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Abstract

Understanding cyanobacterial dominance in tropical reservoirs is crucial for water man-
agement. This study examined the dynamics of water quality in the João Leite Reservoir,
situated in the Brazilian Cerrado, utilising 30 months of monitoring data from five sites.
Physical, chemical, and biological parameters, including fluorometric chlorophyll-a, using
multivariate statistics (Cluster Analysis, Principal Component Analysis, PCA; Canonical
Correlation Analysis, CCA), were analysed alongside the Trophic State Index (TSI). Results
showed temporal variations exceeded spatial differences. Cyanobacteria were dominant
despite generally low nutrient levels and an oligotrophic TSI classification. Principal
Component Analysis revealed that temperature is strongly associated with cyanobacte-
rial density. However, Canonical Correspondence Analysis and correlations revealed
limited direct statistical influence of measured physicochemical parameters, including
nutrients, on cyanobacterial abundance. Findings suggest that in this warm, tropical
system, high temperatures combined with stable hydrodynamics, resulting from long
hydraulic retention times (>180 days), likely facilitate cyanobacterial success, overriding
direct nutrient limitation.

Keywords: multivariate analysis; trophic state index; phytoplankton dynamics; tropical
reservoir; hydraulic retention time

1. Introduction
Reservoirs are essential structures for managing water supplies, generating energy,

and supporting agriculture. Still, anthropogenic pressures are progressively compro-
mising their water quality worldwide, resulting in problems such as eutrophication
and detrimental cyanobacterial blooms [1,2]. Cyanobacteria, particularly common in
tropical, subtropical, and temperate environments, can produce toxins that are harm-
ful to human and ecological health, deplete oxygen, and increase water treatment
costs [3–5]. Effective reservoir management relies on understanding the factors that
lead to cyanobacterial dominance.

Tropical reservoirs, such as those in Brazil’s Cerrado biome, face challenges due to
distinct wet and dry seasons, high temperatures, and long water retention times [6,7].
Although nutrient enrichment (phosphorus and nitrogen) from agricultural and urban
runoff is a known driver of blooms [8,9], cyanobacteria can sometimes dominate even in
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systems classified as oligo- or mesotrophic, suggesting other roles [10]. For the João Leite
reservoir, a primary source of drinking water, the prior identification of eight potentially
toxic cyanobacteria species makes it crucial to understand bloom-triggering mechanisms
for effective water management [11]. Further research is needed on the interaction among
nutrient availability, high temperatures, thermal stratification, extended water residence
times, and special biome features, such as the Cerrado [3,12,13]. Although Cerrado aquatic
systems are ecologically important and vulnerable, thorough investigations on the long-
term dynamics of phytoplankton communities and their environmental drivers are few [13].
Moreover, conventional monitoring techniques often lack the temporal resolution necessary
to capture the rapid dynamics characteristic of these ecosystems [14,15]. By capturing
short-term environmental fluctuations and responses, high-frequency monitoring using in
situ probes presents an opportunity for enhanced knowledge [12,16,17].

Thus, the primary objective of this study was to examine the temporal dynamics of
water quality and the phytoplankton community, comprising cyanobacteria and algae,
over 30 months in the João Leite Reservoir, a water supply system in the Brazilian
Cerrado. Particularly in the context of generally low ambient nutrient concentrations, we
aimed to specifically (1) identify the main environmental factors (physicochemical and
hydrological), (2) evaluate the interactions between environmental variables, specifically
phytoplankton (cyanobacteria and algae) abundance, and (3) assess the spatiotemporal
patterns of these dynamics using multivariate statistical analysis combined with in situ
sensor data.

This study clarifies the ecological dynamics of tropical reservoirs in the understudied
Cerrado biome, providing insights into the resilience of cyanobacteria and the variables
that control their spread. The results are pertinent for designing more efficient water
quality monitoring and control plans for similar systems that face seasonal fluctuations and
anthropogenic pressures.

2. Methods
2.1. Study Area

The João Leite Dam is situated in Goiás, Brazil, serving as the primary water supply
source for Goiânia (Figure 1). Its drainage area is approximately 765 km2. The reservoir
has morphometric conditions that favour the complete vertical circulation of the water
masses, in addition to presenting irregular margin characteristics, assuming a dendritic
configuration and a slightly concave shape. The reservoir has an area of 10.4 square
kilometres and a length of 15 kilometres. The average depth is approximately 12.4 m, and
the maximum depth is 36 m, which can be affected by natural or operational variations. It
has a regularised flow of 6.23 m3/s. The total volume of the reservoir is 129 hm3, with a
working volume of 117 hm3 and a dead volume of 12 hm3 [7].

2.2. Monitoring Sites and Frequency of Sampling

Five sample points, P01, P02, P03, P04, and P05, were selected and distributed through-
out the reservoir. The depths at these sampling points varied along the reservoir’s longi-
tudinal axis, ranging from shallower riverine sections to deeper areas near the dam, with
maximum depths reaching up to 26 m at P05 (Figure 1). Monthly samplings, covering
30 months, were conducted from January 2015 to June 2017. Figure 1 illustrates the arrange-
ment of the collecting locations along the João Leite reservoir [7], indicating the depth at
which the water was collected at each point.
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Point Surface Middle Bottom
P01 0.3 16.0 26.0
P02 0.3 10.5 19.0
P03 0.3 6.0 12.0
P04 0.3 - 4.0
P05 0.3 - 3.0

Depth (in m) of water sample

Figure 1. Sampling points were placed along the longitudinal axis of the João Leite Dam.

2.3. Meteorological Variables

Data on air temperature, relative humidity, precipitation, evaporation, solar irradiance,
and wind velocity were collected from a meteorological station 15 km from the reservoir.
According to the Köppen categorisation, as Aw, the research region exhibits a humid
tropical climate with two well-defined seasons: a winter drought and a summer rainfall
period [18]. The mean annual temperature is approximately 23.87 ◦C, influenced by the
impact of altitude. The minimum temperature records are typically observed during
May and August. September, which typically commences in the spring, has the highest
temperatures. The mean annual precipitation is 1487.2 mm, with a minimum of 7 mm in July
and a maximum of 268 mm in January [19]. The data was collected from one meteorological
station representative of the study region, covering both dry and rainy seasons.

2.4. Physico-Chemical and Biological Variables of Water Quality

Water samples were collected for both laboratory analysis and in situ measurements.
For laboratory analysis, sub-surface water samples (approximately 30 cm depth) were
collected in borosilicate glass bottles for nutrients (total phosphorus, ammoniacal nitrogen,
nitrite, nitrate), total organic carbon (TOC), total iron, manganese, and sulfate.

The protocol for gathering, preserving, conveying, and examining these water samples
adhered to the guidelines outlined in [20] and the accompanying manual [21]. Phytoplank-
ton samples were collected to obtain data for cyanobacteria and algae counts from the
subsurface (approximately 30 cm depth) using a 1000 mL amber glass vial and from the
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middle and bottom of the reservoir (Figure 1) using a Van Dorn bottle. These samples
were preserved in Lugol’s acid solution, and the quantitative analysis of phytoplankton
(cyanobacteria and algae) was performed using the Utermöhl sedimentation method [20].
The identification of cyanobacteria and algae was performed using an optical microscope
(Zeiss Axiostar Plus, Carl Zeiss, Oberkochen, Germany) equipped with epifluorescence.
The phytoplankton density, estimated according to Utermöhl (1958) [22] and expressed in
units of cells per individual per volume (ind/cell·mL−1), was settled in Utermöhl counting
chambers and analysed at 400× magnification. The taxonomic identification for algae was
used by Bicudo and Menezes (2017) [23] and Tucci et al. (2012) [24] for the cyanobacteria
and by Komárek and Anagnostidis (1999, 2005) [25,26] and Tucci et al. (2012) [24] for algae.

In situ measurements were conducted at multiple depths to assess the vertical struc-
ture of the water column using two YSI 6600 V2-2 (YSI Inc., Yellow Springs, OH, USA)
multiparametric sensors. These sensors measured water temperature, pH, turbidity, electri-
cal conductivity (EC), dissolved oxygen (DO), and, via specific ion electrodes, estimates
of ammoniacal nitrogen and nitrate. The sensors also included fluorometric probes for
chlorophyll-a. The time interval between collections was modified every 5 s for 5 min at
each sampling location. The vertical structure of the water column was assessed as follows:
measurements were taken at intervals of 2 m when the depth exceeded 10 m. When the
depth was less than 10 m, measurements were taken at 1 m intervals to complete the profile.

2.5. Statistical Analyses

The statistical analysis of the data was conducted using R statistical software, ver-
sion 4.5. Key R packages employed for the various analytical stages included readxl
for data importation; dplyr for data manipulation; for normality testing, GGally and gg-
plot2 for correlation analysis and visualisation; FactoMineR and factoextra for Principal
Component Analysis (PCA); ComplexHeatmap and circle for the generation of clustered
heatmaps; VIM for k-Nearest Neighbours (k-NN) data imputation; and CCA for Canonical
Correlation Analysis.

Initially, an exploratory data analysis was conducted using box plots to visually
identify the contribution of various parameters to geographical and temporal fluctuations
in water quality. In the boxplot, the graphics also plotted the points of all values of
the variable. The normality of variables was assessed using the Shapiro–Wilk test. To
investigate the interrelationships among these variables, the GGally package was utilised.
This package generates a matrix of plots, comprising histograms or density plots on the
main diagonal, to visualise individual variable distributions, and scatter plots. The choice
between Pearson (parametric) and Spearman (non-parametric) correlation coefficients was
calculated, and both Pearson (r) and Spearman (ρ) coefficients were displayed for each
variable pair. The statistical significance of these correlations was indicated by asterisks
(* for p < 0.05, ** for p < 0.01, *** for p < 0.001) adjacent to the coefficients. Absolute
correlation values > 0.50 were considered indicative of moderate to strong relationships,
while values > 0.70 were deemed strong [27].

To gain a broader understanding of the inter-relationships among all numeric vari-
ables in the study, multivariate analyses were applied. This dataset was first standardised,
and a Principal Component Analysis (PCA) was then performed using the PCA function
from the FactoMineR package (version 2.12). This dimensionality reduction technique was
employed to identify principal patterns of variation within the data and to highlight the
most influential variables—the contribution of each variable to the principal components
and the variance explained by each component. Following PCA, a clustered heatmap
was generated by using the ComplexHeatmap package (version 2.25.1). This visualisa-
tion facilitated the identification of clusters among both samples (rows) and variables
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(columns) based on profile similarity, graphically confirming the dynamics of water quality
parameters across time and space [28,29]. The heatmap utilised the already standardised
Z-score data and included dendrograms from hierarchical clustering. The heatmap legend,
representing Z-scores, was customised for horizontal orientation with adjusted text size
and dimensions for improved clarity. The Z-score, also known as a standard score, is a
statistical measure that describes a data point’s distance from the mean of a dataset, using
standard deviations as the unit of measurement. It indicates how many standard deviations
a value is above (positive Z-score) or below (negative Z-score) the average, with scores
near zero meaning close to the mean. This metric is key for standardising data to compare
different distributions and for identifying outliers. Ultimately, it helps in understanding
whether an observation is typical or exceptional within its set.

A Canonical Correlation Analysis (CCA) was conducted to assess the degree of associ-
ation between two predefined sets of variables and to identify specific features responsible
for observed correlations. The CCA was then performed using the ‘ee’ function from
the CCA package. It is important to distinguish between the two main outputs of the
CCA presented in the results: (1) Raw Canonical Coefficients, which are unstandardised
weights used to construct the canonical variates and are not bounded by −1 and +1, and
(2) Canonical Loadings (or structure correlations), which are the Pearson correlations be-
tween the original variables and the canonical variates. The loadings, which are always
bounded by −1 and +1, are used for the ecological interpretation of the axes.

2.6. The Trophic State Index (TSI)

The trophic status index (TSI) evaluates the trophic conditions of different aquatic
ecosystems. It was initially suggested by [30] and later modified by [31]. The TSI utilises
five evaluations of trophic status. These evaluations are determined by the values ob-
tained for three variables: transparency (measured with a Secchi disc), chlorophyll-a, and
total phosphorus.

The trophic state of the study environment was assessed using only two variables:
chlorophyll-a and total phosphorus. The analysis excluded transparency values because
they may not accurately reflect trophic states. This exclusion is justified by the significant
influence of high turbidity caused by the concentration of planktonic organisms and
suspended mineral matter. Suppose there is no data for total phosphorus or chlorophyll-
a. In that case, the index will be calculated using the available variable and considered
equivalent to the Trophic State Index (TSI) as suggested by [31]. The results obtained from
the investigation were also compared with the values provided in reference [32].

3. Results
3.1. Descriptive Statistics

Data analysis (Figures 2 and 3) revealed greater temporal than spatial variability in
the surface water quality of the João Leite Reservoir during the monitored period. While
the parameters assessed at the surface remained consistent across sampling locations and
typically complied with regulatory limits [33], temporal fluctuations indicated apparent
seasonality in water quality. Surface dissolved oxygen (DO) levels generally complied with
regulations, remaining above 5 mg/L O2 and typically ranging between 5 and 8 mg/L
O2, although an exception (2.34 mg/L O2) was recorded in July 2016 at point P01. DO
decreased with depth, with many points indicating anoxia near the bottom, and showed
temporal variations, particularly during the dry months of June and July 2016 (Times
18 and 19). The pH values consistently fell within the 7 to 8.5 range, meeting the legal
limit (6 to 9 [34]), and predominantly showed neutral characteristics with a trend towards
alkalinity; slightly lower values were observed in the middle and bottom layers (as defined
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in Figure 1) [35]. Electrical conductivity (EC) varied between 100 and 130 µS/cm, with
maximum concentrations occurring predominantly in the lower section and during dry
periods, decreasing during rainy seasons. Notably, values exceeding 100 µS/cm were
recorded in both dry and rainy periods [36].

Figure 2. Boxplots show the distribution of water quality parameters across all monitored months at
three depths (Bottom, Middle, Surface). Individual green points represent the raw measured values
at each sampling occasion.
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Figure 3. Boxplot of the parameters in all the evaluated months, considering the times monitored on
the surface of the water column. Individual green points represent the raw measured values at each
sampling occasion.
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Concentrations of nitrogenous forms met regulatory limits for surface applications.
Nitrate levels were below 0.1 mg/L (with peaks at P02 and P04 between April and June
2016/2017), while nitrite and ammonia showed the lowest concentrations at the surface.
Total Phosphorus (TP) concentrations generally ranged from 0.001 to 0.025 mg/L, mainly
below the legal limit for lentic environments (0.03 mg/L [28]). Still, exceptions with higher
values occurred in July and August 2015 (0.031–0.102 mg/L) and in May 2015 at P03
(0.059 mg/L). Boxplot analysis revealed no significant difference in TP between sampling
points, with peaks observed in August and September 2015.

Concerning metals, total iron concentrations at the surface frequently exceeded the le-
gal limit (0.3 mg/L), with higher values found in the middle and bottom layers. Manganese
levels generally met the guideline (0.1 mg/L), although occasional readings exceeded
this limit.

Biological indicators showed surface chlorophyll-a concentrations ranging from
2 to 8 µg/L, within the regulatory limit (30 µg/L), with the lowest levels at P01/P02 and
the highest at P04; higher concentrations were found in the central water column (P01),
and levels were lower during the dry season, increasing with rainfall, contrasting with
observations in [36]. High densities of cyanobacteria (10,203 to 776,835 cells/mL) were
observed throughout the samples, with peak concentrations in the middle and bottom
sections, especially during periods of precipitation.

3.2. Correlation and Multivariate Analysis

Figure 4 presents a correlation matrix that examines the inter-relationships between
16 water quality parameters. The matrix comprises three analytical components: the
distributions of each variable along the diagonal, the scatter plots in the lower triangle, and
the coefficients for both Pearson’s (r), which measures linear relationships, and Spearman’s
(ρ), which measures monotonic relationships, in the upper triangle.

The hierarchical dendrogram in the cluster analysis (Figure 5) categorises variables
exhibiting analogous variation patterns, thereby illustrating coherent clusters.

The heatmap (Figure 5) shows when and with what intensity these patterns occur,
where warm colours (red) indicate high values and cool colours (blue) indicate low values.

Principal Component Analysis (PCA) was applied to identify the primary factors
influencing water quality variation in a reservoir situated in the Cerrado region of Goiás,
Brazil. The first two axes explained 37.9% of the total variability in the data (Figure 6
and Table 1).

The first axis (Figure 6a and Table 1) (Axis 1), accounting for 28% of the variance,
demonstrated an opposition between, on one side, variables indicative of an oxygenated
environment (dissolved oxygen and pH) and, on the other, variables associated with
reduction processes (ammonia, iron, manganese) and high ionic concentration (Electrical
Conductivity). The second principal axis (Axis 2), which explained 9.9% of the variance,
represented an organic matter gradient, opposing living phytoplankton biomass (algae and
chlorophyll-a) with detrital or dissolved organic matter (Total Organic Carbon—TOC) and
suspended material (turbidity).

Canonical Correlation Analysis (CCA) was applied to investigate the relationship
between physicochemical conditions and the biological community of the reservoir, which
consisted of algae, cyanobacteria, and chlorophyll-a. The results showed a statistically
significant correlation, with the first three canonical dimensions being statistically signif-
icant (p < 0.05), as determined by the Wilks’ Lambda test. The canonical correlations for
these dimensions are r = 0.492, r = 0.299, and r = 0.258 (Table 2), respectively, with the first
two providing the most relevant ecological interpretations.
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Figure 4. Results of the Pearson correlation test for the physical and chemical parameters in the João
Leite Reservoir. * for p < 0.05, ** for p < 0.01, *** for p < 0.001.
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In Table 3, the first canonical dimension (V1), with a robust correlation (r = 0.492),
represented the primary water quality gradient. High positive loadings were observed
for temperature (0.775), dissolved oxygen (DO) (0.749), and pH (0.620), in contrast to
strong negative loadings for ammonia (−0.537), electrical conductivity (EC) (−0.534),
iron (−0.597), and manganese (−0.580). This dimension indicates a contrast between
warm, oxygenated, high-pH waters and those with elevated concentrations of metals,
ammonia, and ions. Ecologically, V1 correlated with the numerical abundance of algae
(0.905) and cyanobacteria (0.682), yet remained independent of total photosynthetic biomass
(chlorophyll-a loading: 0.021). This suggests that the dominant environmental factor
primarily controls cell count, rather than total biomass. The second canonical dimension
(V2) (r = 0.299) outlined a secondary water quality gradient. Physicochemical loadings
showed a contrast between DO (0.615), Total Organic Carbon (TOC) (0.402), and pH
(0.412) versus ammonia (−0.432) and EC (−0.330). Biologically, V2 highlighted a shift in
phytoplankton community composition, opposing the abundance of cyanobacteria (0.455)
with that of chlorophyll-a (−0.727) and other algal groups (−0.283). The third canonical
dimension (V3) (r = 0.258) revealed a less prominent, albeit significant, relationship. Notable
loadings included chlorophyll-a (0.686) and cyanobacteria (0.573), which were positively
correlated, and phosphate (−0.519) and nitrate (−0.536), which were negatively correlated,
suggesting complex nutrient-biomass interactions.

 

Figure 5. Hierarchical cluster analysis heatmap of standardized water quality variables. Color inten-
sity represents Z-scores: blue (below mean), white (near mean), and red (above mean). Dendrograms
show clustering of samples (rows) and variables (columns) based on similarity patterns.

The loading plots of the physicochemical and biological variables function as a
map, establishing the meaning of each canonical axis. Once the nature of these axes
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is established, the canonical score plots serve as the visual proof of the correlation between
them (Figure 7c,d).

  
(a) (b) 

Figure 6. (a) variance explained in the axes resulting from PCA, (b) graphical representation of the
Principal Component Analysis (PCA) for the physical and chemical parameters.

Table 1. The percentage of total variance explained by the principal components (Axis 1 and Axis 2),
as well as the correlation of the parameters, is also considered.

Variance
Axis 1 Axis 2

28.0% 9.9%

ph 0.3295 −0.2285
DO 0.3749 −0.1314
turb −0.1576 −0.3888
EC −0.3474 0.1034
temperature 0.0957 −0.0977
phosphate −0.0135 −0.2267
nitrate 0.1064 0.0665
nitrite −0.0378 0.2807
ammonia −0.3956 0.1823
TOC 0.0429 −0.5733
iron −0.3962 −0.0820
manganese −0.3802 −0.1126
sulphate −0.2427 −0.1645
chlorophyll-a −0.0107 0.2305
algae 0.1695 0.3710
cyanophycea 0.1887 0.1595

Table 2. Significance Test (Wilks’ Lambda) by Canonical Axis.

V1 V2 V3

Correl 0.492 0.299 0.258
Stat 0.645 0.850 0.934

Approx 4.543 2.647 2.430
DF1 39.000 24.000 11.000
DF2 1108.242 750.000 376.000

p-value 0.0000 0.0000 0.0062
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Table 3. Raw Canonical Coefficients for the Physical-Chemical and Algae Variable Sets and Canonical
Loadings (Structure Correlations) of the Variables on the Canonical Axes.

Canonical Coefficients Canonical Loadings

V1 V2 V3 V1 V2 V3

Ph
ys

ic
o-

C
he

m
ic

al

ph 0.434 0.100 0.705 0.620 0.412 0.126
DO 0.108 0.278 −0.064 0.749 0.615 −0.081
turb −0.003 −0.007 0.008 −0.293 0.173 −0.160
EC −0.003 −0.002 −0.016 −0.534 −0.330 0.111

temperature 0.238 −0.307 −0.063 0.775 0.122 −0.009
phosphate −0.531 −12.683 −38.083 −0.173 −0.042 −0.519

nitrate −0.912 0.412 −3.515 0.165 0.060 −0.536
nitrite −0.404 4.861 −2.508 0.065 −0.031 −0.234

ammonia 0.642 −2.018 1.923 −0.537 −0.432 0.005
TOC −0.460 0.449 0.472 −0.310 0.402 0.270
iron −0.270 0.539 −0.250 −0.597 −0.016 −0.208

manganese 1.025 −0.892 −2.031 −0.580 −0.155 −0.249
sulphate −0.104 0.114 −0.006 −0.458 0.176 −0.073

Bi
o

chlorophyll-a −0.005 −0.209 0.172 0.021 −0.727 0.686
algae 0.000 0.000 0.000 0.905 −0.283 −0.318

cyanophycea 0.000 0.000 0.000 0.682 0.455 0.573

 

 
(a) (b) 

  
(c) (d) 

Figure 7. Canonical loadings illustrate the correlation between the original variables and the first
two canonical variates: (a) Phisico-Chemical. (b) Biological. Scatter plot of canonical scores for the
first and most significant dimension, (c) V1 and (d) V2. The dashed line shows the linear regression
fit, indicating the canonical correlation between the two variable sets.
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3.3. Trophic State Index (TSI)

The Total Trophic State Index (TSI) indicated that 93% of the samples were classified
as ultraoligotrophic, 6% oligotrophic, and 1% mesotrophic. The reservoir was classified as
oligotrophic at points P01 and P02 in 2015 and as mesotrophic at P01 in September of the
same year. All data points acquired over the monitoring period in the following months
were classified as ultraoligotrophic Figure 8.

 

Figure 8. Graphical representation of the TSI for the five sample points along the João Leite Reservoir.

When comparing the values of chlorophyll-a and total phosphorus with the values
suggested in [32], which also categorise the water bodies, it is evident that 49% of the sam-
ples were classified as mesotrophic, 35% as oligotrophic, and 15% as ultra-oligotrophic for
chlorophyll-a. Regarding phosphorus, 38% of the samples were categorised as mesotrophic,
35% as oligotrophic, 18% as ultraoligotrophic, and 9% as eutrophic.

4. Discussion
4.1. Reservoir Hydrodynamics and Water Quality Characterisation

The João Leite Reservoir operates as a dynamic system, with its primary characteristics
influenced by seasonal variations rather than spatial differences at the surface. Water quality
generally conforms to established standards [33,34]. The existence of stratification and high
levels of specific parameters, such as cyanobacteria and nutrients, requires management
intervention to ensure the sustainability of the water body.

Thermal stratification, a common feature of tropical reservoirs, is characterised by
warmer surface waters and cooler bottom waters.

This condition is accentuated by distinct dry and rainy seasons [16]. Low dissolved
oxygen (DO) concentrations near the bottom indicate that water column stability limits
vertical mixing, inducing oxygen depletion (anoxia) in the hypolimnion. Anoxia, in turn,
promotes anaerobic respiration and the oxidation of reducing substances in the sediments,
potentially intensifying nutrient cycling (e.g., phosphorus) and metal dissolution [37].
This contributes to the chemical stratification evident in the profiles of DO, pH, electrical
conductivity (EC), iron (Fe), and manganese (Mn).
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Thermal stratification is characterised by higher temperatures in the upper layers
(22–25 ◦C during dry periods; 26–29 ◦C during rainy periods), which decrease with depth,
with minimum values recorded near the bottom [16]. Regarding turbidity, surface values
were predominantly below the 5 NTU guideline for water supply [34], although the Class
II limit of 100 NTU [33] was occasionally surpassed. Lower turbidity occurred during dry
months, with higher values during rainy periods, culminating in a peak in December 2016
(month 24), likely due to surface runoff. Turbidity exhibited an increasing trend with depth.
Stratification establishes conditions favourable for cyanobacteria dominance [17,37,38].
Elevated temperatures (>25 ◦C) in the epilimnion during the rainy season promote the
proliferation of thermotolerant cyanobacteria species over other algal groups, specifically
Chlorophyceae, Chrysophyceae, and Cryptophyceae [9,16,17]. Water column stability
permits cyanobacteria with physiological adaptations, such as gas vacuoles, to optimise
their position for light and nutrient acquisition [17,37].

Elevated ammonia levels were observed in the middle and bottom water column at
points P01 and P02, with concentrations increasing proximally to the dam. At the bottom,
bacterial decomposition of accumulated organic matter rapidly consumes dissolved oxygen,
creating an anoxic environment. In the absence of oxygen, nitrification is inhibited [39].
Consequently, ammonia produced by decomposition at the bottom accumulates in high
concentrations in the deep-layer water where oxygen levels are low [40].

An analysis of the main diagonal (Figure 4) indicates that most variables, including tur-
bidity, phosphate, iron, manganese, algae, and cyanobacteria, exhibit a skewed distribution.
This suggests that their concentrations are generally low but with sporadic occurrences
of high-concentration peaks, a typical pattern in environmental data. The pH and the
dissolved oxygen (DO) exhibit more complex distributions, suggesting the potential for
distinct regimes or operating conditions within the water body.

The analysis of coefficients and scatter plots shows processes governing water quality.
The most evident relationship is the strong correlation between temperature and dissolved
oxygen (DO) (r = 0.63 ***, ρ = 0.65 ***). The observed positive and statistically significant
correlation between water temperature and DO concentration in a lentic ecosystem con-
tradicts the physical principle of gas solubility. This can be explained by the formation of
two distinct environments within the reservoir, resulting from a combined analysis of data
from two different populations: epilimnion samples (characterised by high temperature
and high DO) and hypolimnion samples (characterised by low temperature and low DO).
This influences the distribution of DO, concentrating it in two ranges: near zero at the
bottom and near saturation at the surface [41]. The slightly stronger Spearman coefficient
indicates a perfectly consistent (monotonic) relationship, though not perfectly linear, which
is characteristic of natural systems [42].

An association is observed between the metals iron and manganese (r = 0.78 ***,
ρ = 0.78 ***), indicating a probable shared geological origin and similar chemical behaviour.
A strong positive correlation exists between ammonia and iron (r = 0.76 ***, ρ = 0.61 ***) and
manganese (r = 0.65 ***, ρ = 0.70 ***). This does not imply that ammonia causes the presence
of metals, but instead that all three are co-indicators of specific environmental conditions,
specifically environments with low or no oxygen [43]. Under anoxic conditions (e.g., at the
bottom of a lake or in sediments), organic matter decomposition occurs via anaerobic path-
ways, releasing ammonia (NH4). In these reducing conditions, the solid, insoluble forms of
iron (Fe3+) and manganese (Mn4+) in the sediment are chemically reduced to their soluble
forms (Fe2+ and Mn2+), which are then released into the water. The correlation between
ammonia, iron, and manganese serves as a “fingerprint” of anoxic events, simultaneously
driving the release of all three compounds [44]. Electrical conductivity (EC) acts as a
general indicator of the ionic load. Its strong linear correlations with ammonia (r = 0.81 ***),
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iron (r = 0.70 ***), and manganese (r = 0.61 ***) confirm that events releasing these three
compounds are primarily responsible for increasing the number of dissolved ions in the
water. EC, to a large extent, quantifies the impact of these reducing and anoxic events.

The strong positive correlation between pH and dissolved oxygen (DO) (r = 0.71 ***,
ρ = 0.76 ***) is a classic signature of photosynthesis. During the diurnal period, algae and
cyanobacteria consume CO2 (increasing pH) and release oxygen (increasing DO). Turbidity,
a measure of water cloudiness, correlates with manganese (r = 0.52 ***, ρ = 0.65 ***), iron
(r = 0.48 ***, ρ = 0.78 ***), and sulphate (r = 0.41 ***, ρ = 0.62 ***). This indicates that a portion
of these metals is likely present in particulate form or adsorbed onto suspended particles.
The higher Spearman coefficient, particularly for iron, indicates a consistent relationship,
albeit not perfectly linear, making it more robust against fluctuations in turbidity.

4.2. Analytical Insights into Reservoir Ecology

Cyanobacteria counts were obtained from surface samples (30 cm deep). The co-
occurrence of high cyanobacteria cell counts in surface samples and comparatively low
surface chlorophyll-a at times may result from vertical distribution of different groups,
pigment packaging effects, or varying chlorophyll content per cell based on physiological
state. However, the absence of depth-resolved phytoplankton counts and chlorophyll data
from all depths limits definitive conclusions, indicating an area for further investigation.
Algal density generally remained lower than that of cyanobacteria in the reservoir.

High cyanobacteria densities (exceeding 700,000 cells/mL) serve as a water quality
indicator, surpassing thresholds that necessitate enhanced monitoring (>10,000 cells/mL
[cf. guidelines]) due to the potential for cyanotoxin production (e.g., microcystins, saxi-
toxin) [17,45]. Higher temperatures can cause the production of toxins and extend bloom
periods [17,45], thereby transforming seasonal events into prolonged ones. This impacts
water security and public health. The predominance of cyanobacteria (typically accounting
for more than 80–90% of the total phytoplankton in similar systems [46,47]) ensures the
reservoir’s sensitivity to blooms.

Agricultural activities in the catchment are probable sources of nitrogen and phospho-
rus [13], contributing to the reservoir’s fertilisation, as suggested by other studies [13,48].
The influence of these factors was visualised through Cluster Analysis (Figure 4). The
analysis revealed three functional groups whose opposition defines the ecosystem’s dy-
namics. The “anoxia group” (Mn, Fe, ammonia, EC, turbidity) reflects the influence of
hydrogeological characteristics (Fe/Mn-rich soils) and the transport of ions and nutrients
(such as ammonia from fertilisers) via surface runoff, particularly during rainy periods,
which increases EC. In direct opposition is the “photosynthetic activity group” (pH, DO,
temperature), which highlights the interconnection between biological activity and water
chemistry. Photosynthesis increases pH and DO, whilst decomposition consumes DO
and can lower pH [45,49], with both processes accelerated by temperature [13,17]. The
“biological group” (algae, cyanobacteria, chlorophyll-a) represents the community respon-
sive to these two opposing states of the reservoir. The cluster analysis demonstrated that
the system’s primary dynamic is the alternation between states dominated by primary
production and those dominated by decomposition and anoxia.

The result is the formation of a cohesive “anoxia group” comprising EC, ammonia,
iron, manganese, turbidity, and sulphate; a distinct “biological group” uniting algae,
chlorophyll-a, and cyanobacteria; and a “photosynthetic activity group” (pH, temperature,
and dissolved oxygen). This clustering provides a third line of evidence for the strong
inter-relationship between these variables, forming the basis of the axes of variation in
the Principal Component Analysis (PCA) and Canonical Correspondence Analysis (CCA).
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Conversely, phosphorus and nitrite appear at the opposite end of the biological group,
suggesting their independence from phytoplankton processes in this reservoir.

The vertical colour patterns of the heatmap (Figure 4) visually confirm the correlations,
with columns within each cluster exhibiting aligned colour bands. The horizontal bands
in the heatmap represent distinct “events” or periods in the reservoir. Samples (rows)
corresponding to intense anoxia events are identified by the entire block of related variables
(ammonia, iron, manganese) appearing in dark red. Conversely, other rows display this
same block in dark blue, indicating periods of improved water quality. The heatmap also
illustrates the negative correlation between the groups, as when the anoxia block is red, the
dissolved oxygen and pH columns tend to be blue.

In the PCA (Figure 6a and Table 1), the positioning of months at the end of the dry
season and the beginning of the wet season (September and October) at the positive end of
this axis indicates peak primary production during this period. This aligns with the ecology
of tropical reservoirs, where the combination of high solar radiation and nutrient influx
from initial rains frequently triggers phytoplankton blooms [43]. This analysis observes a
characteristic pattern in tropical reservoirs undergoing seasonal thermal stratification [50], a
fundamental process described for Brazilian aquatic ecosystems by [51]. The biplot analysis
(Figure 6b), interpreted in light of the Cerrado’s rainfall cycle, shows that months at the
end of the wet season and the beginning of the dry season (March to June) are positioned
at this anoxic pole. This suggests that, during this period, water column stabilisation
and decomposition of accumulated organic matter lead to oxygen consumption in the
hypolimnion, resulting in the release of reduced compounds from the sediments.

Table 2 analysis indicates that this environmental gradient correlates with a biological
variate representing the numerical abundance of algae and cyanobacteria, largely inde-
pendent of total photosynthetic biomass, as measured by chlorophyll-a, whose loading
on this axis was negligible (0.021). This suggests that the primary environmental factor in
the reservoir controls the quantity of phytoplankton cells, irrespective of the total biomass
they represent. This biological axis establishes a strong contrast between the abundance
of cyanobacteria (positive pole) and total biomass, represented by chlorophyll-a, and the
abundance of other algal groups (negative pole).

The first loadings plot (Figure 7a) visually demonstrates the structure of the main
environmental gradient (Axis 1), where opposing variables of oxygenated, warm water
(DO, pH, temperature) are grouped with indicators of reducing conditions and higher ionic
concentration (ammonia, iron, manganese, EC). The second plot (Figure 7b), displaying
biological loadings, reveals the community’s response to these gradients: the first biological
axis is defined by the numerical abundance of algae and cyanobacteria, whilst the second
axis represents a compositional shift, opposing cyanobacteria dominance to that of other
algal groups and total biomass (chlorophyll-a). The scatter plot (Figure 7c) for the first
dimension illustrates the strongest relationship found (r = 0.492), showing a positive trend
between the water quality gradient and phytoplankton abundance. The corresponding
plot for the second dimension also exhibits a positive trend (Figure 7d), though visually
more dispersed, consistent with the weaker yet significant correlation (r = 0.299) between
the secondary environmental gradient and the community structure shift. These plots
validate the CCA conclusions, demonstrating how a primary environmental gradient
controls phytoplankton abundance while a secondary and independent gradient controls
their composition.

Canonical Correlation Analysis (CCA) revealed a statistically significant relationship
between physicochemical conditions and the phytoplankton community. The analysis
indicated a dual control mechanism, where different environmental gradients regulate
community abundance and composition. Although phosphorus is frequently the primary
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limiting nutrient in tropical systems [9,16,52], the low direct correlation observed between
nutrients (N, P) and total phytoplankton biomass (chlorophyll-a) in simpler analyses
(Pearson Correlation, PCA) can be explained by the CCA. The CCA demonstrated that the
strongest environmental gradient correlated with the numerical abundance of cells (algae
and cyanobacteria) but not directly with chlorophyll-a. This suggests that, during the study
period, other factors such as temperature [17] and the reservoir’s long hydraulic residence
time (approximately 180 days) may have served as primary growth controllers, producing
consistently favourable conditions [8,53] that influence cell number more directly than total
biomass. Nevertheless, observed total phosphorus (TP) peaks, particularly following dry
spells, may relate to nutrient input via surface runoff or to internal release under anoxic
conditions, and they remain significant for accelerating cyanobacteria development at high
temperatures [9,11].

4.3. Dynamics of Phytoplankton Populations

Phytoplankton are autotrophic organisms in rivers, lakes, reservoirs, and oceans.
Plants utilise sunlight, carbon dioxide, and nutrients from water to produce energy and
oxygen through the process of photosynthesis. Aquatic primary producers play a crucial
role in global oxygen production. Photosynthesis requires chlorophyll-a and other pigments
in algae, such as those found in the Chlorophyta and Bacillariophyta. Their ideal conditions
consist of a reasonable diet and enough light [54].

Algae concentrations changed without any evident pattern. Environmental factors
and a thorough study of all kinds of algae may reveal hidden group dynamics. Algae were
affected by dissolved oxygen levels in the water column and light availability, showing
lower densities than cyanobacteria [55].

Often referred to as blue algae, cyanobacteria are another phytoplankton group charac-
terised by unique physiological traits. Pigments called phycocyanin help certain cyanobac-
teria fix nitrogen. Their ideal habitat is a warm, nutrient-dense one. They can also store
phosphorus (a strategy known as “luxury consumption”), control buoyancy through gas
vacuoles, and survive in low-light conditions. As a result, cyanobacteria outcompete other
phytoplankton [31].

These differences influence phytoplankton community dynamics. Under balanced
nutrient levels, algae prevail, whereas cyanobacteria flourish in eutrophic settings or during
temperature stratification, leading to hazardous algal blooms. Temperature, nutrient avail-
ability, and hydrodynamics influence this interaction [54]. Cyanobacteria concentrations
demonstrated greater stability and predictability, rising during warmer months marked
by elevated sunlight and temperature stratification. Natural adaptations, including ni-
trogen fixation and buoyancy regulation, enabled the evolution of these species in these
environments. Improved water circulation and reduced thermal stratification resulted in
a 50% decrease in cyanobacteria levels during the cooler months. Algae and cyanobac-
teria exhibited greater abundance during thermal stratification, indicating their inherent
association with changes in dissolved oxygen (DO). Cyanobacteria surpassed algae due
to their ability to thrive in nutrient-rich and low-oxygen environments. This behaviour
underscores the necessity of monitoring cyanobacteria as an indicator of water quality and
a threat to public health.

4.4. Regional and Morphological Influences

Tropical reservoirs, such as those in Brazil, are characterised by consistently high
temperatures and abundant light, which promote prolonged thermal stratification. These
conditions favour the dominance of cyanobacteria as extended hydraulic retention times
further stabilise the water column, reducing vertical mixing and facilitating the release of
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nutrients from the hypolimnion to the euphotic zone. As a result, these reservoirs often
endure ongoing and repeated cyanobacterial blooms, presenting significant challenges for
water quality management [16,17,45].

This contrasts with temperate regions, where seasonal variability is more pronounced,
and increased summer temperatures promote thermal stratification, leading to the tempo-
rary dominance of cyanobacteria. Wind-induced vertical mixing and the shorter duration
of warm periods often restore community diversity, with algae (Chlorophyceae, Chryso-
phyceae, and Cryptophyceae) reemerging during transitional seasons. Additionally, sea-
sonal overturns in autumn and spring enhance nutrient circulation, limiting the persistence
of blooms compared to tropical systems [12,37,38].

Reservoirs in arid and semi-arid regions, such as northeastern Brazil, face unique
challenges due to water scarcity and hydrological variability. Prolonged droughts increase
nutrient concentrations due to reduced water renewal, intensifying eutrophication pro-
cesses. This phenomenon sometimes occurs in the Brazilian Cerrado, where there is no rain
for several months every year. Conversely, extreme rainfall contributes to nutrient loading
from surrounding watersheds, often triggering short-lived but intense algal blooms [45,53].

Morphometry also plays a crucial role in the dynamics of phytoplankton. Deep reser-
voirs in mountainous regions, such as those in China, exhibit stronger thermal stratification
and greater hypolimnetic anoxia, creating favourable conditions for cyanobacterial blooms.
Like many in Brazil, shallow reservoirs exhibit more pronounced interactions between
the water column and sediments, resulting in faster nutrient cycling and less predictable
dynamics of phytoplankton [9,52]. These findings underline the importance of tailoring
management strategies for regional and site-specific conditions.

4.5. Trophic State of the Water Body

It was noted that 93% of the samples from the TSI were classified as ultraoligotrophic,
indicating low productivity and nutrient concentrations that do not significantly impact
water quality. Based on the variables suggested in [32], most samples were classified
as mesotrophic and oligotrophic in terms of total phosphorus and chlorophyll levels.
Mesotrophic water bodies exhibit moderate productivity and may experience fluctuations
in water quality. However, they remain within the permitted limitations set by legislation.
Oligotrophic bodies exhibit poor productivity and do not significantly alter water quality
due to their limited nutrient availability. The points were classified as eutrophic only in
August and September 2015, as stated in reference [32]. The P03 point was certified as
eutrophic in May 2015. No elevated phosphorus levels, indicative of eutrophic conditions,
were recorded in the subsequent months. Therefore, based on these indicators, it can be
inferred that the reservoir has acceptable productivity and nutrient concentrations. Most
of the samples and indicators suggest that the risk of eutrophication is low, indicating
a minimal chance that water use will be negatively affected by the harmful effects of
organic enrichment.

Variations in chlorophyll-a concentrations and cyanobacteria densities over hydro-
logical cycles revealed the seasonal dynamics of phytoplankton. Higher chlorophyll-a
levels and TSI values, indicating a shift to mesotrophic conditions, suggest that the lower
water flow and longer hydraulic retention times during the dry season created favourable
conditions for cyanobacterial growth [38]. On the other hand, the rainy season saw higher
turbidity and nutrient input from runoff, which temporarily enhanced the growth of
other phytoplankton groups, including algae (Chlorophyceae, Chrysophyceae, and Crypto-
phyceae), before cyanobacteria took centre stage [53].

The interaction between phytoplankton growth properties and the Trophic State Index
(TSI) revealed the adaptive strategies of cyanobacteria that enable them to persist across
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diverse trophic states. Due to their nitrogen fixation and nutrient storage capabilities,
cyanobacteria have demonstrated remarkable resilience and adaptability, maintaining
dominance even under extremely oligotrophic conditions. This reaction system empha-
sises the need to consider the ecological features of phytoplankton while interpreting TSI
values [3,5].

5. Conclusions
Employing water quality analysis in the João Leite Reservoir within the Brazilian

Cerrado, this study provides insight into the elements regulating phytoplankton, partic-
ularly cyanobacteria, in tropical water environments. This work reveals the interactions
among physical, chemical, and biological components, yielding multiple conclusions for
reservoir management.

The study found that variations in water quality and phytoplankton, linked to seasonal
changes, had a greater effect than variations in reservoir location over time. Long-term
observation is required to understand the trends of these systems.

The reservoir’s trophic state assessment showed a conflicting picture. The Trophic State
Index (TSI) categorised the reservoir as ultraoligotrophic or low productivity. Still, examin-
ing chlorophyll-a and total phosphorus separately suggested oligotrophic to mesotrophic
conditions at times, with some phosphorus readings indicating eutrophic conditions. This
suggests a system with low overall output but promises of enrichment.

The cyanobacteria were consistently present and dominant throughout the study, even
when nutrient levels (phosphorus and nitrogen) were low. This contrasts with expectations
that low nutrients might limit cyanobacteria growth.

Principal Component Analysis (PCA) revealed a correlation between water tempera-
ture and cyanobacteria density. This aligns with the knowledge that many cyanobacteria
types thrive in warmer water. However, Pearson correlation and Canonical Correspon-
dence Analysis (CCA) showed a weak or non-significant statistical connection between
most measured chemicals, including nutrients, and cyanobacteria numbers.

Thus, the study suggests that cyanobacteria dominance, rather than nutrient levels, can
be explained by the combination of high-water temperatures and slow water replacement
(hydraulic retention time exceeding 180 days). For cyanobacteria that can regulate their
position in the water, stable, warm, slow-moving water helps them succeed even in low
nutrient levels.

The research supports the use of tools like probes with fluorometers to monitor
chlorophyll-a and phycocyanin and track changes in phytoplankton over time. These
methods help understand responses to environmental shifts.

This research highlights the influence of temperature and water dynamics on phy-
toplankton in this tropical reservoir. It demonstrates that cyanobacteria can establish
dominance even in environments with low nutrient concentrations, possibly contingent
upon specific physical conditions. These findings have implications for water management
in the Cerrado and similar regions, suggesting that plans must address both physical
factors and nutrient inputs, particularly as climate change may alter temperature and
water patterns.
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