for Greater
Rio de Janeiro city and a number of smaller cities, the PSR
watershed has been polluted by industrial discharges and
untreated urban sewage because it drains a highly industri-
alized region with large metallurgic, petrochemical, textiles
and food plants upstream from Funil Reservoir (Klapper
1998). Water quality in some years is unsuitable for uses
such as human and livestock consumption or for crop irri-
gation.

This study analyzed the spatial and temporal changes in the
water quality of Funil Reservoir to supply basic information
to managers to help improve reservoir water quality, and to
address whether water quality changes reflect spatial (longi-
tudinal gradient) and temporal (dry vs. wet season) variation.
The following questions were posed: Is there a decline in
water quality in particular seasons and in certain parts of the
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Figure 1.-Study area, Funil Reservoir, showing the 3 sampling zones: F, fluvial; T, transitional; L, Lacustrine.

reservoir? Are there trends in spatial variation and seasonal
changes in eutrophication and sedimentation? Is there any
temporal trend in water quality during the sampling period?
Are there management options that can be implemented to
minimize water quality decline?

Study area

The Funil Reservoir (approximately 22°30'S, 44°45W; 440
m a.s.l.) is located in the middle reaches of the PSR basin,
in southeastern Brazil (Fig. 1). The reservoir has a surface
of 40 km2, mean depth of 22 m, maximum depth of 70 m,
and total volume of 890 x 10° m*. Hydraulic residence time
varies between 10 and 50 d, dictated by seasonal variation
in precipitation. Rainfall averages 500 mm in winter and
1500-2500 mm in summer (Klapper 1998, Branco et al.
2002, Soares et al. 2008). Annual temperature averages 21
C, with means of 24 C in summer and 17 C in winter. Water
level fluctuation contributes to erosion of the shoreline and
sedimentation in the reservoir. There is little vegetation cover
around the reservoir as a result of previous agricultural use
for coffee plantation and pasture. Reforestation programs
are being implemented by the power generation company
responsible for the reservoir and by other industries in the
adjacent areas. In the late 1990s, a reforestation program

was initiated to replenish the reservoir banks. Since then,
about 470,000 seedlings of native plants have been planted,
contributing to the reforestation of 162 ha around the reser-
voir; about 47-78 species are planted every year (Coppetec
Foundation 2007).

Materials and methods
Sampling program

Furnas Electric Power Company (FURNAS) provided data
on rainfall, river flow (inflow), reservoir discharge (outflow),
water temperature, and reservoir water level. Physical and
chemical data were sampled from the euphotic and aphotic
layers in 3 reservoir zones (fluvial, transitional, and lacus-
trine) on a quarterly basis (Jan, Apr, Jul, Oct) from 2000
to 2004. Samples from the aphotic layer were taken from
water collected about 1 m from the bottom using a Van Dorn
bottle. Samples from the euphotic zone were collected at
3 depths (surface, Secchi depth, and 3 times Secchi depth,
the limit of the euphotic zone) and the results of the
3 measurements were averaged. Water level, temperature,
and rainfall were used to characterise the 2 seasons in
terms of the hydrological conditions of the reservoir (dry
season: Apr and Jul; wet season: Oct and Dec). The dry
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season has lower river inflow rates, lower temperatures, and
lower rainfall, while the opposite situation occurs in the wet
season.

The following environmental variables were sampled at the
site. Transparency (euphotic layer only) was measured in
centimetres using a 21 cm diameter Secchi disk. Dissolved
oxygen (DO, mg/L) and temperature (C), were measured
using a multiprobe YSI (model YSI 556). The pH was
measured using a field potentiometer Cole-Parmer model
19820-10, and conductivity (K) measurements were made
with a Markson Model 10 conductivity meter with automatic
temperature compensation to 25 C.

Analytical procedures

Total phosphorus as P (TP), orthophosphate as P (ortho-
P), ammonia as N, nitrite (NO;) and nitrate (NO3) were
determined according to procedures in Murphy and Riley
(1962), Mackereth et al. (1978), and Strickland and Parsons
(1968). Total suspended solids (TSS) were determined by
filtering with a glass fiber filter and drying at 103—105 C for
1 h (APHA 2005). All these parameters were measured in
both the euphotic and aphotic layers. In addition, euphotic
chlorophyll @ (Chl-a) was measured according to Lorenzen
(1967), and euphotic dissolved reactive silica (DRSi) was
determined according to Golterman et al. (1978). All water
samples were preserved on ice in transit to the laboratory.

Data analysis

All environmental variables were compared among the
reservoir zones (fluvial, transitional, and lacustrine), sea-
sons (dry and wet) and years (2000, 2001, 2002, 2003,
and 2004). Environmental variables were also compared
between aphotic and euphotic layers. Logarithmic trans-
formations, Log;o(x + 1), of environmental variables data
were performed before all statistical tests to meet as-
sumptions of normality and homoscedasticity for statis-
tical tests, and to reduce the effects of extreme values.
A 3-way analysis of variance (ANOVA) was used for
spatial, seasonal, and among-year comparisons for each
environmental variable. A posteriori Tukey test was per-
formed when ANOVA detected significant (P < 0.05) dif-
ferences among the tested factors. A principal component
analysis (PCA) was applied to environmental variables to
detect patterns. A biplot of the 2 main PCA axes was used
with samples labeled by spatial, seasonal, and yearly factors.

Results

Hydrological conditions

Water temperature was higher from October to March and
lower from May to August (Fig. 2). In general, higher aver-
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Figure 2.-Monthly average in water temperature (above) and
accumulated rainfall (below) in Funil Reservoir between 2000 and
2004. < = 2000; L] = 2001; Ao = 2002 o = 2003; * = 2004.

age temperatures were recorded in summer (27 C), and lower
averages were recorded in winter months (18 C). Rainfall
was higher in December and January and the lower from
May to September. The highest rainfall per month occurred
in December 2000 (560 mm) and the lowest in June and July
2002 and August 2004 (0 mm).

Water level was highest during the rainy season and lowest
during the dry season, a recurrent annual pattern between
2000 and 2003 (Fig. 3). Year 2004 was atypical, with higher
levels in May and June, because discharges of the hydro-
electric power operations were maintained at low rates. The
lowest and the highest levels of the reservoir were 447 and
466 m a.s.1, respectively, recorded in August 2001 and June
2004. The inflow rate was highest during the summer and
lowest in the winter months, which coincided with rainfall
levels (Fig. 3). Overall, the outflow rate was stable through-
out the study period, indicating the stable demand of the
hydroelectric plant and the role the reservoir plays in sta-
bilizing river flow downstream. Retention time was highest
during the summer months when water level and inflow rate
are highest.

Water quality

Mean values and significant differences of environmental
variables between euphotic and aphotic zones (pooled data)
and among zones of the reservoir, seasons, and years were
compared (Tables 1, 2 and 3).
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Figure 3.-Monthly average in water level, inflowing and outflowing
flow rates in Funil Reservoir between 2000 and 2004. <> = 2000;
[0 =2001; o = 2002 o = 2003; * = 2004.

Transparency (Secchi depth):

Secchi depth ranged from a minimum of 0.3 m in the fluvial
zone to a maximum of 3 m in the lacustrine zone. Overall, a
well-defined spatial gradient was found, with lower values in
the fluvial zone compared with the transitional and lacustrine
zones (P < 0.05). Seasonally, higher values were recorded
during the dry season (Apr and Jul) compared with the wet
season (Oct and Dec) throughout the study (P < 0.01). In
2002-2003, the transparency values were significantly lower
than in the other years (minimum 0.6 m; maximum 1.5 m).

Total suspended solids (TSS):

Mean TSS was higher in the aphotic layer (10.6 mg/L) than
in the euphotic layer (7.3 mg/L). In the euphotic layer, TSS

ranged from 0.6 to 23.9 mg/L with higher mean values in the
wet season (8.5 mg/L) than in the dry season (5.2 mg/L, P <
0.01). There was a nonsignificant trend toward higher TSS in
the fluvial and transitional zones than in the lacustrine zone.
Significant differences (P < 0.01) were found between the
years with higher mean values in 2001 and 2002 (10.6 mg/L)
and a lower mean value in 2004 (2.7 mg/L). In the aphotic
layer, TSS ranged from 1.2 to 36.8 mg/L with significant
differences (P < 0.01) between 2001-2002 (17.9 mg/L) and
2004 (6.8 mg/L), but no significant differences were found
between the zones or the seasons.

Chlorophyll a (Chl-a):

Concentrations of Chl-a ranged from 2.1 to 53.4 ug/L, with
higher mean values (P < 0.01) during the wet season (20.59
ng/L) compared with the dry season (6.48 ng/L). No sig-
nificant differences were found between zones or years.

Dissolved Reactive Silica (DRSi):

Mean reservoir DRSi concentration ranged from a minimum
of 1 mg/L to a maximum of 6.9 mg/L. Concentrations of
DRSi in the reservoir changed significantly between seasons
(P < 0.01), with higher mean values during the dry season
(mean = 5.45 mg/L) and lower values during the wet season
(mean = 4.15 mg/L). No significant differences were found
among years Or zones.

Dissolved oxygen (DO):

Mean DO concentrations were higher in the euphotic layer
(7.6 mg/L) than in the aphotic layer (4.1 mg/L). In the eu-
photic layer, DO ranged from a minimum of 3.8 mg/L to
a maximum of 12.5 mg/L, and significant differences (P <
0.01) were found between seasons, with higher mean values
during the wet season (9.2 mg/L) and lower values during
the dry season (6.3 mg/L). No significant differences were
found between the years or zones in the euphotic layer. In
the aphotic layer, DO ranged from a minimum of 0.3 mg/L
to a maximum of 7.5 mg/L, but no significant differences
were found among the years, zones, or seasons.

pH:

Most pH values were above 7, indicating that the reservoir
is a relatively alkaline system. The euphotic layer (over-
all average pH = 8.7) showed consistently higher values
(P < 0.01) than the aphotic layer (overall average pH = 6.9)
throughout all years. In the euphotic layer, pH ranged from
6.5 to 11, and significant differences in mean values were
found between seasons (P < 0.01), with higher mean values
during the wet season (8.6) and lower mean values during
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Table 3.-Significant differences (P < 0.01) among environmental variables between layers, years, seasons, and zone of Funil Reservoir,
between 2000 and 2004; Layers: Eu = Euphotic; Ap = Aphotic. Zones: F = fluvial; T = transitional; L = lacustrine. n.s. = nonsignificant.

Variables Layer Year Season Zone
Transparency - 2002/03 < other years Dry > Wet F<TL
Chlorophyill a - n.s Wet > dry n.s
Silicate - n.s Wet > dry n.s
Conductivity ns Eu 2003/04 > 2000/01 n.s n.s

Ap 2003/04 > 2000/01 n.s n.s
TSS Ap > Eu Eu 2001/02 > other years Wet > dry n.s

Ap 2001/02 > other years n.s n.s
pH Eu > Ap Eu n.s Wet > dry n.s

Ap n.s n.s n.s
Dissolved oxygen Eu > Ap Eu n.s Wet > dry n.s

Ap n.s n.s n.s
Ammonia-N Ap > Eu Eu n.s n.s n.s

Ap n.s n.s n.s
Nitrite-N Ap > Eu Eu n.s n.s n.s

Ap n.s n.s n.s
Nitrate-N Ap > Eu Eu 2003/04 > 2000/01 n.s n.s

Ap 2003/04 > 2000/01 n.s n.s
Total-P n.s Eu n.s Wet > dry F>TL

Ap n.s n.s F>TL
Ortho-P Ap > Eu Eu n.s Wet > dry F>TL

Ap n.s n.s n.s

the dry season (7.2), except for 2001-2002, when no sig-
nificant seasonal pH differences were found. No difference
was found between zones or years in the euphotic layer. In
the aphotic layer, the pH ranged from 6.1 to 9.8, but no sig-
nificant differences were found between zones, seasons, or
years.

Conductivity:

Conductivity did not differ between the euphotic and aphotic
layers (P > 0.05). Values in the euphotic layer ranged from
45 to 116 uS/cm, and highly significant differences were
found between years (P < 0.01), with higher mean val-
ues in 2002-2003 (84 ©S/cm) and 2003-2004 (100 S/cm)
and lower mean values in 2000-2001 (69 ©S/cm) and
2001-2002 (70 wS/cm). In the aphotic layer, conductiv-
ity ranged from 53 to 110 uS/cm and, similar to the eu-
photic layer, significant differences (P < 0.01) were found
between the years, with higher mean values in 2002-2003
(81 uS/cm) and 2003-2004 (93 wS/cm) and lower values
in 2000-2001 (66 ©S/cm) and 2001-2002 (69 ©S/cm). No
significant differences in conductivity were found between
zones or seasons for either the euphotic or aphotic layers.

Total Ammonia Nitrogen (TAN):

TAN levels in the euphotic layer ranged from less than de-
tection limit (DL) to 109 ug/L, while in the aphotic layer

TAN ranged from 2 to 137 ug/L. Significant differences
were found (P < 0.01) between the higher values of the
aphotic layer (overall average = 57.5 ug/L) and the lower
values of the euphotic layer (overall average = 18.6 ug/L),
with a consistent difference throughout all study years. No
significant differences were found for ammonia values be-
tween the seasons, zones, or years in either the aphotic or
euphotic layers.

Nitrite (NO,):

NO, values were higher in the aphotic layer than in the
euphotic layer (P < 0.01). In the euphotic layer, NO, ranged
from <DL to 20 ug/L, while in the aphotic layer NO, ranged
from 2 to 42 pg/L, but no significant differences were found
between zones, seasons, or years.

Nitrate (NO3):

The aphotic layer had higher NO3 values (P < 0.01; over-
all average = 537.1 pg/L) than the euphotic layer (overall
average = 367.4 ug/L). In the euphotic layer, NO3 values
ranged from a minimum of 9 pg/L to a maximum of 959
ug/L, and significant differences were found between years
(P < 0.01), with higher mean values in 2003-2004 (531
ng/L) and lower mean values in 2000-2001 (161.2 pg/L).
In the aphotic layer, NO; ranged from 69 to 1242 ug/L,
and significant differences were found between years (P <
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0.01), with higher mean values in 2003-2004 (782. ug/L)
and lower values in 2000-2001 (328.6 ug/L). No significant
differences in NO5; were found between zones or seasons for
either the euphotic or aphotic layers.

Total phosphorus (TP):

No differences were detected in TP between the euphotic
and aphotic layers. TP in the euphotic layer ranged from
14 to 108 pg/L, and highly significant differences were
recorded between the wet season (mean of 53 ug/L) and
dry season (30 ng/L), but no significant differences were
found among years. Overall, the fluvial zone had signifi-
cantly higher means of TP (51 ug/L; P < 0.01) than the
transitional (38 ug/L) and lacustrine zones (35 pg/L) in the
euphotic layer. In the aphotic layer, TP ranged from 20 to
140 ng/L, and significant differences were found between
zones with higher means in the fluvial zone (46 pg/L) than
in the transitional (44 pg/L) or lacustrine zones (37 ug/L),
but no significant differences were found among seasons or
years.

Orthophosphate (ortho-P):

Aphotic ortho-P (average = 29.8 g/L) showed significantly
(P < 0.01) higher values than the euphotic layer (overall av-
erage = 15.6 ug/L) in every year of the study. In the euphotic
layer, ortho-P levels ranged from 1 to 39 ug/L, with a signif-
icant difference (P < 0.01) between the seasons and zones.
Higher mean values were detected during the wet season
(14.8 pg/L) compared with the dry season (8.0 ng/L), and
the fluvial zone (15.4 ng/L) had higher ortho-P mean con-
centrations than the transitional (9.8 pg/L) and lacustrine
zones (9.3 ng/L) in the euphotic layer. No significant differ-
ences were found among years. In the aphotic layer, ortho-P
levels ranged from 7 to 114 pg/L, and no significant dif-
ferences (P > 0.05) were found among zones, seasons, or
years.

Patterns of environmental variables

Two PCA components explained 57.4% of the total variance
(Table4). Component 1 had a significant negative correlation
with pH, TP, DRSi, Chl-a, TSS, and DO, and a positive
correlation with transparency. Component 2 had significant
positive correlation with ammonia, NO,, NO3, and ortho-P.

The ordination diagram (Fig. 4) separated along axis 1 sam-
ples from the wet and dry seasons. Wet season was char-
acterized by lower transparency and higher pH, TSS, TP,
DRSi, NO;,, and Chl-a, whereas samples from the dry sea-
son were characterised by the opposite situation for these
environmental parameters (Table 4). There was not a clear
trend among the reservoir zones or years; however, most

Table 4.-Factor loadings from principal component analysis
on environmental variables in Funil Reservoir, in between
2000 and 2004. Loadings >0.50 in bold.

Environmental variables Axis 1 Axis 2
Transparency 0.83 —0.26
pH —0.66 —0.49
Conductivity —-0.07 0.11
Ammonia —0.17 0.62
Nitrite —0.53 0.65
Nitrate 0.45 0.57
Orthophosphate —-0.43 0.60
Total phosphorus —0.76 0.32
Silicate —0.58 —0.30
Chlorophyll a —0.85 —0.31
Total suspended solids —0.62 0.16
Dissolved oxygen —0.82 —0.33
Eigenvalues 4.60 2.28
% of explained variance 38.37 19.03

samples from the lacustrine zones were located on the right
part of the diagram, characterised by higher transparency
and lower TP, DO, and Chl-a (Fig. 4).

Discussion

Funil Reservoir could be considered eutrophic over most
of the sampling period as indicated by high levels of TP
and Chl-a. Chl-a was above the recommended Brazilian
guideline (10 ug/L) in every wet season during the study
period. Furthermore, DRSi was apparently not a limiting
factor for diatom growth. DRSi is a limiting factor for diatom
growth when concentrations are lower than 0.5 mg/L (Agbeti
et al. 1997); therefore, the reservoir has high nutrient con-
centrations, typical of eutrophic conditions where algae and
cyanobacterial blooms can develop, resulting in poor water
quality and an excess of organic matter (Tundisi et al. 1993).

A strong relationship was found between inflow rates and
phosphorus (P), implying that inflow rate had a strong in-
fluence on TP and ortho-P levels. TP was highest during
the wet season when it was above the maximum concentra-
tion (30 ug/L) allowed by Brazilian law (Resolution number
357, 17 March 2005). Short residence time and the “linear”
shape of Funil Reservoir probably contributed to similar TP
concentrations in the euphotic and aphotic layers. In com-
parison, ortho-P was highest in the aphotic layer compared
with euphotic layer, likely a result of internal release from
the sediment. Funil Reservoir has enlarged cross-section ar-
eas where the speed of the current decreases, creating con-
ditions for sediment deposition. Thus, a reservoir of P can
accumulate in the bed sediments and be released into the
water column of the aphotic zone.
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Figure 4.-Ordination diagram of the 2 first axes from principal
component analysis on environmental variables in the euphotic
layer from 2000 to 2004. Analyses labeled by zones (above),
seasons (middle), and years (below). Zones: Fluy, fluvial; Tran,
transitional, Lacu, lacustrine.

The influence of the PSR on Funil Reservoir was reflected
in the low water transparency and high P loads, not only in
the fluvial zone but also in the entire reservoir. The driving
forces for Funil Reservoir (e.g., short water retention time,
high nutrient input) were responsible for a dynamic system,
with high temporal variability and a typical zonation pattern
with the PSR influencing not only the longitudinal pattern
observed in the reservoir, but also the nutrient inputs and
consequent phytoplankton biomass. Soares et al. (2008) re-
ported that despite the high algal biomass observed in Funil
Reservoir, competition among the main species and light
limitation can interfere with the maximum expected Chl-a
concentrations for this system. Therefore, limited phyto-
plankton growth and/or lack of nutrient uptake by phyto-

plankton are more likely to be caused by lack of light due to
low water transparency or especially short residence times
that do not allow phytoplankton to reach the maximum con-
centration permitted by the available nutrients.

Reduction of external P loading is necessary for the restora-
tion of this eutrophic reservoir. Cullen and Forsberg (1988)
have demonstrated that eutrophication can be reversed and
that P is most often the nutrient that should be controlled.
They suggested that reductions of TP in lakes can lead to a
reduction in Chl-a sufficient to change the trophic category,
making the reservoir “less eutrophic.” According to Spears
et al. (2007), regulating water level to increase flushing
during P sediment release has the potential to significantly
enhance the recovery of shallow reservoirs. This could be
applicable to Funil, and if deemed an appropriate option,
increased flushing (discharges) should occur during the wet
season, when TP and ortho-P are highest. In turn, this should
reduce excess algal growth that contributes to poor water
quality during this period.

Unlike P, no relationship was found between the river flow
and N-derived nutrients (ammonia, NO,, and NO3). These
interrelated forms of N enter Funil Reservoir, probably from
surface runoff, and are removed either by algal uptake and
sedimentation or through denitrification. Additionally, N-
fixing cyanobacteria can also play an important role in this
process. The aphotic layer had more N-derived nutrients
than the euphotic layer, and NOj is the only N compound
to increase during the study period in both euphotic and
aphotic layers. The source causing the build-up of NOj3 or
other N-derived nutrients in the reservoir is not known. Be-
cause the reservoir suffers impact from agriculture activities,
inputs from cattle farming, sewage, and soil erosion are the
most likely causes of increases in N-derived compounds in
Funil Reservoir. In addition, the PSR likely contributes to
N-derived compounds because it is used as waste disposal
for a large number of industries along its course (Carvalho
et al. 2002) and for domestic discharges (Linde-Arias et al.
2008).

During the wet season in 2002 and 2003, pH was above the
maximum allowed level (9.0). The pH is influenced by the
metabolism of aquatic organisms and may oscillate due to
metabolic processes associated with photosynthetic activity
that capture CO, from the water. Funil Reservoir is alkaline,
and pH ranged almost 2 pH units between seasons. This
suggests the Funil Reservoir system is not as well-buffered
chemically as some African lakes that experience limited
shifts in pH, such as Lake Naivasha (Litterick et al. 1979),
Lake Chilwa (Kalk et al. 1979), or Lake Baringo (Patterson
and Wilson 1995).

Dissolved oxygen ranged from acceptable levels in the eu-
photic layer (seasonal means = 5.6-11.6 mg/L) to low
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levels in the aphotic layer (seasonal means = 0.5-6.4 mg/L),
indicating thermal stratification. In the surface layers, in-
creases in DO occurred in the wet season coinciding with
increases in P, pH, DRSi, and Chl-a. Although DO was typ-
ically poor in the aphotic layers, the extent and duration of
low DO has varied in response to the timing and amount
of rainfall, especially in a system with low residence time
such as Funil Reservoir. The fluvial zone of the reservoir
receives incoming water from the main river, which affects
the distribution and concentration of DO within all zones.
If the inflowing water has sufficient density because of low
temperature, it will enter the reservoir as an underflow and
may remain on the bottom over the length of the reser-
voir. This seems to occur especially during some dry sea-
sons. Outlet location also influences DO distribution within
a reservoir (Cole and Hannan 1990). The highest records
of DO in Funil Reservoir aphotic layer may be associated
with the underflow of water currents, which is favored by
longitudinal reservoir morphology. Because Funil Reser-
voir has a spillway at a depth of 57.5 m, discharges of
low oxygenated waters from the aphotic zone could be a
measure to improve water quality. Precautions should be
taken to not impact the receiving waters downstream of the
reservoir.

The 3 reservoir zones proposed by Thornton (1990) for
discerning longitudinal gradients were examined for Fu-
nil Reservoir. A spatial gradient of transparency increases
from the fluvial zone to the lacustrine zone. Nogueira et al.
(1999) observed that low transparency in the fluvial zone of
Jurumirim Reservoir was directly associated with high TSS
carried into the system by the main river during the wet sea-
son. A slight decrease in nutrient concentrations along Funil
Reservoir as determined by PCA was observed, with the
seasonal variation being much more distinct. As expected,
P concentrations were effectively reduced, and transparency
increased along the longitudinal axis from the upper to the
lower reservoir.

Levels of conductivity higher than 100 p©S/cm are typical
of impacted systems in the Neotropical region. In Funil
Reservoir, such levels were only reached in the wet season
of 2003-2004. Conductivity in Turkwell Gorge Reservoir
(Kenya) ranged from 160 to 200 uS/cm (Kotut et al. 1999),
well above the values recorded for Funil Reservoir. Overall,
those differences were expected because Neotropical waters
have low conductivity compared with other regions.

Increased erosion took place in the PSR watershed in the last
century, particularly at the margins of Funil Reservoir, due
to deforestation and intense coffee cultivation that impov-
erished the soil. Additionally, water-level oscillation con-
tributes to marginal erosion and sedimentation in the reser-
voir (Branco et al. 2002). Control of erosion in the basin
brings several benefits, but the most effective are difficult

for reservoir managers to apply. Support is needed from
other entities to manage the basin, including management
practices such as reforestation, maintenance of vegetation
belts, fire control, soil fertilization, drainage channels, and
periodically removal of trapped sediment.

As shown for Funil Reservoir, wet and dry hydrologic pe-
riods can have profound effects on reservoir water quality.
Wet periods tend to bring in higher nutrient loadings, which
can fuel algal blooms and degrade water quality. However,
higher flows also tend to increase flushing and decrease
stratification, potentially improving water quality. A defini-
tive statement cannot be made about the net effects of wet
years because the effects can depend on the timing of high
flows and watershed and reservoir characteristics. Reduction
in residence time and selective drainage during periods of
high water volume could be a measure to diminish eutroph-
ication during the wet season. Retention time influences not
only the longitudinal but also the vertical patterns observed
in the reservoir. Retention time also seems to be a use-
ful variable for a priori prediction of stratification (Tundisi
et al. 2008).

Hosper (1998) lists measures that could be fundamental
forces in the change of a reservoir from a stable eutrophic
status to another less eutrophic status. Among them, he high-
lights the washout or hydraulic drainage or flushing. A major
flushing event in Lake Paranod in Central Brazil may have
resulted in a new level of equilibrium between nutrients
and phytoplankton biomass, which has altered the course
of eutrophication in this reservoir (Padovesi-Fonseca et al.
2009). According to Dortch (1986), there are basically only
3 types of human intervention that can impact water qual-
ity in reservoirs: (1) pretreatment or control of reservoir
inflows; (2) in-pool management or treatment techniques;
and (3) management of reservoir outflows. The nonpoint
source pollution (diffuse pollution) upriver of Funil Reser-
voir makes the success of pretreatment or control of inflow
very unlikely. In-pool treatment should also be difficult be-
cause of the short residence time and the unknown extent of
nutrient cycling in the reservoir. We speculate that selective
withdrawal might be more effective for controlling water
quality in Funil Reservoir (Dortch 1986). Selective with-
drawal uses stratified flow to pull out water from selected
depths of the pool. Thus, density stratification is required for
this technique to be effective, and it was recorded for Funil
Reservoir mainly during the wet season when eutrophica-
tion is highest. Additionally, multilevel intakes are desirable
to provide flexibility in the choice of release elevation. Se-
lective withdrawal is such a common and important phe-
nomenon in reservoir mechanics that most reservoir water
quality models include algorithms for predicting the outflow
profile and release water quality. There have been numerous
studies and reports on selective withdrawal research and its
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use, most of which are cited and discussed by Davis et al.
(1987) and Smith et al. (1987). Control of eutrophication by
treating wastewater from urban sources, adequate agricul-
tural practices to diminish the suspended particulate matter
contribution, and revegetation of the watershed and riparian
forests along the tributaries are some possible restoration
measures; however, they are difficult to implement because
of the high costs. Furthermore, water managers are more
willing today to consider reservoir management trade-offs
to improve water quality to avoid costly conflict resolution.
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