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Abstract: Chlorophyll-a (chla) is an important parameter to assess water quality in lakes and reser-
voirs, since it is a proxy for phytoplankton biomass and primary production. The increasing avail-
ability of data with high spatial and temporal resolution allows assessing short-term dynamics and
small-scale variations of chla within larger water bodies. In freshwater reservoirs, the nutrient concen-
trations and the physical conditions that control phytoplankton growth vary along their longitudinal
extend. Here, we analyze how the flow paths of the inflowing river water into density-stratified
reservoirs affect the vertical and longitudinal distribution of nutrients and chla. We combine spatially
resolved and high-frequency measurements of chla from satellite remote sensing and in-situ sensors,
with numerical simulations using a three-dimensional hydrodynamic model to assess the influence of
density currents on chla dynamics along a subtropical drinking water reservoir in the south of Brazil.
Chla did not have pronounced seasonal dynamics (4.9 ± 1.2 µg L−1, at the continuous measurement
station); instead, spatial variability along the reservoir was more pronounced (4.4 ± 2.1 µg L−1, all
monitored points within the euphotic zone). Most of the nutrients from the inflowing river were
consumed in the upstream region, and phytoplankton in the lacustrine zone depended on internal
loading. Temporal variability was observed only in the upstream region, and phytoplankton pro-
duced in that area was transported downstream by density currents, resulting in large concentrations
of chla below the euphotic zone. The results of a hydrodynamic model that simulates the present
state are in good agreement with the observations. Two simulated scenarios, where the density
current patterns were altered, resulted only in slight variations in density currents, indicating that the
influence of the main inflow was of minor relevance in chla concentrations in downstream regions of
the reservoir. Our results highlight the importance of two-dimensional hydrodynamic processes in
regulating phytoplankton dynamics in reservoirs.

Keywords: water quality; reservoirs; chlorophyll-a; nutrients; density currents

1. Introduction

The water quality in lakes and reservoirs is often assessed by the concentration of
chlorophyll-a (chla), which is a proxy of the biomass and primary production of phyto-
plankton, and an important parameter for determining the index of trophic state [1,2]. For
this reason, the prediction of chla is essential for the management of inland waters. Linear
relationships between the concentration of total phosphorus in water and chla have been
observed for many lakes [3,4]. Therefore, it became common practice to predict chla in lakes
and reservoirs based on linear models using total phosphorus as a predictor [4–7]. Such
relationships have been continuously revisited, due to the increasing amount of data and
better approaches that can provide more robust estimates. For example, Stow and Cha [7]
suggested that linear relationships would only hold for lakes with similar features. Most
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recently, Quinlan, et al. [8] estimated that total phosphorus explained 44% of chla variation
among 3874 lakes across 47 countries, though most of them were located in North America
and Europe. A sigmoidal relationship was found between the two parameters, and the
regions where the linear relationship was not valid were in either most cold or hot climates.
Similarly, existing studies show that the linear relationships are rather poor predictors for
chla in lakes located at low latitudes [9], and that the relationships between both parameters
are not strictly linear [10]. Shuvo, et al. [11] demonstrated that additional factors can be
relevant for chla, such as regional climate and the morphology of the water body. Most
of the relationships between chla and total phosphorus were estimated using data from
lakes, which are most abundant at higher latitudes [12], whereas there is a general lack of
limnological studies in tropical and subtropical regions [13].

Freshwater reservoirs have been constructed globally for different purposes, with
recent estimates suggesting a number of 38,000 existing dams [14]. Hotspots for the ongoing
construction and planning of new dams are located in tropical zones [15]. Water quality in
reservoirs has become a global concern, particularly in drinking water reservoirs, where
their degradation caused by eutrophication and rising temperature may abate the services
that they provide [16–18]. In distinction to lakes, reservoirs can be divided into three
distinct zones along their longitudinal extent from the inflow region to the dam, namely
the riverine, transitional, and the lacustrine zone. These zones differ in temperature,
underwater light availability, turbidity, and nutrient concentration [19]. For this reason, the
spatial variations and dynamics of primary production in reservoirs differs from natural
lakes, although the drivers are identical [20]. According to Kimmel, Lind, and Paulson [19],
nutrient availability, suspended particle concentration, and light limitation in reservoirs
decrease toward the dam. Therefore, phytoplankton production has its maximum in the
transition zone, where nutrients are still largely available and light limitation is reduced due
to sedimentation of suspended particles. In the lacustrine zone, light and flow conditions
are more favorable for phytoplankton growth, but the nutrients are limited, and growth
depends on internal loading, i.e., from the release of remineralized nutrients from the
sediment. In addition, besides nutrient loads, factors such as the hydraulic residence time
have an impact on the trophic state of reservoirs [21].

The relationships between total phosphorus and chla have mostly been analyzed using
longer-term data and for annual mean values of measurements obtained at a single location
or for the average of several sampling points (e.g., [7,8]). The increasing availability of
data with high spatial and temporal resolution, however, also lead to usage of trophic
state indices to explain short-term dynamics and small-scale variations within larger water
bodies (e.g., [22]). Remote sensing techniques have become useful tools to monitor and
evaluate the quality of inland waters, measuring qualitative parameters of water with
spatial and temporal variations [23].

For assessing spatial variations and temporal dynamics, the hydrodynamic conditions
and, in the case of reservoirs, longitudinal gradients need to be taken into account. The flow
path of inflowing waters into density-stratified reservoirs can be classified according to its
depth distribution. The vertical position of the inflow depends on reservoir stratification
and the density of the inflowing water, which enters at a depth of neutral buoyancy.
Accordingly, the density currents are defined as under-, inter-, and overflows, where in
the first the river, water flows along the reservoir bottom, in the second at an intermediate
water depth, and in the latter along the water surface. The potential importance of density
currents for reservoir water quality has been analyzed in recent years [24–26]. These
studies addressed the hypothesis that overflows and interflows promote the growth of
phytoplankton, as they can deliver nutrients directly to the euphotic zone.

The aim of the present study is to analyze the role of reservoir hydrodynamics for the
longitudinal variations and the temporal dynamics of the relationships between nutrient
concentration and chla in a subtropical reservoir. We combine spatially resolved and
high-frequency measurements of chla from satellite remote sensing and in-situ sensors,
with numerical simulations using a three-dimensional hydrodynamic model. We analyze
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to what extent nutrient concentration and prevailing density currents can explain the
dynamics of chla in different regions along the reservoir. In addition, we assessed two
scenarios for projected changes of density currents due to changing inflow temperature and
changing reservoir morphology. Our results provide information about the applicability
of fixed relationships between nutrient concentration and water quality in reservoirs
located at low latitude, and advance the understanding of the role of physical processes in
these relationships.

2. Methods
2.1. Study Site

The study site is a drinking water reservoir located in a subtropical region in South
Brazil at latitude 25.50◦ S. Passaúna Reservoir is of small to medium size and used for the
abstraction of on average 1.8 m3 s−1 of potable water for about one half million people
(Sanitation Company of Paraná—SANEPAR [27]). The maximum water depth close to the
dam is 17.5 m, the surface area is 8.5 km2, and it has a storage volume of 48 × 106 m3. In
the upstream region of the reservoir, a forebay was formed due to the presence of a bridge
(Figure 1). The main inflow is the Passaúna River that represents, on average, 77% of all
incoming discharge. The outflows are the bottom outlet at the dam that had a continuous
discharge of ~0.5 m3 s−1, the spillway at the dam, and the intake for the water treatment
plant. Data on air temperature and wind speed are available from two stations. Until
May 2018, data were provided by the Technology Institute of Paraná (TECPAR), located
4 km from the reservoir in the east direction. After that, measurements were provided by a
station near to the dam and operated by SANEPAR. Both stations provided observations
with a temporal resolution of 10 min. Precipitation was measured at the dam station for the
entire period.
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in the spatial analysis of model simulations and remote sensing data. 
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Figure 1. Map of Passaúna Reservoir. The color map shows the reservoir bathymetry (adopted from
Sotiri, et al. [28]); the location of the dam, the intake station, and the main river inflow are indicated
by text labels. Symbols mark the location of sampling sites for continuous sensor observations and
monthly water quality sampling (see legend). The latitudinal sections (numbered as 1 to 10) are used
in the spatial analysis of model simulations and remote sensing data.
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2.2. Monitoring Program

Passaúna Reservoir was monitored for one year, starting from February 2018. The mon-
itoring program was composed of three extensive and seven smaller sampling campaigns;
the latter had fewer sampling locations along the reservoir. Water sampling and in-situ
measurements with sensors were performed from 3 to 10 sampling sites during seven
campaigns, and additional continuous sensor measurements along longitudinal, a transect
crossing the complete reservoir, were measured during the three extensive campaigns. In
addition to the sampling campaigns, continuous sensor measurements of surface water
properties were obtained at a fixed platform near the water intake (Figure 1). The sampling
schedule and the location and water depths of the measurements conducted during the
campaigns are provided in Table S1. Detailed descriptions of sensor measurements and
water sample analyses are provided in the following sections. In addition, Secchi disk
depth (zSD) was measured at each location, which were used to estimate euphotic zone
depths (ze) following Luhtala and Tolvanen [29]:

ze = 3.7489 × z0.7506
SD (1)

2.2.1. Sensors

Several sensors were used to measure vertical profiles at the selected sampling loca-
tions, for measuring longitudinal transects at the reservoir surface, and for continuous time
series at the platform location (Table 1).

Table 1. Sensor’s specification regarding variables measured, type of measurement, range, accuracy,
and temporal resolution.

Equipment Fluorometer Spectrometer Fluorometer
Conductivity,

Temperature, and
Depth Profiler

Equipment model nanoFlu OPUS FluoroProbe III CastAway-CTD

Manufacturer TriOS TriOS bbe moldaenke Sontek

Origin Rastede, Germany Rastede, Germany Schwentinental,
Germany

San Diego, United
States

Variables measured chla Nitrate(N-NO3)
chla with the

determination of algae
classes

conductivity,
temperature, and depth

Range 0 to 200 µg L−1 0.03 to 10 mg L−1 0 to 500 µg L−1

AccuracyResolution ±5% ±5% 0.01 µg L−1 0.1 PSU and 0.05 ◦C

Measurements continuous time series continuous time series
continuous time series,
longitudinal transects,
and vertical profiles

Vertical profiles

Temporal resolution 15 min 15 min
for continuous

measurement 1 h, and 1 s
for transects and profiles

Sampling in a rate of
5 Hz.

OPUS is an UV spectral sensor that, through the analysis of the full spectrum, de-
termines concentrations of nitrate (N-NO3). Both nanoFlu and the FluoroProbe (bbe
moldaenke) are fluorometers; however, the last one makes the assessment of chla with the
determination of five different algae classes.

Fluorometer-based measurements potentially underestimate chla concentration in
the presence of daylight due to photochemical quenching [30], which was observed in
our measurements with both chla probes. For this reason, data acquired between 8 am
and 8 pm were excluded from the continuous measurements at the platform, and the
remaining data were averaged to provide daily estimates of chla. The sensor data were
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calibrated using a linear regression of daily averaged sensor data and the data obtained
from laboratory analysis of water samples collected during the campaigns (Figure S1). The
factory calibrations resulted in averaged overestimations of a factor of 1.46 for the nanoFlu,
and 2.13 for the FluoroProbe. The same correction was applied for measurements done
during campaigns, even though they were performed during daytime. Measurements of
N-NO3 made with the sensor were in good agreement with laboratory analyses (Figure S2).

2.2.2. Laboratory Analyses

Water samples were collected during the campaigns at each sampling site (Figure 1)
using a Van Dorn sampler. The sampled depths included the water surface (0.2 m depth),
the near-bottom layer (~0.5 m above the bottom), and up to three additional depths ac-
cording to the measured temperature stratification (Table S1). The sampling depths were
defined after the assessment of the temperature profile to resolve the vertical gradients
sufficiently. Polyethylene bottles were used for sample collection of chla analyses, and
glass bottles for nutrient analysis. Chla samples were stored in darkness until analysis in
the laboratory.

Chemical analyses of water samples included total nitrogen (TN), organic nitrogen
(Organic N), ammonium (N-NH4), nitrate (N-NO3), nitrite (N-NO2), total phosphorus (TP),
total dissolved phosphorus (TDP), particulate phosphorus (particulate P), orthophosphate
(P-PO4), and chla. Sampling, preservation, and analytical protocols were following standard
methods for surface waters [31].

Samples for TN and TP determination were kept unfiltered, and the remaining samples
were filtered using a 0.45-micron membrane filter. Measurements of N-NO3, P-PO4, and
N-NH3 were conducted within 24 h from sample collection. The remaining samples were
stored at 4 ◦C with minimum exposure to light and air until analyzed within 10 days after
sampling. Prior to analysis, water samples were equilibrated to ambient temperature.

TN concentration was determined with the persulfate method, by oxidation of all
nitrogenous compounds to nitrate. N-NH3 concentrations were measured by the phenate
method, and N-NO3 and N-NO2 concentrations were analyzed by the cadmium reduction
method [31]. Organic N concentration was obtained as the difference between TN and
inorganic nitrogen forms (N-NH3, N-NO3, and N-NO2).

TP and TDP concentrations were determined with acid digestion, followed by the
ascorbic acid method. P-PO4 concentrations were quantified using the ascorbic acid method.
Particulate phosphorus was determined as the difference between TP and TDP.

Chla concentration was determined according to CETESB [32]. The water samples
were vacuum filtered onto a glass fiber filter and preserved frozen until quantification. The
filter was macerated and steeped in 90% acetone to extract chlorophyll from the algal cells,
followed by sample clarification through centrifugation. The absorbance of the clarified
extract was then measured in a UV-visible spectrophotometer (Kazuaki IL-0082-BI) before
and after HCl acidification.

All analysis results were quality-checked by careful standardization, procedural blank
measurements, and triplicated analyses, in which samples were measured three times
and averaged.

2.3. Remote Sensing Images

Chla in the surface water of Passaúna Reservoir was estimated from Sentinel-2 single
scenes which are available every 5 days if the investigation area is cloud-free. The spatial
resolution is 20 m. We used the “Case 2 Regional Coast Colour” Processor (C2RCC), which
is implemented in the SNAP Toolbox [33]. The C2RCC processor provides several trained
neural networks (we selected C2X) that map Sentinel-2 Level 1C data (top-of-atmosphere
radiance) to (atmospherically corrected) surface reflectance and chla concentration.

In total, 15 images from cloud-free observations are available for the study period:
1 March 2018, 20 April 2018, 10 May 2018, 30 May 2018, 14 July 2018, 23 August 2018, 7
September 2018, 11 November 2018, 11 December 2018, 10 January 2019, 30 January 2019,
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9 February 2019, and 19 February 2019. A linear regression was performed between the
measured chla (from the time series of the continuous sensor measurement near the intake
station, and from sampling stations during the campaign of 11 December 2018) and the
estimated chla from satellite images. For the comparison with in-situ measurements, an
area of 60 m × 60 m around the sampling location was averaged. To assess the longitudinal
gradient of concentrations, the reservoir was divided in 10 sections of equal width of the
forebay (Figure 1).

2.4. Reservoir Hydrodynamics

Reservoir hydrodynamics were assessed in previous studies in terms on the spatial
variations and temporal dynamics of thermal stratification and density currents based on
measurements [34] and modeling [35]. In both studies, mixed periods were defined based
on Schmidt Stability (ST) calculated from the vertical temperature profile measured at the
Intake point. Therefore, the reservoir was classified as mixed when ST ≤ 16.3 J m−2 (10%
of the annual maximum).

The applied three-dimensional hydrodynamic model was capable of reproducing
stratification and large-scale flow features in Passaúna Reservoir [35]. In the present study,
three sets of simulations are used: (i) The simulations of the monitoring period (February
2018 to February 2019) using present reservoir morphology, observed inflow temperature,
and measured atmospheric forcing (including wind and heat fluxes); (ii) A scenario with
the forebay removed, where we assessed its influence on density currents, since it is a
region that can potentially disappear either due to siltation or reduced water levels during a
drought period. The underlying hypothesis was that underflows were expected to become
more frequent due to lower inflow temperatures, once the forebay increases surface heat
exchange due to the relatively large superficial area and low water depths [34]. One of the
parameters to estimate river water temperature is the percentage of stream shading in the
catchment. In scenario (iii), the inflow temperature was changed according to simulations
with warmer river temperature that considered the lack of stream shading (0%) in the
catchment [26]. In this case, the inflow temperatures became higher and an increased
occurrence of overflows was expected [26].

As an extension of the previous simulations, we assessed the distribution and dynam-
ics of density currents along the reservoir using the simulated transport of a numerical
tracer, which was added to the inflow of the Passaúna River with a constant concentra-
tion of 1 kg L−1. To avoid accumulation of the tracer in the reservoir, its concentration is
decreasing over time with a first-order decay rate of 0.01 d−1. A dynamic classification
of density currents along a longitudinal cross section of the reservoir, according to the 10
sections, was performed for the remote sensing analysis. The classification was based on
the vertical tracer distribution, expressed as the tracer ratio Tr:

Tr = 1 − dMaxTr
d

(2)

where dMaxTr is the depth of the maximum value of the laterally averaged simulated tracer
concentration, and d is the mean water depth of the respective section. Thus, values of
Tr ≤ 0.33 are defined as underflows, Tr ≥ 0.67 as overflows, and the intermediate range
as interflows.

2.5. Statistical Metrics

For the comparison of different data, statistical tests were applied: the one-way
ANOVA test, which compares the variance of two groups of normally distributed
data; and the Kruskal–Wallis test, which is the equivalent of ANOVA for non-
parametric distributions.
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Chla estimated through remote sensing images were compared to the in-situ estima-
tions by means of root mean squared error (RMSE), calculated as following:

RMSE =

√
1
n

n

∑
i=1

(ŷi − yi)
2 (3)

where ŷ is the predicted value (estimation by remote sensing), y is the observed value (by
in-situ sensing), and n is the number of predictions/observations. In addition, the Pearson
correlation coefficient (R) was calculated.

3. Results
3.1. Continuous Observations

Air temperature had diel and seasonal variations (Figure 2a), and varied between
1.7 ◦C on 11 July 2018 and 33.9 ◦C on 29 January 2019. Wind speed was generally low, with
a maximum value of 6.8 m s−1 and an average ± standard deviation of 2.0 ± 1.0 m s−1

(Figure 2b). March 2018 was a wet month regarding precipitation, which was followed by
a dry period that extended until September (Figure 2b). From October on, precipitation
occurred more regularly; in total, there was around 1400 mm of precipitation during the
monitoring period. Regarding stratification, the reservoir is discontinuous warm polymictic,
with stable thermal stratification during spring and summer, and intermittently mixing
during autumn and winter (Figure 2, [34]).
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Figure 2. (a) Time series of daily mean air temperature. (b) Time series of wind speed (left y-axis, the
gray fine line shows hourly averaged values and the black thick line shows daily means) and daily
mean precipitation in mm d−1 (right y-axis) adopted from [26,34]. (c) Time series of N-NO3 measured
by the OPUS sensor. (d) Time series of chla measured by sensors with daily resolution (nanoFlu (pink)
and FluoroProbe (blue) solid lines), laboratorial analysis (red symbols), and remote sensing (green
symbols). The dashed vertical orange lines mark the days where field campaigns were performed.
Gray background color marks periods of vertical mixing in all panels; during the remaining time, the
reservoir was thermally stratified (adopted from Ishikawa, Bleninger, and Lorke [34]). (e) Time series
of water level in meters above sea level (m.a.s.l.) in black thick line, the dotted line shows the crest of
the spillway.



Water 2022, 14, 1544 8 of 22

Chla measured continuously at the platform location at 1.5 m depth was relatively
constant throughout the year (mean ± std: 5.2 ± 1.5 µg L−1), and a marked seasonal
behavior was not clear from visual inspection. However, the decrease of concentration over
mixing events, followed by peaks of concentration were noted. Dividing the data in two
series, concentrations over the mixed period (between the first and the last mixing event, 17
April to 17 September 2018) were significantly larger (7.2 ± 1.5 µg L−1) than during stable
stratification (5.7 ± 1.3 µg L−1) according to a one-way ANOVA test (p-value << 0.01).
Concentrations of N-NO3 presented more consistent patterns over prolonged periods
of time (Figure 2c). For example, the low concentrations in January and February 2019
did not affect chla concentrations, indicating that nitrogen is not a limiting nutrient in
Passaúna Reservoir.

Water level fluctuations in Passaúna Reservoir were minor: over the monitored year,
it varied between 886.1 and 887.6 m.a.s.l. From the middle of May, the level was constantly
under the spillway crest, thus outflow at the dam occurred only through the bottom outlet.

3.2. Longitudinal Variations

Regarding the temperature stratification of the reservoir, only two campaigns were
conducted during mixed periods (12 June 2018 and 13 August 2018), whereas during the
remaining campaigns, the reservoir was thermally stratified (Figure 2d). Dissolved oxygen
concentrations dropped to hypoxic conditions in a near-bottom layer, downstream of the
Reservoir Center station, except for the two campaigns during the mixed period (Figure S3).

Nutrient concentrations (N-NO3, N-NH4, P-PO4, TN, and TP) did not vary strongly
between campaigns, but showed consistent longitudinal gradients along the reservoir
(Figure 3). The concentrations generally decreased from higher concentrations in the inflow
region to the smallest values near the dam. A particularly strong decrease was observed
around station PPA (approximately 7 km from the inflow), indicating that most of the
nutrients were taken up or settled before and around this location (Figure 3). Downstream
of the station park (8 km from the inflow), the concentrations remained at relatively constant
low levels. A different pattern was observed for N-NH3, which remained relatively constant
along the reservoir, and was strongly increased in the reservoir outflow.

Contrary to nutrient concentrations, chla was lowest in the river inflow, but increased
rapidly within the reservoir, with the highest values and largest variability between the
forebay and station PPA (Figure 3f). Beyond these sampling locations, chla gradually
decreased towards the dam. Surprisingly, chla was comparable within the euphotic zone
and below. Moreover, larger chla concentrations near the bed than at the water surface
were frequently observed during the campaigns (Figure 4 and Figure S3).

During the lab analysis, it was observed that the samples collected below the eu-
photic zone had a brownish color, indicating that at least part of the phytoplankton was
dead. The pattern of larger concentrations in deeper layers was also observed for nutrient
concentrations (Figure 3).
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arated by vertical gray lines. Blue boxplots show measurements in the inflow and outflow; green 
boxplots show data from within the euphotic zone; and grey boxplots show data from below the 
euphotic zone. Numbers on the top of each boxplot represent total of samples; see the legend for an 
explanation of the box plot elements. Each panel presents one parameter indicated in each y-axis. 
Each panel presents the concentration of one substance: (a) N-NO3; (b) N-NO4; (c) P-PO4; (d) TN; (e) 
TP; and (f) chla. 

Figure 3. Box plots of water quality data estimated through laboratorial analysis and sensor mea-
surements during all sampling campaigns at different locations along the reservoir (from inflow
to outflow, see Figure 1 for the location of sampling sites). Data from different sampling sites are
separated by vertical gray lines. Blue boxplots show measurements in the inflow and outflow; green
boxplots show data from within the euphotic zone; and grey boxplots show data from below the
euphotic zone. Numbers on the top of each boxplot represent total of samples; see the legend for an
explanation of the box plot elements. Each panel presents one parameter indicated in each y-axis.
Each panel presents the concentration of one substance: (a) N-NO3; (b) N-NO4; (c) P-PO4; (d) TN;
(e) TP; and (f) chla.
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during different sampling campaigns (the sampling date is indicated in the title of each panel). The
y-axis is depth, and the x-axis is the distance along the longitudinal. The location of the sampling sites
at which vertical profiles with the FluoroProbe sensor were measured is indicated by black dashed
vertical lines. The profiles were interpolated along the longitudinal direction. The magenta dashed
line shows the estimated depth of the euphotic zone.

3.3. Spatial Variations of Chla at the Water Surface

The three longitudinal transects had the highest concentrations between the forebay
and the side arm with the Ferraria River, with the highest chla concentrations in February
2019 and the lowest in August 2018 (Figure 5).
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Chla estimated from remote sensing images, in comparison to sensor measurements
at the intake platform and the campaign in December 2018, had a root mean squared
error (RMSE) of 3.7 µg L−1. The Pearson correlation coefficient with lab measurements
was poor and not significant: R = 0.11 (p-value = 0.56, n = 31). When keeping only the
data from the intake sampling location, there was a slight improvement of agreement
(RMSE = 2.8 µg L−1, R = 0.32, p-value = 0.12, n = 24). A systematic error was not observed
through a linear regression between laboratory measurements and remote sensing estimates
(Figure S4).

Despite the poor correlation, the remote sensing observations provided values in the
same magnitude and longitudinal gradients similar to the observations during the in-situ
measurements (Figure 6). Therefore, the dataset can support the findings of the study, espe-
cially because of the better spatial resolution at the water surface. Considering all remote
sensing estimates, the mean chla concentration ± standard deviation was 5.8 ± 4.2 µg L−1.

Water 2022, 14, x FOR PEER REVIEW 12 of 23 
 

 

intake sampling location, there was a slight improvement of agreement (RMSE = 2.8 µg 
L−1, R = 0.32, p-value = 0.12, n = 24). A systematic error was not observed through a linear 
regression between laboratory measurements and remote sensing estimates (Figure S4). 

Despite the poor correlation, the remote sensing observations provided values in the 
same magnitude and longitudinal gradients similar to the observations during the in-situ 
measurements (Figure 6). Therefore, the dataset can support the findings of the study, 
especially because of the better spatial resolution at the water surface. Considering all re-
mote sensing estimates, the mean chla concentration ± standard deviation was 5.8 ± 4.2 µg 
L−1. 

 
Figure 6. Maps of remote sensing estimates of chla concentrations for the days indicated in the title 
of each panel. The mean (±standard deviation) concentration is presented as a text label below each 
map. 

3.4. Linking Water Quality to Physical Processes 
Former analysis found seasonal variations of the density current patterns at the in-

take sampling station, which changed from predominantly interflows from March to mid-
April 2018, to underflows during the period of frequent mixing, and to inter- and over-
flows starting from mid-August 2018 [35]. Here, we extended this analysis to other regions 
of the reservoir. The longitudinal pattern of the density current could be well followed by 
the simulated transport and decay of a tracer in the main inflow river (see Figure S5 for a 
sample distribution). 

3.4.1. Temporal and Spatial Variations 
In-situ sampling of the monitoring points within the euphotic zone were grouped 

according to the sections, since the points had variable distances among each other. In this 
way, the largest concentrations of chla were observed in section 2, (Figure 7b). The con-
tinuous surface transects (Figure 5) were also divided according to the sections, and a 
similar longitudinal distribution to the samples was observed (Figure 7b). According to a 
Kruskal–Wallis test, none of the sections were significantly different from each other (p-
value = 0.26 and 0.93, for measurements made through sampling and with the sensor, 
respectively). 
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3.4. Linking Water Quality to Physical Processes

Former analysis found seasonal variations of the density current patterns at the intake
sampling station, which changed from predominantly interflows from March to mid-April
2018, to underflows during the period of frequent mixing, and to inter- and overflows
starting from mid-August 2018 [35]. Here, we extended this analysis to other regions of
the reservoir. The longitudinal pattern of the density current could be well followed by
the simulated transport and decay of a tracer in the main inflow river (see Figure S5 for a
sample distribution).

3.4.1. Temporal and Spatial Variations

In-situ sampling of the monitoring points within the euphotic zone were grouped
according to the sections, since the points had variable distances among each other. In
this way, the largest concentrations of chla were observed in section 2, (Figure 7b). The
continuous surface transects (Figure 5) were also divided according to the sections, and



Water 2022, 14, 1544 12 of 22

a similar longitudinal distribution to the samples was observed (Figure 7b). According
to a Kruskal–Wallis test, none of the sections were significantly different from each other
(p-value = 0.26 and 0.93, for measurements made through sampling and with the sensor,
respectively).
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Figure 7. (a) Box plots of the temporal variations of the tracer ratio (Tr, Equation (1)) averaged for
each section. The background color marks the thresholds for the three classifications of density
currents (see legend). Each campaign is marked as a scatter plot. (b) Box plots showing the variability
of different estimates of chla in the 10 longitudinal zones (vertical grey lines indicate each section as
divided in panel (a). Yellow box plots represent the temporal variation of chla from remote sensing.
Blue box plots represent the temporal variation of chla measured by analyses of water samples, for
which sampling points were grouped according to sections. Red box plots represent the temporal
variation of chla measured during the three continuous longitudinal transects with the FluoroProbe
sensor (Figure 5).

The longitudinal pattern of the chla estimates from remote sensing differed from that
of the in-situ measurements by showing gradually decreasing concentrations from the
inflow region towards the dam (Figure 7b). The Kruskal–Wallis test showed that, in this
case, chla concentration distribution in sections 1 to 4 were significantly different from
sections 8 to 10, whereas sections 5 to 7 were only significantly different from section 1
(p-value < 0.001).

The longitudinal distribution of the tracer ratio for the entire analysis period showed
the smallest values in section 2 (average of 0.13), followed by a gradual increase towards
the dam (Figure 7a). Underflows dominated the forebay, representing 98% of the simulated
period, as well as sections 2 and 3 (96% and 76%, respectively). In sections 4 and 5, the
inflow was mostly present as underflows (65% and 54%), but also inter- and overflows
occurred more frequently than in the sections upstream. From section 6, the flow path was
present as interflows for 34% of the period, indicating a separation of the flow paths from
the bed. The occurrence of overflow situations was observed only downstream of section 4,
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where its occurrence gradually increased towards the dam (at section 10, it had a share of
37%). The opposite longitudinal pattern was observed for the occurrence of underflows.

The inflow regimes during the campaigns were classified using the tracer box plots
(Figure 7a). At section 1, only the campaign in 12 June 2018 was an interflow, which was at
the edge of being classified as underflow. Then, in section 2, all campaigns were within
underflows. The campaign in 11 December 2018 is the only one that was classified as
overflow over most of the sections. The first three campaigns were consistent underflows
along all sections, whereas the others shifted to interflow and eventually to overflow (e.g.,
13 August 2018 and 5 February 2019). It was also possible to identify a seasonal variation
in the density current pattern: underflows occur mainly during autumn and winter, and
overflows during spring and summer (Figure S6).

To assess the influence of thermal stability, chla concentrations were analyzed sepa-
rately for mixed and for conditions, based on the temperature difference between surface
and bottom water. The difference was calculated from in-situ measurements, whenever they
were available; otherwise, they were estimated from the model simulations (Figure 8a,b).
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Figure 8. Box plots of chla concentrations observed during mixed (green) and stratified (orange)
conditions from (a) laboratory analyses of water samples and (b) remote sensing estimates. Box plots
of chla concentrations observed for different types of density currents: (c) laboratory analyses and
(d) remote sensing. Each color represents one group according to the legends. Numbers at the bottom
are the p-value of the Kruskal–Wallis test between the two groups within the section with the null
hypothesis that both groups come from the same distribution.

The median values of chla estimated from situ data were consistently larger during
mixed compared to stratified conditions, except for section 2. However, the chla concen-
tration obtained from laboratory analyses of water samples did not differ significantly
between mixed and stratified conditions (p-values > 0.05, Figure 8a), maybe due to the
few and unevenly distributed samples. In addition, no consistent longitudinal trend was
observed. The number of samples became more limiting when comparing chla measure-
ments obtained during different types of density currents. For example, some sections
had only one or no observation for some flow path groups (Figure 8c). No significant
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differences between the distributions of chla concentrations from in-situ observations could
be observed for the different types of density currents.

Contrary to the in-situ estimates, the chla concentrations estimated by remote sensing
in the different longitudinal sections of the reservoir had consistently higher median values
during stratified conditions compared to mixed conditions. However, only for section 4,
the difference was significant (p-value = 0.02, Figure 8b). Only in sections 1, 8, and 9,
the observed chla concentrations under mixed conditions had the maximum averaged
observation larger than during stratified conditions. The division according to density
currents did not present any systematic pattern, and all groups were similar (p-value > 0.05,
Figure 8d).

We compared the original simulation of the tracer ratio to two additional scenarios
(without the forebay, and without stream shading in the catchment) to understand how the
changes could affect the flow paths of the density currents (Figure 9).
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Figure 9. Box plots of tracer ratio for the original simulation and two scenarios (without the forebay
and no stream shading in the catchment—indicated by the legend). Each subplot is one section,
indicated by the title. The background color marks the thresholds for the three classifications of
density current. Blue background represents the threshold for underflows, pink background for
interflows, and green background for overflows.

The two scenarios presented the expected variations for density currents, but the
changes were generally small. The most pronounced shift happened at section 2, which
is right after the forebay, where, in the original simulation, underflows represented 95%
of the density currents, it increased to 99% without the forebay, and decreased to 86%
without stream shading. Similar differences were observed until section 4, whereas in more
downstream sections, the distributions were unaffected, indicating that, from section 6, the
influence of the inflow temperature was of minor relevance.

3.4.2. Correlations

For each of the 10 longitudinal sections of the reservoir, we calculated Pearson cor-
relation coefficients between chla estimated from in-situ measurements and from remote
sensing with the following parameters: inflow concentration of TP, P-PO4, TN, N-NO3,
N-NH4 (interpolated to a daily resolution from the in-situ measurements); Schmidt stability
(ST); average temperature difference between surface and bottom at each section (∆T, model
results); inflow temperature; and tracer ratio (Tr) (Figure 10). The sampled chla within
the euphotic zone was correlated only with the temperature difference ∆T in section 2
(positive correlation). Remote sensing estimates of chla were positively correlated with
Schmidt stability, ∆T, and inflow temperature in sections 1 and 2. Section 2 also had a
positive correlation with P-PO4, and a negative correlation with N-NO3. From sections
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4 to 6, negative correlations with ∆T were observed. Then, only section 6 had a negative
correlation with Schmidt stability.
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Figure 10. Correlations of chla obtained from samples (black dots) and remote sensing images (blue
dots) with: measured inflow concentration of TP, P-PO4, TN, N-NO3, N-NH4, Schmidt stability
(ST), the mean temperature difference between surface and bottom water (∆T), measured inflow
temperature (Inf. T), and tracer ratio (Tr). The columns represent data for 10 longitudinal sections,
and rows represent the different parameters. All panels present the Pearson correlation coefficient
for sampling (top left), remote sensing (top right), and both combined (bottom right) chla estimates.
Numbers in gray indicate that the correlation was not significant (p > 0.05).

When combining both data (samples and remote sensing), the correlations did not
improve much. Section 2 had significant correlations with P-PO4, TN, ST, ∆T, and tracer
ratio. Correlation with TP was negative in all sections (and significant in section 8). In
addition, the correlation coefficients tended to shift their sign along the sections. For
example, the inflow temperature was positively correlated with chla until section 3, and
thereafter, the correlation became negative.

4. Discussion
4.1. Temporal and Spatial Variations of Nutrients and Chlorophyll

Concentration of dissolved nutrients and chla were more variable along the longi-
tudinal extent of the reservoir than over time. The productivity in aquatic ecosystems in
tropical to subtropical regions is known to have lower seasonal variability when compared
to lakes and reservoirs in the temperate zone [36]. Nevertheless, there are several factors
that can drive seasonal variability in tropical regions, including the prevalence of dry and
wet seasons, flow regulation, and reservoir operation [37]. For Passaúna Reservoir, the
several mixing episodes observed over the year prevented the development of a consistent
seasonal pattern, as it is commonly found in studies in temperate regions (e.g., [38]). Due
to the polymictic condition, the lacustrine zone of tropical reservoirs tend to have a more
efficient recycling of nutrients in the sediment and in the hypolimnion [12]. Thus, the
observed decrease of concentration of chla right after the mixing events is most likely
explained by dilution due to vertical mixing, and the followed increase in chla supported
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by internal loading with nutrients [39,40]. This is further supported by higher nutrient
concentrations in deeper layers than near the water surface (Figure 3). In addition, averaged
chla concentrations were larger over the periods where the mixing events occurred: during
the autumn and winter seasons.

There are indications of N limitation in tropical lakes [41]; however, the continuous
measurements at the monitoring platform at the intake suggested that the large variations
of the N-NO3 did not affect the chla dynamics, indicating that the N limitation was not
relevant. In addition, the P limitation at Passaúna Reservoir was observed through the
assessment of the annual average of inflow concentrations of TP and TN according to the
scheme presented by Sterner [42].

The observed longitudinal decrease of nutrients (TN and TP) in Passaúna Reservoir
(Figure 3) supports the conceptual model of [20] and observations in other reservoirs
(e.g., [43,44]). The observed chla concentrations were in accordance with the proposed
framework, showing the largest concentrations in a region between the riverine and la-
custrine zones. This was more evident when grouping the sampled data in sections of
equal distance (Figure 7b). When evaluating each point individually, chla concentrations
had their largest values at the forebay and PPA. Between these two sampling locations,
there was Ferraria Bridge, where concentrations were lower at the water surface than in
deeper layers. At this point, the reservoir is laterally constraint to a channel-like region (see
Figure 1), which may have influenced the vertical distribution (Figure 3). When grouping
the data in sections, the second section presented the largest concentrations of chla, and
a similar pattern was observed in the continuous longitudinal sensor transect (Figure 5).
However, the concentration distributions of the different sections were not significantly
different among each other. TP and TN had lower concentrations in the outflow from
the reservoir compared to the inflow, indicating the trapping of nutrients by the dam.
This was observed for all chemical nutrient speciation, except for N-NH4, which had the
largest concentrations at the outflow, a feature caused by the anoxic conditions found at the
deepest layers close to the dam. Hence, most of the outflow was from the bottom outlet (all
during the period when the water level was lower than the spillway crest—Figure 2e), and
outflow concentrations were similar to the ones found in the deepest regions around the
dam. On the other hand, chla had larger concentrations at the outflow than at the inflow.

The distinct longitudinal distribution of chla in reservoirs has not been observed in all
studies, with many examples in which the largest concentration of chla was observed at
the riverine zone [43–45], and at the lacustrine zone due to the mobilization of nutrients
from the sediment [45]. A quantitative criterion for the definition or the prediction of
the reservoir sections belonging to the riverine, transitional, and lacustrine zones is not
trivial. Their location depends on morphological characteristics, flow velocities, light
availability, and nutrient levels. Moreover, these zones can expand and compress over
time [46]. Whereas other studies defined those regions through data clustering of the
aforementioned parameters [37,47], we tried to do the same analysis, but the results were
inconsistent. We believe that the main causes are the uneven distribution of sampling
points along the longitudinal, and the missing measurements upstream between April and
June (Table S1). A classification based on model results was also attempted; in this case, the
variables used were morphological (depth and width) and flow velocities. For this reason,
we evaluated the gradients according to the longitudinal distribution of nutrients and chla,
which is more relevant than defined zones. In addition, for reservoirs with a dendritic
shape, or with more than one relevant inflow, the zonation can become less meaningful.

In contrast to the in-situ measurements, chla estimated by remote sensing had its
largest concentrations in the most upstream regions, and it decreased continuously until
the dam. The greatest differences between remote sensing and in-situ chla estimates
occurred in section 1, and the difference was gradually decreasing along the reservoir.
However, the remote-sensing-based estimates had a root mean square error of ±3.7 µg L−1,
which is smaller than the expected error for chla estimations from the Sentinel-2 observation
of 5−10 µg L−1 [48,49]. Thus, for the low range of chla values in Passaúna Reservoir from
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the in-situ reference (mostly between 4 and 7 µg L−1, see Figure 2c), a strong correlation
between observed and estimated chla variations over time cannot be expected. Yet, spatial
patterns observed in individual remote sensing scenes may be meaningful, in that it may
be a systematic error per scene. The comparison of remote-sensing-based and in-situ
measurements time series suggests that the remote-sensing-based method is sensitive to
small temporal changes. There are several sources contributing to the disagreement of
in-situ and remote-sensing-based values, such as the mismatch of the field of view of in-situ
and remote optical sensors, temporal mismatch, remote sensing model error, and in-situ
sensor error (disagreement between sensor and lab analysis). However, we cannot estimate
the individual contribution of each error source.

In laboratory analyses, although the samples were kept in the dark for their preser-
vation, they were filtered several hours after sample collection (when they arrived in the
laboratory). Further, chlorophyll was extracted from the samples by manual maceration.
Each step is susceptible to add uncertainties. On the other hand, sensor measurements
have the advantage of taking measurements in-situ, but can be affected by the sunlight,
and present a limitation on the measurement range depending on the optical path. As the
laboratorial analysis is a well-established method, we usually take its result as the reference
for the comparison with sensor and remote-sensing-based estimates.

4.2. Effects of Density Currents

The results from the numerical model showed good agreement with observed tem-
peratures (RMSE = 0.77 ◦C) [35], and for Passaúna Reservoir, the main driver of changes
in inflow density is temperature [34]. Thus, the simulated tracer transport is considered
a good approach for evaluating the flow paths of density currents. This is supported by
previous studies using numerical tracers as a proxy for density currents, which showed
good agreement with in-situ observations of dye tracers [50].

The sampling campaigns on 13 August 2018 and on 5 February 2019 were conducted
for similar nutrient concentrations in the reservoir inflow (TN = 1.5 and 1.6 mg L−1,
TP = 0.04 and 0.05 mg L−1), yet the longitudinal transects showed that chla at the water
surface was about a factor of two lower in August than in February (Figure 5). Based on
the tracer ratio analysis from the numerical model (Figure 9), the campaign in August was
dominated by an underflow (except in the two last sections), and the other campaign varied
from underflow in sections 1 to 4, and to inter- and overflow in the rest of the reservoir.
In addition, sensor profiling (Figure 4) showed that the highest concentrations of chla in
August were in the deeper layers. This indicates that nutrients were consumed in the
upstream region, where the euphotic zone encompassed the entire water column, and
the algae were transported by the density current to larger depths. When dividing the
sampled data set in groups of under-, inter-, and overflow (Figure 8c), chla had the largest
concentrations in interflows (section 6) and overflows (sections 8 and 10). However, the
groups were statistically similar, which agrees with the generally small temporal variability
of chla.

Density currents varied seasonally (Figure S6), and it was expected that they could
promote seasonal variations in chla [24,35]; however, this was not observed. One explana-
tion for not seeing a significant difference according to the flow path over time is related
to water depth in relation to the euphotic zone. Until section 4 (maximum water depth
~7 m), the estimated depth of the euphotic zone was larger than the water depth on some
occasions. Therefore, even when nutrients were delivered directly to the bottom, they were
within the euphotic zone available for algal growth. Because of the shallower depths, the
region mixed more frequently than downstream regions, making the surface concentrations
of chla independent of the density current pattern. Since inflow concentrations were rather
constant, temporal variations were minor.

Regarding the simulated scenarios, simulation without the forebay increased the
formation of underflows significantly until section 3 (p-values < 0.001). The other scenario,
with higher inflow temperatures due to the removal of stream shading in the catchment,
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increased the formation of overflows until section 4 (p-values ≤ 0.03). In both simulations,
the density currents were not influenced by the inflow conditions downstream of this
section. In that regard, our simulations confirm previous analyses of the expected changes of
density currents in both scenarios [26,34]. In these studies, density currents were classified
based on inflow temperature and on the vertical temperature profile measured at the intake
(section 8), which excluded vertical mixing during transport along the longitudinal extent
of the reservoir. Indeed, there was the increase of under- or overflows depending on the
scenario; however, these changes could not be seen at the intake. According to the model,
the shift is only seen until the park station. The inflowing water can be mixed vertically
before it is transported longitudinally to regions with water depths exceeding that of the
surface mixed layer. In this way, it is possible that the currents classified as interflows
or underflows move forward along to the water surface. This was observed in the tracer
simulations, and due to the small water depth until section 5, it was common to have a
vertical mixing over the entire water column during the entire year.

Sotiri, et al. [51] assessed the sediment thickness of Passaúna Reservoir, and identified
two major zones of sedimentation, which correspond to sections 2 and 9 of this study. The
first region upstream is linked to sedimentation from inflow, where we found most algal
growth. Our observations show that the second sedimentation zone, closer to the dam,
is likely formed by the enhanced deposition of algae that are transported there from the
inflow region by density currents. This is supported by the assessment of organic matter
content in the sediment presented in Marcon, et al. [52], where at section 2, organic matter
was <10% of the sediment content, and in the downstream regions, it was >30%. Enhanced
deposition of autochthonous organic matter explains the persistent formation of anoxic
conditions of the deeper layers in the downstream region of the reservoir, as they were
observed in most campaigns (Figure S3) and in previously analyzed continuous oxygen
measurements performed near the intake station [34]. Using the sediment surface area
and reservoir water volume for water depth exceeding 9 m, the areal hypolimnetic oxygen
deficit (AHOD, Hutchinson [53]) calculated from the temporal rate of decrease of dissolved
oxygen concentration in the hypolimnion observed in [34] was approximately 1.0 g of
O2 m−2 day−1. The AHOD observed in Passaúna is in the same range as eutrophic lakes
in the temperate zone [54], though Passaúna is classified as mesotrophic. Moreover, the
two regions with high sedimentation rates are characterized by the highest emissions and
production rates of methane [52].

4.3. Correlations between Nutrient and Chlorophyll Concentrations

With an annual mean inflow concentration of total phosphorous (TP) of 0.06 mg L−1,
the averaged concentration of chla measured in-situ (at all depths and all campaigns)
of 4.4 µg L−1 in Passaúna Reservoir is in the lower range of values predicted by linear
models between both variables that have been established for different lakes and reservoirs,
and range between 5.0 and 30.2 µg L−1 (Table S2). The relationship that provided the
closest result to the observations was the one presented by Stow and Cha [7], though
its relationship was found for Lake Huron; nevertheless, other results were within the
error margin.

Correlations between spatial and temporal variations of chla and TP in Passaúna
Reservoir were generally poor, and the same was observed for correlation with other
parameters. Carneiro, et al. [55], and Klippel, Macêdo, and Branco [1] also found poor
results for direct relationships between total phosphorus and chla in Brazilian reservoirs.
They considered data for periods of one month and three years, respectively. Cunha, Finkler,
Lamparelli, Calijuri, Dodds, and Carlson [2] found better linear relationships between TP
and chla using annual mean values from six reservoirs in Brazil for a period of nine years.
An increase in sample number by merging the in-situ and remote sensing data did not
improve the correlations. Nevertheless, remote-sensing-based chla estimates had the largest
difference in regard to longitudinal pattern in the two first sections when compared to in-
situ measurements, which can put the results from these zones into question. For sections
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where there was not much difference between the two datasets (e.g., section 6), Schmidt
stability had negative correlations, which agrees with the observation of declining chla
concentrations during mixing, and higher values during restratification periods (Figure 2c).
In the data from continuous measurements of chla and Schmidt stability, the correlation
between both parameters was poor, most likely because the trigger for the increased algal
growth is the mixing event, i.e., change of the strength of stratification.

From the poor correlations between observed chla variability and environmental con-
ditions, we comprehend that the processes that are controlling phytoplankton dynamics
are more complex than linear relationships, and additional processes should be considered
when assessing results at different spatial and temporal scales. For example, during the
campaign in October 2018, the total phosphorus concentration in Passaúna River was
highest; however, the chla concentrations in the reservoir were the smallest. This counterin-
tuitive observation can potentially be explained by a rain event that occurred in this month,
which mobilized nutrients, increased the flow rates, and reduced the residence time, which
are not favorable for phytoplankton growth [56]. Another feature was the concentration
maximum of chla at deeper, near-bed layers, where the concentration frequently exceeded
those measured near the water surface. Our analysis suggests that they were transported
by density currents from upstream regions. Depending on the mixing condition, type of
density current, and euphotic zone depth, concentrations of chla can be highest at the water
surface, even in the presence of underflows.

5. Conclusions

The use of fast in-situ probes on a moving boat, combined with remote sensing
techniques and 3D hydrodynamic modeling allowed us to map and link water quality
and hydrodynamic features in a drinking water reservoir located in the subtropical zone.
Despite the seasonal variation of density currents and thermal stratification, the chlorophyll-
a concentration (chla) did not follow a seasonal pattern (standard deviation of 1.2 µg L−1,
at the continuous measurement station), whereas spatial variability was more pronounced
(standard deviation of 2.1 µg L−1, among all monitored points within the euphotic zone).
The small temporal variability was caused by the shallow depth of water in the productive
upstream region of the reservoir, where the entire water column was within the euphotic
zone and was frequently mixed throughout the year. Thus, even with the delivery of
nutrients to deeper layers by inflowing river water as underflows, they were available for
the growth of phytoplankton. The algae grown in the upstream region of the reservoir were
transported downstream by the density currents, resulting in the highest concentrations
of chla below the euphotic zone at larger water depths. Most nutrients were consumed in
the upstream region, and primary production in the lacustrine zone depended on internal
loading, and was promoted by mixing events.

Linear correlations between temporal variations of the concentration of chla and total
phosphorus (TP), thermal stability, and density current patterns at specific points in the
reservoir were generally poor. On the other hand, the annual mean values of chla and
TP were in the lower range of linear models relating both parameters across different
lakes and reservoirs. Such relationships can inform about seasonal and basin-scale mean
chla concentrations, but fail in reproducing its spatial and temporal dynamics, for which
the distribution and dynamics of both nutrients and algae are strongly influenced by
hydrodynamic processes.

We expect that the dynamics of nutrient delivery and phytoplankton transport by
density currents observed in Passaúna Reservoir are representative of a large number
of reservoirs. For deeper reservoirs, where the euphotic zone is restricted to a smaller
longitudinal extent, or flow velocities are larger (pushing the transitional zone towards
larger water depth), more pronounced seasonal variations of chla could be induced by
variations of density currents. Under such conditions, the simulated scenarios with increas-
ing occurrence of overflow situations in the upstream reservoir region could increase the
primary production of the system. For Passaúna Reservoir, a significant increase of nutrient
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concentration in the inflow would probably be required to compromise its water quality, if
nutrients would not be consumed completely in the upstream region and became available
also for the lacustrine regions. However, our analyses suggest that phytoplankton growth
in the lacustrine zone of the reservoir is controlled by internal loading. Internal loading can
increase over time due to the increasing accumulation of phosphorus in the sediment, and
due to higher temperatures that increase organic matter decomposition rates, and cause
more persistent water column stratification with anoxic conditions in the hypolimnion.
Additionally, drought periods with lower water levels and intensified near-bed mixing can
increase internal loading episodically. Therefore, internal loading can become a trigger for
degradation of water quality in the lacustrine region.

For spatial variations within the reservoir and temporal variability of chlorophyll
dynamics, linear statistical models were not sufficient to provide predictions. These fea-
tures can potentially be resolved by applying coupled hydrodynamic and water quality
models. The persistent longitudinal gradients and the importance of density currents for
the transport and distribution of nutrients, algae, and detritus revealed in our analyses
suggest that at least two dimensions (depth and longitudinal) should be considered in
hydrodynamic and water quality models for reservoirs.
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