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Abstract: The Tocantins–Araguaia Basin covers an extensive area of Brazilian territory and has a
water reservoir system installed in a cascade that is very important for water storage and hydropower
production. There is concern about the use of this resource because of the current tendency of surface
water reduction in the reservoir systems. Sustainable management can help to guarantee the water
supply and the hydropower supply. However, accurate data on the monitoring parameters are
required. This study aims to analyze which factors most influence the changes in the areas of water
reservoirs and, subsequently, the changes in the water availability. Trends, correlations, and principal
component analyses (PCAs) were used to assess the association between the areas of water reservoirs
and the liquid evaporation, discharge, precipitation, and land use and land cover (LULC) in the basin.
We observed that the precipitation did not decrease significantly. On the other hand, changes in the
LULC and the areas of reservoirs were highly correlated with each other. The PCA also showed a
strong association between meteorological factors and the areas of reservoirs. In conclusion, this
study showed that reductions in the areas of water reservoirs are mostly related to deforestation
and reduced reservoir discharge rather than climate change. This paper provides a straightforward
approach to monitoring reservoir changes based on the tendencies of some parameters that are
strongly correlated with reservoir changes.

Keywords: cascade reservoir system; water reservoir monitoring; hydrographic basin

1. Introduction

Brazilian hydropower systems are characterized by large water reservoirs with mul-
tiyear regulation capabilities, and they are often arranged in cascades [1]. Hydropower
plants are responsible for 65% of the electricity generation in Brazil; this is about four times
higher than the percentage of electricity generation that hydropower plants are responsible
for worldwide (16%) [2,3]. In 2020, the installed capacity of electricity generation by hy-
dropower plants in Brazil was 104,205 MW; 13% of this capacity (12,992 MW) comes from
seven cascade reservoirs located in the Tocantins–Araguaia Basin [3,4]. This basin has a
drainage area of 767,000 km2, that includes savannah and tropical rainforest ecosystems
that are very ecologically sensitive since they include large and highly biodiverse flood-
plains [5–7]. Nevertheless, this basin has been subject to large-scale degradation, especially
over the last 40 years [5].

The water reservoirs that are created during the construction of dams for hydropower
plants are also used for human and animal consumption, agricultural irrigation, industrial
needs, tourism, and fishing, among other activities. The growing water demand requires a
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high water availability to support these multiple usages and to increase water security [8].
Irrigation represented 45% of the water consumption in 2020 and may represent 52% of
water consumption in this region by 2040 [9]. To guarantee the future water supply
and hydropower production, it is important to monitor reservoirs continuously to avoid
the shortage of water resources and to produce sustainable public policies and efficient
management [5,10].

Recent studies have relied on field and remote sensing datasets to monitor different
aspects of water reservoirs, such as the water quality and reservoir metrics (e.g., flooded
area, water level, and volume) [11–18]. Some of these studies intended to monitor large
areas and/or long time series [19–24], yet very few of them integrated multiple parameters,
including weather variations and land use and land cover (LULC) changes, into the analysis
of the spatiotemporal dynamics of water reservoirs. Hydrological modeling is one of
the approaches that can support the use of these variables. However, many models are
sensitive to the model calibration and prone to uncertainties associated with the input data,
parameters, and model structure [25–27].

The challenges of utilizing an integrated approach in Brazil are related to the spatially
limited and uneven distribution of weather stations and rain gauges in Brazil [28]. In
addition, until recently, LULC studies were sporadic. Satellite-based global precipitation
data, such as the global precipitation measurement (GPM), represent a good alternative
to using weather stations and rain gauges. The GPM data are freely available in different
databases, such as the NASA Goddard Earth Sciences (GES) Data and Information Services
Center (DISC), the Giovanni web-based application developed by GES DISC, and IMERG
(Integrated Multi-satellitE Retrievals) Global Viewer. Regarding LULC data, the products
made available by the MapBiomas Project, an annual remote-sensing-based LULC mapping
initiative, are currently available [29]. This project considers five major classes (forest;
nonforest, natural formation; farming; nonvegetated areas; and water) that are subdivided
hierarchically into other subclasses. The mapping procedure is based on the random forest
algorithm, which is applied to time series of Landsat images available on the Google Earth
Engine platform [29].

Costa et al. [30] considered precipitation and LULC changes as the two most important
drivers of long-term changes in the discharge of the Tocantins River. By comparing two
time periods (1949–1968 and 1979–1998), these authors found that the mean discharge
increased by 25% as forests and savannahs were converted into pastures and farms. On
the other hand, Penereiro et al. [31] did not find any significant change in the precipitation
pattern during the period ranging from 1955 to 2016 in the Tocantins–Araguaia Basin.
However, they found that the discharge began to decrease after the Tucuruí hydropower
plant started operating in 1986. In the last decade, a significant reduction in the discharge
was also registered in the Tocantins–Araguaia Basin by the Agência Nacional de Águas
e Saneamento Básico (ANA) [8]. Some of the monitoring stations showed a decrease of
50% from 2010 to 2020 in comparison with the period from 1980 to 2010. The Serra da
Mesa reservoir also showed a decreasing trend and pronounced losses in the water volume
and discharge after new hydropower plants were installed in a cascade in the Tocantins
River [15]. Since 2016, the precipitation and discharge in Brazil have been below the average
precipitation and discharge values [8]. The total precipitation has increased over the last
2 years, but a significant improvement in the water availability was not observed. These
pieces of evidence suggest that there are other factors causing droughts, such as changes in
the use of water and land, that may have impacted the water availability in recent years.

Integrated management considering all these different factors is important for avoiding
a crisis involving the water and energy supplies, especially in the Tocantins River, the
second-largest river in Brazil [8], which includes a cascade of seven large reservoirs that are
used for 8.5% of Brazilian hydropower generation. Zhou et al. [32] pointed out that LULC
and global climate changes are the two primary causes of current and future water scarcity.
Within this context, this study aims to analyze the changes in terms of the surface water
area, discharge, liquid evaporation, LULC, and precipitation in the Tocantins–Araguaia
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Basin. The ultimate goal is to analyze which factors are most relevant when it comes
to changes in the surface water area and, consequently, in the water availability of each
reservoir. This is a crucial and easily implemented evaluation that can contribute to the
definition of sustainable management policies for this vital water resource system in Brazil.

2. Materials and Methods
2.1. Study Area

The selected study area corresponds to the Tocantins–Araguaia Basin, located in the
central part of Brazil. This basin is formed by the Araguaia and Tocantins rivers and their
tributaries. It has an area of 767,000 km2 and partially covers the states of Goiás (21%),
Tocantins (30%), Pará (30%), Maranhão (4%), and Mato Grosso (15%), in addition to the
Federal District (0.1%) [33]. According to ANA [8], irrigation is the activity that consumes
the most water in this basin, followed by domestic consumption and industrial activities.
This basin is the second-largest basin in the country, with an installed hydroelectric potential
of 11,563 MW (12% of the hydroelectric potential of Brazil). This basin also contains
navigable rivers, including the Tocantins River [34].

According to the Köppen–Geiger climate classification system [35], the northern
portion of the basin is defined as a tropical rainforest, whereas the southern part is classified
as a tropical savannah. The mean annual rainfall is 1752 mm, and the mean annual potential
evapotranspiration is 1768 mm [36]. The Tocantins–Araguaia Basin is partially covered
by the Amazon and Cerrado biomes (Figure 1). Recently, the Tocantins River area has
experienced intensive LULC changes due to extensive damming and the conversion of
natural lands into agricultural areas [37].

There are seven large reservoirs operating in cascade in the Tocantins–Araguaia Basin:
Serra da Mesa, Cana Brava, São Salvador, Peixe Angical, Luís Eduardo Magalhães/Lajeado,
Estreito, and Tucuruí. Most of them are located in the Cerrado biome, except the Tucuruí
reservoir, which is located in the Amazon biome. Four reservoirs (Cana Brava, São Salvador,
Luís Eduardo Magalhães/Lajeado, and Estreito) correspond to run-of-the-river-type damns
(Table 1), meaning that their discharge cannot be regulated. The upstream Serra da Mesa
reservoir is quite important to the discharge management of downstream reservoirs [38].

2.2. Methods

The information on temporal changes was analyzed using an integrated approach,
considering the data from all seven water reservoirs in the Tocantins River and the entire
Tocantins–Araguaia Basin for the period from 2000 to 2020. More specifically, the analyses
were performed for the entire time period and for two decades: 2000–2010, for the Tocantins–
Araguaia Basin, and 2010–2020, for both the water reservoirs and the Tocantins–Araguaia
Basin. This strategy was adopted since the artificial reservoirs were progressively built
during the first decade and had entered full operation by 2010, except for the Estreito
reservoir. The data analyzed in this study included the mean annual values of the surface
area of reservoirs, discharge, and liquid evaporation, as well as the precipitation and LULC
data at the basin scale. Changes and trends in these parameters are discussed in detail in
the following sections. The data were processed with the R statistical package [39] and
RStudio software [40].

2.2.1. Determination of Limits of the Tocantins–Araguaia Basin and Reservoirs

The Tocantins–Araguaia Basin limits were obtained from the metadata catalog of
ANA [41]. This catalog stores several publications and spatial data, including the BHO250
hydrographic database [42], which is codified according to the Pfafstetter coding system [43]
(1:250,000 scale). This codified hydrographic database (version 2.3) was generated in 2018
by ANA using the continuous cartography database of the Brazilian Institute of Geography
and Statistics (IBGE) and the Shuttle Radar Topography Mission (SRTM) digital elevation
model (DEM), which has a spatial resolution of 30 m. The BHO250 database has a consistent
topology that correctly represents the river flow direction. It also contains the watershed’s
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boundaries, subdivided into six coding levels. The Tocantins–Araguaia Basin is represented
by level 2 in this database.
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Figure 1. Map of the Tocantins–Araguaia Basin in Brazil. The reservoirs in cascade along the Tocantins
River are numbered sequentially from south (upstream) to north (downstream). The land use and
land cover classification data for the year 2020 were produced by the MapBiomas Project.

The watersheds of each reservoir were defined by selecting the parts of level 4 of
BHO250 that intersected the reservoirs, merging them, and sectioning the watersheds so
that the most downstream point of each watershed coincides with the reservoir dam. This
process was carried out by analyzing the water stream pattern, SRTM DEM, and flow
direction, resulting in the definition of watersheds with different sizes for each reservoir
(Figure 1; Table 1). The calculations of the average annual precipitation and LULC class
areas were performed based on these individual reservoirs’ watersheds.
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Table 1. Characteristics of the hydropower reservoirs in terms of the type of damming, beginning of
operation, beginning of monitoring, and surface area of reservoirs.

Reservoir Type Operation Monitoring Area (km2)

Serra da Mesa Accumulation 1998 2000 51,460
Cana Brava Run-of-the-river 2002 2003 6813
São Salvador Run-of-the-river 2009 2009 5732
Peixe Angical Accumulation 2006 2006 62,128
Luís Eduardo Magalhães/Lajeado Run-of-the-river 2001 2002 58,177
Estreito Run-of-the-river 2011 2012 11,893
Tucuruí Accumulation 1984 2000 21,021

2.2.2. Estimation of Surface Area of Reservoirs

The estimation of the surface areas of reservoirs followed the method proposed by
Valadão et al. [14] and Xavier et al. [15]. For each reservoir, collections of Landsat satellite
images from every 6 months of the analyzed period were filtered for less cloud cover
and used to obtain one mosaicked image per semester based on the median values of the
filtered collections [14,15]. RGB color composites of shortwave infrared, near-infrared,
and red bands were transformed into the HSV color representation system to classify
the pixels corresponding to flooded areas [14,15]. Two estimates per year were obtained
from the pixels representing water for each reservoir per semester (January–June and
July–December). The average values of the two estimations were considered the annual
average area (units of km2).

We performed all analyses on the cloud-based Google Earth Engine (GEE) plat-
form [44]. Using this platform, we can combine long time series of spatial data without the
need for powerful machines [14]. The area estimations were obtained from the Landsat
Collection 1 Tier 1 images, which were processed to the top-of-atmosphere reflectance
using the script available in the GEE data catalog. The images from 2000–2011, 2012,
and 2013–2020 correspond to the Landsat 5 Thematic Mapper (TM), Landsat 7 Enhanced
Thematic Mapper Plus (ETM+), and Landsat 8 Operational Land Imager (OLI) images,
respectively. The spatial resolution of these images was 30 m, allowing the production of
thematic maps at an approximate scale of 1:100,000.

We calculated the areas of the reservoirs from 2000 to 2020 for the Serra da Mesa and
Tucuruí reservoirs only (Table 1) since they were the only reservoirs in operation at the
beginning of the first decade. The other reservoirs were built after 2000. Their areas were
only included in the analysis after they became stable, which, in most cases, happened
in the year following the flooding. Therefore, the monitored period ranged from 2003 to
2020 for Cana Brava, 2009 to 2020 for São Salvador, 2006 to 2020 for Peixe Angical, 2002 to
2020 for Luís Eduardo Magalhães/Lajeado, and 2012 to 2020 for Estreito (Table 1). Data on
surface areas for the Tocantins Basin considered the sum of all calculated reservoir areas
from 2000 to 2020.

2.2.3. Hydrometeorological Data Selection and Processing (Discharge, Liquid Evaporation,
and Precipitation)

Data on the discharge (m3 s−1) of the reservoirs of the Tocantins River are available
on ANA’s website, where a daily updated database of measurements is available for
hydropower plants in the Reservoir Monitoring System (SAR) database [45]. The Tocantins
River reservoirs are included in Brazil’s National Interconnected System (SIN) within the
SAR database, where in situ information on the discharges of these reservoirs since their
construction is available for all selected reservoirs. The annual averages of the discharge
were calculated for all reservoirs. For the Tocantins–Araguaia Basin, we considered the
annual average discharge values for the most upstream reservoir, which is the Serra da
Mesa reservoir. Similarly, the annual discharge averages were estimated for the most
downstream reservoir, the Tucuruí reservoir.
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Liquid evaporation data are also available in ANA’s metadata catalog [41]; a spread-
sheet with the liquid evaporation data of artificial reservoirs with a mapped area larger
than 1 km2 for the years 2001 to 2019 is available [46]. The liquid evaporation (m3 s−1)
is given by the difference between the real evaporation of the water reservoir and the
expected evapotranspiration in the same area if the artificial reservoir did not exist [46].
The estimates included in the database are based mainly on the physical principles of mass
and heat transfer equations and the energy balance, which are included in a system devel-
oped specifically for liquid evaporation estimates known as the Lake Evaporation System
Based on Surface Temperature (SELET); this system has a minimum level of sensitivity of
0.5 m3 s−1 [46]. In the data analysis for the entire Tocantins–Araguaia Basin, the sum of the
liquid evaporation of all reservoirs was considered.

The precipitation data used in this study were obtained from the Giovanni web-
site [47], which was developed by GES DISC. Annual time-averaged precipitation maps
(mm month−1) of the Tocantins–Araguaia Basin from 2001 to 2020 were generated with
GPM data, which were obtained by an international satellite mission that provides ob-
servations of rain and snow [48]. Rainfall estimates from the GPM were made with the
Integrated Multi-satellitE Retrievals (IMERG) algorithm, which combines data from all
passive-microwave instruments in the GPM constellation [48]. IMERG also intercalibrates,
merges, and interpolates all satellite microwave precipitation estimates, together with
microwave-calibrated infrared satellite estimates, rain gauge analyses, and other precipita-
tion estimators [48]. Nascimento et al. [49] found that the products performed well in the
estimation of monthly rainfall events, in terms of both the volume and spatial distribution.
According to their work, there is a strong correlation between the monthly products of
IMERG and the rain gauge data in Brazil, with a bias (mean bias error) of 5.98 mm and an
accuracy (root mean squared error) of 50.12 mm.

Due to the large extent of the Tocantins–Araguaia Basin and the 21-year study period,
satellite data such as GPM data are better suited to representing the area than point-based
rain gauge data. Among the freely available satellite precipitation datasets, the GPM was
chosen due to its high spatial and temporal resolutions, which fit the studied period well
(only 1 year of missing data—2000). The data used in this study were the GPM IMERG final
precipitation version 6 data, which have a spatial resolution of 0.1◦ × 0.1◦ and a temporal
resolution of 30 days; these data were averaged in Giovanni to create a raster for each
year that includes the entire Tocantins–Araguaia Basin [47,48]. The annual averages were
calculated from the raster data for the whole basin and for the individual watersheds of
each of the seven reservoirs.

2.2.4. Obtaining and Processing Land Use and Land Cover Data (Precipitation, Land Use,
and Land Cover)

Historical land use and land cover (LULC) data were obtained from MapBiomas
Collection 6 [29]. This collection provides annual maps of Brazilian LULC data from 1985 to
2021. The project produces these thematic maps based on the nonparametric random forest
classifier with a pixel size of 30 m using cloud computing technology, the JavaScript and
Python programming languages, and data storage capabilities provided by Google [29]. The
training samples were obtained based on reference maps, earlier MapBiomas collections,
and visual interpretation for each Brazilian biome; these training samples provided annual
statistical variables for this machine learning algorithm. The overall accuracy of the LULC
time series, based on a stratified random sample of 75,000 pixel locations, was 89%, with
the Amazon forest and Cerrado savannah areas presenting overall accuracies of 95.1% and
81.4%, respectively.

We analyzed 21 years of data (2000–2020) for the Tocantins–Araguaia Basin and the
watersheds of each reservoir using the MapBiomas Collection 6 annual LULC data, which
were grouped into four classes: (1) natural, a class in which the forest (mainly forest and
savannah formations) and nonforest natural formations (mainly grasslands and wetlands)
were grouped; (2) urban area (urban areas with a predominance of paved surfaces and
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nonpermeable surface areas (infrastructure, urban expansion, or mining) not mapped into
their classes); (3) pasture (predominantly planted pastures for livestock production); and
(4) agriculture, a class in which the temporary crops (e.g., soybean, sugarcane, maize),
perennial crops (e.g., coffee, citrus), forest plantations (tree species planted for commercial
purposes; e.g., Pinus and Eucalyptus), and mosaics of agriculture and pasture (areas of
agricultural use where it was not possible to distinguish between pasture and agriculture)
were grouped.

2.2.5. Statistical Analysis

After all data were obtained, the analyses were performed using the R statistical
package [39] and RStudio [40]. The first step was the use of the mice package [50], which
implements a method in which each incomplete variable is imputed by the specified model
(fully conditional specification). In this case, the mice method was implemented with
5 multiple imputations of 100 iterations using predictive mean matching. Second, the
data frames containing data on all parameters for each reservoir and for the Tocantins–
Araguaia Basin were transformed into a time-series-type format. They were subsequently
analyzed using the Mann–Kendall trend test (H0: no monotonic trend; H1: monotonic
trend) implemented in the Kendall package [51]. This allowed us to determine if these data
display any significant monotonic trend (1) for the complete time range (2000–2020) and
for the two individual decades (2000–2010 and 2010–2020) in the case of the entire basin
and (2) from the starting monitoring year to 2020 and from 2010 to 2020, when most of the
reservoirs were already built.

If no significant monotonic trend was identified, the data were tested for trend (H0:
no trend, H1: with trend) using a local regression-based WAKV test implemented in the
funtimes package [52]. Then, the data were checked to determine if they followed a normal
distribution using visual analysis (boxplots, quantile–quantile plots, and distribution plots)
and the Shapiro–Wilk normality test (H0: the population is normally distributed; H1:
the population is not normally distributed). The correlation between the water surface
areas and all other parameters and the statistical significance of these correlations were
computed using the Pearson correlation for normally distributed data and Spearman’s rank
correlation for the non-normal data.

Finally, principal component analysis (PCA) was applied to identify the parameters
that are more closely associated with the changes in the water reservoir areas. For the
correlation calculations and PCA for the entire Tocantins–Araguaia Basin, the number of
reservoirs was included as a parameter since the number of reservoirs increased from two
at the beginning of the time series to seven at the end of the time series. The number of
reservoirs impacts the sum of the areas, especially when this number increases in the first
decade of the time series. All hypothesis tests considered a 95% confidence interval.

3. Results
3.1. Time Series Analysis

The detailed results obtained from the time series analysis are provided in the Supple-
mentary Materials (Tables S1–S6).

3.1.1. Tocantins–Araguaia Watershed

Because of the flooding processes related to the construction of new reservoirs, the
total area of the water reservoirs in the Tocantins–Araguaia Basin increased significantly
during the period from 2000 to 2010 (Figure 2; Table S1). The surface water area increased
from 3575 km2 in 2000, when only the two largest reservoirs (Tucuruí and Serra da Mesa)
existed, to 4567 km2 in 2010. After the last reservoir flooding, around 2011/2012, the total
area of the reservoirs became relatively stable at 4948 km2 in 2012. The construction of new
reservoirs led to a significant increase even when the two-decade period (2000–2020) was
considered. The total sum of the surface water area in 2020 was 4923 km2, an increase of
38% during the period from 2000 to 2020.
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Figure 2. Temporal evolution of the following data from the Tocantins–Araguaia Basin: (1) the sum
of the surface water area of hydropower reservoirs, (2) discharge in the most upstream reservoir
(Serra da Mesa), (3) discharge in the most downstream reservoir (Tucuruí), (4) sum of all reservoirs’
liquid evaporation, (5) mean annual precipitation, (6) total urban area, (7) total natural vegetation
area, (8) total agricultural area, and (9) total pasture lands.

The discharge of both the upstream and downstream reservoirs presented statistically
significant decreasing trends for the second decade of the time series (Table S1). Only the
discharge of the downstream reservoir presented a statistically significant decreasing trend
for the entire time series and in the first decade (Table S1). The liquid evaporation had a
statistically significant decreasing trend during the period from 2000 to 2020. However, this
trend was not statistically significant for the data split into two decades.

Even though the mean annual precipitation values appear to have a decreasing trend
after 2010, this trend was not statistically significant (Table S1) for the complete time series
or for each decade. Nevertheless, four of the five lowest mean annual precipitation per
month values occurred in the second decade. The lowest mean annual rainfall occurred
in 2016, when the whole country experienced an intense dry period, which caused water
supply crises in some regions [53,54], including the Serra da Mesa, Cana Brava, Peixe
Angical, and Lajeado reservoirs. The precipitation and discharge data shown in Figure 2
have a very distinguishable sine pattern.
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The LULC data changed substantially during the period from 2000 to 2020. The area
of native savannahs and forests decreased by 14%, while the agricultural area increased
by 113%, the pasture area increased by 17%, and the urbanized area increased by 23%.
While the rate of change in natural and urban areas was somewhat consistent over these
two decades, the total pasture area growth was more prominent from 2000 to 2010; it
became more stable from 2010 to 2020. The opposite is seen for agricultural areas, which
increased mainly during the second decade (73%). Especially for the period from 2010 to
2020, the increase in agricultural land resulted in a similar intense growth in irrigation.
Previous studies showed that the water flow used for irrigation was 32.7 m3 s−1 in 2006
and 60.75 m3 s−1 in 2020 [8,55].

3.1.2. Water Reservoir System

There was a significant decreasing trend in the inundated area for most of the reservoirs
when the entire period is considered (Figure 3a). Cana Brava’s surface area (Figure 3a;
Table S2) decreased from 124.7 km2 in 2003 to 120.84 km2 in 2020 (−3.1%). São Salvador´s
area decreased from 93.7 km2 in 2010 to 90.9 km2 in 2020 (−3.1%). Peixe Angical´s surface
area (Table S3) decreased from 248.3 km2 in 2007 to 240.5 km2 in 2020 (−3.2%), while the
Lajeado reservoir decreased from 669.5 km2 in 2003 to 656.8 km2 in 2020 (−1.9%). The
Estreito reservoir also had a statistically significant decreasing tendency, with an area
shrinkage of −5.8% (393.1 km2 in 2012 and 370.2 km2 in 2020). However, for some of the
other variables, it was not possible to determine the statistical significance of the trend
because of the relatively short time series available for some of the reservoirs.

The Tucuruí and Serra da Mesa reservoirs showed no statistically significant changes
in their surface water areas during the 20-year period (Figure 3a; Table S3). However,
they presented quite different apparent trends. The Tucuruí reservoir did not appear
to be decreasing in the studied period (Figure 3a). On the other hand, there was an
apparent decreasing trend in the Serra da Mesa reservoir. Serra da Mesa, from 2000 to
2010, had a statistically significant increasing trend in its surface water area (Table S4),
which grew from 1057 to 1192 km2 (12.8%). However, from 2010 to 2020, the surface
water area decreased significantly, reaching a value of 853 km2 (−28% in comparison with
2010) (Table S5). The Tucuruí reservoir, on the other hand, showed a statistically significant
negative trend from 2000 to 2010 (Table S4), shrinking from 2257 to 2151 km2 (−4.7%), and a
statistically significant positive trend from 2010–2020, attaining an area of 2590 km2 by 2020
(20.4% increase compared with 2010) (Table S6). This positive tendency is again the only
positive tendency found for the second decade; all other reservoirs showed a statistically
significant decreasing tendency. This difference in the pattern of the Tucuruí reservoir is
probably due to the stronger influence of the Amazonian climate and the influence of the
Araguaia River, whereas the other reservoirs mostly respond to the Cerrado climate and
are located upstream of the convergence between the Araguaia and Tocantins rivers. In
addition, since Tucuruí is the biggest reservoir in the study area, when the sum of the areas
of the reservoirs in the Tocantins Basin is analyzed (Figure 2), the increase in this sum might
mask the decrease observed in other reservoirs, resulting in the stable pattern that was
observed for the second decade.

Figure 3b shows that the annual average discharge decreased for all reservoirs. How-
ever, this decreasing trend is only statistically significant for the São Salvador, Peixe Angi-
cal, Lajeado, and Tucuruí reservoirs (Tables S2 and S3). The percentage decreases were
(1) −43.0% for Serra da Mesa from 2000 to 2020, (2) −15.5% for Cana Brava from 2003 to
2020, (3) −31.4% for São Salvador from 2010 to 2020, (4) −2.3% for Peixe Angical from 2006
to 2020, (5) −17.4% for Lajeado between 2002 and 2020, (6) −18.3% for Estreito between
2012 and 2020, and (7) −26.4% for Tucuruí between 2000 and 2020. All reservoirs showed
statistically significant decreasing patterns between 2010 and 2020 (Tables S5 and S6). The
discharge patterns are also somewhat coincident with areal patterns and show a sine
variation and a strong seasonal influence, except for the Tucuruí reservoir before 2016.
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Most of the liquid evaporation data presented no statistically significant trends, except
for the decreasing trends of the Serra da Mesa and Luís Eduardo Magalhães/Lajeado reser-
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voirs (Tables S2 and S3). Tucuruí and Estreito, the two most downstream reservoirs, showed
evidence of a pattern of increasing liquid evaporation, while the other reservoirs appear
to be closer to a decreasing trend over time (Figure 3c). When only the last 10 years are
considered, only the Serra da Mesa reservoir presented a statistically significant decreasing
trend (Tables S5 and S6).

The mean annual precipitation appears to have a decreasing trend for all reservoirs,
except for Estreito (Figure 3d). No individual watershed precipitation time series presented
a statistically significant increasing or decreasing trend (Tables S2–S6). The decrease in the
surface water area is much steeper in the last 10 years than the decrease in the precipitation,
except for Tucuruí, indicating that factors other than precipitation might be affecting
the water content. In Tucuruí, the discharge and precipitation patterns are coincident,
indicating that precipitation is the most important controlling factor for the discharge.

The LULC parameters of the reservoir’s watersheds (Figure 4a–d) showed tendencies
similar to those observed for the entire Tocantins–Araguaia Basin (Figure 2): three land
use classes are systematically replacing natural areas. All reservoir watersheds presented
linear, monotonic, and statistically significant increasing trends in the sizes of urban areas
(Tables S2 and S3). The growth in urban areas ranged from 36% for Tucuruí to 2% for São
Salvador. Natural areas are decreasing in all reservoir watersheds, with losses varying
from −2% in Cana Brava to −31% in Tucuruí. A statistically significant increasing trend in
agriculture was also observed. The lowest increase was found in the Cana Brava watershed
(44%), and the highest was found in the Tucuruí watershed (2832%). A steep decrease in the
Tucuruí watershed’s agricultural area coincided with an intense drought in 2015. Changes
in the pasture area are more variable since pastures often replace natural areas but may be
replaced by agricultural areas at a later time.

3.2. Correlation Analysis

All correlation significance tables (Tables S7 and S8) are available in the Supple-
mentary Materials.

3.2.1. Tocantins–Araguaia Basin

For the first decade (2000–2010), only the LULC parameters and the number of reser-
voirs showed statistically significant correlations with the total area of the reservoirs
(Table S7). These parameters show the highest correlations with the surface area (Figure 5).
This was expected because the construction of a new reservoir makes a major contribution
to the sum of the total area of the reservoirs. Considering the period from 2000 to 2010,
the lowest correlation was found for precipitation, while the land-use-related classes were
correlated positively with the total surface water area. Surprisingly, the area occupied by
natural vegetation presented a high negative correlation. However, in the first decade, the
area occupied by natural vegetation is converted not only into urban and farming areas but
also into new artificial reservoirs, which explains this negative correlation. In the second
decade, there was an inversion of the correlation between the surface water area and LULC
parameters. In this period, the construction of dams decreased, causing the surface water
area in the watershed to decrease as the land use increased.

Figure 6a,b show that the PCA corroborates the results discussed above. The number
of reservoirs, the sum of the reservoir areas, and the LULC parameters were clustered
together in both periods. One major difference is that in the period from 2000 to 2010, these
parameters are close to each other, but they are not in the same quadrant as the total surface
area (Figure 5b). The LULC parameters and the number of reservoirs also represent the
highest contributions to the first two components (Figure 5a,b). Therefore, changes in the
LULC data and the increasing number of reservoirs appear to be more closely associated
with the total surface water area during the period from 2000 to 2010.
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The second decade provided a better understanding of the behavior of the total surface
water area without considering the effects of the addition of new reservoirs. In this period,
the only parameter with a statistically significant correlation was the pasture area (highly
negative correlation). Although the correlation with the precipitation increased in this
period, it was not statistically significant (Table S7). This positive correlation is a more
coherent result than the negative correlation observed in the other periods. As the pasture
area increased significantly, we were expecting a decrease in the surface water area for
the entire period. However, Figure 6c shows that not only the pasture area but also the
precipitation and discharge of the downstream reservoirs are located in the same quadrant
as the total surface water area. This indicates that the precipitation may have a greater
impact than the correlation analysis indicated. Even if the precipitation is associated with
the reservoir areas at the watershed scale, there is no sign of a significant decrease in the
mean precipitation in the second decade that would explain the changes in the trend of the
reservoir areas from one decade to the other.

3.2.2. Water Reservoir System

Changes in the LULC data are the most commonly correlated with the changes in
the reservoir area. For the following five reservoirs, at least three LULC parameters were
significantly correlated with the reservoir area (Table S8): Cana Brava, São Salvador, Peixe
Angical, Lajeado, and Estreito. The upstream and downstream reservoir areas were not
correlated with the LULC parameters, except for the reservoir located more internally in the
cascade system. Three run-of-the-river-type dams located in the Cerrado savannah region
(Cana Brava, São Salvador, and Lajeado) showed a significant correlation between the
discharge and both the surface water area and LULC parameters (Table S8). In addition, the
discharge of the Serra da Mesa reservoir was significantly correlated with the surface area.

The correlation analysis also showed that the surface water area of Tucuruí had no
statistically significant correlation with any of the tested parameters. Serra da Mesa was
the only reservoir that showed a statistically significant correlation between the liquid
evaporation and the reservoir area. No reservoir showed any statistically significant
correlation between the precipitation and the reservoir area.
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Figure 7 shows that the discharge and the urban and agriculture areas in the reservoirs’
individual watersheds were correlated with the surface water area. Tucuruí showed a
pattern that was the opposite of the patterns of the other reservoirs. The discharge has a
decreasing trend, and the agricultural and urban areas tend to decrease in all reservoirs;
only the Tucuruí reservoir has an increasing surface area.

Although the PCA (Figure 8) corroborates the finding that the parameters most often
associated with reservoir areas are the LULC parameters and the discharge, there is new
important information to be added. For all reservoirs, except for the Estreito reservoir
(Figure 8f), the liquid evaporation is one of the factors most closely associated with the
reservoir areas. In the Estreito reservoir, the most important parameter is the natural
vegetation, even though other LULC parameters and the precipitation also present relatively
high correlations. Associations with natural vegetation areas can also be seen in Cana
Brava, São Salvador, Peixe Angical, and Lajeado. In the case of the Tucuruí reservoir, even
though the liquid evaporation has a correlation lower than those of the other parameters
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and no statistically significant correlation, the main observed association of the reservoir
area is its association with the liquid evaporation.
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of the following reservoirs: (a) Serra da Mesa, (b) Cana Brava, (c) São Salvador, (d) Peixe Angical,
(e) Lajeado, (f) Estreito, and (g) Tucuruí. Highly correlated parameters were omitted. In this case,
only the parameter with the highest correlation with the reservoir area was represented. The time
period varies for each reservoir and corresponds to the beginning of the monitoring of each reservoir
to 2020.
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4. Discussion

Previous studies suggest the importance of considering climate change effects in the
planning of water resource utilization to ensure the efficient and secure management of
hydropower dams [10,56–58]. Climate change can affect the safety and performance of
hydropower dams in multiple ways [10,59]: for example, it can (1) reduce the precipitation,
consequently reducing the runoff; (2) increase the precipitation and possibly increase the
river flow, which may lead to unproductive spills; (3) increase the temperature and, as
a consequence, affect the soil moisture, which interferes with the runoff and storage of
hydropower reservoirs; (4) cause extreme droughts; and (5) cause flooding, which can bring
higher sediment loads than those forecasted. Although climate change effects are potentially
important to the changes in the surface water area observed in our study area, no increase
or decrease in the mean precipitation or any significant correlation with the reservoir area
was observed for the Tocantins–Araguaia Basin and its reservoirs’ individual watersheds.
There were, however, drought events, especially around the year 2016, that impacted some
reservoir volumes not only in the Tocantins–Araguaia Basin and its reservoirs’ watersheds
but also in reservoirs located in other regions of Brazil [53,54,60], and these events were
possibly related to climate change. Penereiro et al. [31] also did not observe changes in
precipitation patterns in the Tocantins–Araguaia Basin. Indeed, they observed significant
positive temperature trends, mainly at stations located along the Tocantins River.

It is not possible to state that the changes in the reservoir areas are linked to climate
change, especially if the temperature changes are confirmed and are partially responsible for
changes in the flow of the Tocantins River [30,31,61] and in the discharge of the reservoirs.
However, river flow changes are more associated with the construction of the dams and
LULC changes in the basin [30,61]. A significant decrease in the discharge of the reservoirs,
especially the Serra da Mesa reservoir, demonstrates the possibility that less water has
arrived in the reservoir system or that more water has been extracted for human use. This
is a relationship that should be studied and investigated in future hydrological studies.

Even though climate change may impact the decrease in the surface water area of
the Tocantins–Araguaia Basin, changes in the LULC and the discharge presented high
association with shrinking areas. The decrease in reservoir areas and discharges also
seems to have intensified over the last decade. The precipitation had an overall decreasing
trend in the Tocantins–Araguaia Basin, but so far, this trend is not statistically significant.
Nonetheless, these relations should be further explored in future works since changes in
the precipitation do not imply similar changes in other variables, as shown by Deusdará-
Leal et al. [62], who found that a 1% change in the rainfall resulted in changes in the
streamflow from 1.2% to 2.2% in an annual analysis and from 1.8% to 4.8% in an analysis
of 20-year moving averages in southeast Brazil. Cuartas et al. [63] observed significant
forest cover loss in basins located in the Central West Region of Brazil, including the
Tocantins–Araguaia Basin; forests were mostly replaced by agricultural areas. There was no
evidence of an increasing trend in the frequency of droughts in these basins according to the
standardized precipitation index. Decreasing trends in the standardized precipitation and
evapotranspiration index (increased frequency of water deficit conditions) were observed
in these basins. The study’s findings indicate a link between deforestation in some areas
and a trend toward an increasing water deficit due to increasing surface temperatures.

The Tocantins–Araguaia Basin showed an intense LULC change over the last two
decades: natural environments were progressively replaced by anthropic environments,
such as agricultural and pasture areas. The biomes that cover the Tocantins–Araguaia Basin
(Amazonia and Cerrado) have suffered widespread degradation [64–66]. Agricultural area
growth also augments the water demand due to the need to irrigate crops. Moreover,
Volken et al. [64] observed that the low flows are critical during the dry season in the
Urubu River Basin, which is part of the Tocantins–Araguaia Basin. Irrigation in this
period is mainly associated with seed crops (soybeans) sown at the beginning of May that
require large amounts of water. This high water demand is linked not only to the needs
of plants but also to the predominant irrigation system in the basin. Irrigation requires
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large volumes of water and has a low capacity for the optimization of water consumption.
Evaporation from irrigation also increases the water demand. Additional studies involving
evapotranspiration are needed to better understand the associations between the variables
included in this study. Although Deusdará-Leal et al. [62] found negative trends between
the streamflow and rainfall and an increasing trend in the potential evapotranspiration, this
may also be associated with LULC changes that lead to disturbances in the atmosphere–
surface–cover–groundwater cycle.

Since the presence of dams interferes with the river flow and since the discharge of
the reservoirs is strongly associated with the reservoir area, the management of reservoirs
and hydropower production is a key component of guaranteeing the sustainability of the
reservoirs and mitigating shrinking. The integrated management of all reservoirs and the
continuous monitoring of climate change effects to adjust the management plan to new
environmental conditions is indispensable to maintain water security and hydropower
production. Furthermore, the construction of dams and LULC changes not only impact
the river flows, as discussed above, but also change the riparian forests associated with the
floodplain of the Tocantins River [37,67]. The floodplains are undergoing drastic hydrologic
alteration because of multiple dams causing cumulative and nonlinear impacts, especially
for hydroperiod and flood timing [37,67].

The multiple dams are a factor that alters the LULC and the flow of the Tocantins
River and, consequently, the discharge of the reservoirs. The amount of discharge is also
dependent on resource management decision making. In fact, the operation conditions of
Serra da Mesa and other reservoirs have been revised multiple times in the last decade to
decrease the minimum discharge values due to drought events and/or critically low water
levels [38]. Guaranteeing the sustainability of the reservoirs is imperative to maintaining
the water supply in the context of growing demand in the watershed due to increasing
agricultural and domestic consumption. Smaller reservoir areas and lower water levels
can affect the country’s hydropower production negatively since these reservoirs are
responsible for more than 8% of Brazilian hydropower production.

To mitigate these outcomes and better control the flow between reservoirs, the inte-
grated management of all the cascade reservoirs is essential. It is also vital to reduce the
rate of the degradation of the natural environments of the watershed to avoid further loss
in the mean reservoir area in the future.

5. Conclusions

This study shows that the construction of new reservoirs led to an increase of 37.7%
in the total water surface area of the reservoirs located in the Tocantins–Araguaia Basin
during the period from 2000 to 2020. However, there is a significant decreasing trend in
the surface area for most of the studied reservoirs when they are considered individually,
except for the Tucuruí and Serra da Mesa reservoirs, which showed no significant surface
area trend for the entire 20-year period. Tucuruí is the only reservoir that does not seem
to have a decreasing area, especially after 2010. Serra da Mesa, on the other hand, from
2010 to 2020, presented a significantly decreasing trend in the surface water area. The
annual average discharge shows an apparent decrease for all the reservoirs, even though
this decrease is only statistically significant for the São Salvador, Peixe Angical, Lajeado,
and Tucuruí reservoirs. All reservoirs showed significant decreasing patterns between 2010
and 2020.

Even though the mean annual precipitation values appear to have an overall decreas-
ing trend, this trend was not statistically significant in the Tocantins–Araguaia Basin or in
the reservoirs’ watersheds for the complete time series or for each decade. The decrease
in the reservoir areas was steeper, especially over the last 10 years, than the decrease in
the precipitation, except for Tucuruí; this makes it impossible to relate changes in the
precipitation to changes in the reservoir surface area.

From 2000 to 2020, the LULC changed substantially, and the three anthropic land
use classes systematically replaced natural areas. The areas of native savannahs and
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forests decreased sharply in the Tocantins–Araguaia Basin and in all reservoirs’ individual
watersheds (up to 36% in the Tucuruí reservoir watershed). In contrast, agricultural,
pasture, and urban areas increased significantly (up to 2832% growth in the agricultural
area in the Tucuruí watershed). Agricultural areas increased mostly from 2010 to 2020,
accompanied by a large increase in crop irrigation.

In the Tocantins–Araguaia Watershed during the first decade (2000–2010), the con-
struction of new reservoirs was the major contributor to the sum of the total water surface
area. The number of reservoirs has, therefore, a high, positive correlation with the sum
of the areas of the reservoirs. From 2010 to 2020, the construction of dams decreased and
the reservoir areas in the watershed also started to decrease, even though the land use
increased. The PCA corroborates these results, but for the period from 2010 to 2020, it did
not show the influence of the pasture area, precipitation, and discharge on the increase in
the surface water area. This indicates that the precipitation possibly has a more significant
impact than the correlation analysis indicated.

Changes in the LULC and discharge are the most correlated with the changes in
separate reservoir areas. The upstream and downstream reservoir areas are more correlated
with the areas of reservoirs located more internally in the cascade system. Four out of seven
reservoirs had discharge parameters that were significantly correlated with the surface
water area. The surface water area of Tucuruí had no statistically significant correlation
with any of the parameters tested. No reservoir showed any significant correlation between
the precipitation and the reservoir area.

These results indicate that although climate change effects are potentially important to
the changes in the water reservoir areas, it is not possible to state that the changes in the
reservoir areas are linked to climate change. The precipitation shows an overall decreasing
trend in the Tocantins–Araguaia Basin, but this trend was not statistically significant. The
decrease in the reservoir areas was associated with the replacement of natural vegetation
by agriculture. The increase in irrigation possibly led to a reduction in reservoir discharges.
This evidence needs to be further analyzed in hydrological studies, especially through
hydrological modeling.

The significant decrease in the discharge of the Serra da Mesa reservoir, the first of the
cascade system, might also indicate that less water is coming from the upstream watershed
of the Tocantins River to feed the cascade system, which should be investigated in future
studies. The fact that the Tocantins River has a high number of dams is another factor that
affects the reservoir discharge since the amount of water discharged into the downstream
system is dependent on human management. The minimum values have been lowered
several times in recent years in response to drought events. This management should
be sustainable and guarantee the long-term water supply and hydropower energy in the
context of growing demand. This is only possible with the integrated management of
all reservoirs and a reduction in the rate of degradation of natural environments. In this
sense, this paper provides a simple methodology that can be used to help monitor the
continuity of the tendencies in the analyzed parameters and portray their associations with
reservoir changes, which are helpful for watershed management. The results will continue
to improve as more data are collected and the time series grow.
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