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A B S T R A C T 
Several studies have shown that changes in land cover within a 
given watershed significantly affect the hydrological cycle and its 
variables. In the Xingu basin, many areas had their vegetation replaced 
by agricultural crops and pastures, while deforestation has been 
particularly prevalent in the region known as the Arch of Deforestation. 
Using remote sensing techniques enable the estimation of biophysical 
variable ETr for extensive areas, as exemplified in the study basin. 
Evapotranspiration data used in this work were obtained by creating a 
product that returns the combined median of the MOD16A2, PML_V2, 
Terra Climate, GLEAM_v3.3a, FLUXCOM, SSEBop, FLDAS, and ERA5-
Land models, with subsequent application of the data provided by 
Collection 6 of the MapBiomas network, allowing the integration of land 
use and land cover information with real evapotranspiration estimates 
for the transition ranges: Forest to Pasture; Forest to Agricultural Land; 
Cerrado to Pasture; Cerrado to Agricultural Land. The interval defined 
for the study corresponds to the years 1985 to 2020, according to the 
historical series available on MapBiomas. After applying programming 
languages to filter the data, the results underwent statistical analysis 
to elucidate the effects of soil changes on evapotranspiration. Over the 
total data period (1985-2020), there was a decrease in forest areas 
(-16.23%), with conversion to pasture areas, in the order of +12.51%, 
and agricultural areas, reaching +5.5%. In the same timeframe, 
evapotranspiration in conversion bands underwent minimal changes, 
notably from 2009 to 2020, where a decreasing trend was reported of 
0.095 mm/month for the “forest to pasture” substitution, and 0.090 
mm/month in “Cerrado for pasture”. 

Keywords: MapBiomas; Cerrado; Amazon.

R E S U M O
Diversos estudos comprovaram que as mudanças na cobertura da terra de 
bacias hidrográficas afetam o ciclo hidrológico e suas variáveis. Na bacia 
do Xingu muitas áreas tiveram a substituição da vegetação por cultivos 
agrícolas e pastagens, enquanto outras foram desmatadas, principalmente 
na região do Arco do Desmatamento. Com as técnicas de sensoriamento 
remoto, é possível estimar a variável biofísica ETr para grandes áreas, 
que configura o caso da bacia de estudo. Os dados de evapotranspiração 
utilizados neste trabalho foram obtidos por meio da criação do produto 
que retorna a mediana conjugada dos modelos MOD16A2, PML_V2, 
Terra Climate, GLEAM_v3.3a, FLUXCOM, SSEBop, FLDAS e ERA5-Land, 
com posterior aplicação dos dados fornecidos pela Coleção 6 da rede 
MapBiomas, permitindo a união do uso e cobertura do solo com a 
estimativa da evapotranspiração real para as faixas de conversão: floresta 
para pasto; floresta para terra agrícola; cerrado para pasto; cerrado para 
terra agrícola. O intervalo definido para o estudo corresponde aos anos de 
1985 a 2020, conforme a série histórica disponível no MapBiomas. Após a 
aplicação de linguagens de programação para filtrar os dados provenientes, 
os resultados foram submetidos a testes estatísticos capazes de relacionar 
os efeitos causados pelas alterações do solo na evapotranspiração. 
No período total de dados (1985–2020), foram constatados decréscimos 
nas áreas de floresta (-16,23%), com conversão em áreas de pastagens na 
ordem de +12,51% e em áreas agrícolas chegando a +5,5%. No mesmo 
período, a evapotranspiração nas faixas de conversão sofreu alterações 
ínfimas, tendo destaque apenas no intervalo 2009–2020, quando foi 
reportada tendência de decréscimo de 0,095 mm/mês para a substituição 
“floresta para pasto” e a 0,090 mm/mês em “cerrado para pasto”.

Palavras-chave: MapBiomas; Cerrado; Amazônia.
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Introduction
To ensure the efficient management of water resources, it is essen-

tial to access reliable databases about the hydrological variables that 
characterize a given basin. For instance, understanding the actual 
evapotranspiration (ET) associated with each type of cover and land 
use, which helps in sustainable natural resource management (Sad-
dique et al., 2020; Cabral Júnior et al., 2022).

It is well-established that changes in land use and land cover have 
an impact on climate (Alves et  al., 2021; Rossatto et  al., 2022), bio-
logical diversity (Sala et  al., 2000; Galina et  al., 2022), as well as on 
hydrological and biogeochemical cycles (Marinho Junior et al., 2020). 
Numerous studies have shown that deforestation significantly reduc-
es precipitation and ET (Costa and Foley, 2000; Nóbrega, 2014; San-
tos et al., 2017; Saddique et al., 2020). Other works carried out in the 
Amazon Forest highlight the impact of vegetation cover changes on 
the water balance (Pongratz et al., 2006; Hayhoe et al., 2011; Griffiths 
et al., 2018; Cabral Júnior et al., 2022) and actual ET (Souza et al., 2019; 
Kohler et al., 2021; Paiva et al., 2023).

According to the Brasil Revealed Report produced by MapBiomas 
(2022), out of the 44.5 million hectares deforested on a large scale, 
primarily along the margins of the remaining Amazon Forest, about 
13.6% were converted to agricultural land and 86.3% into pastures. 
In  this context, it is clear that deforestation causes a decrease in ET 
rates, especially during the dry season (Caioni, 2021; Zhang et  al., 
2022; Paiva et al., 2023).

Vegetation plays a crucial role in calculating the energy balance 
and in the water flow, as it directly stores a portion of the precipitated 
volume through its foliage, allowing the transpiration of this water into 
the environment, contingent upon the potential evaporation capac-
ity (Hewlett and Hibbert, 1967; Pritchett, 1979). In this context, the 
presence of vegetation in the soil promotes water infiltration, varying 
according to land use and occupation characteristics. This underscores 
the fundamental relationship between soil-vegetation-atmosphere, 
which directly influences basin ET (Hewlett and Hibbert, 1967).

The Xingu Hydrographic Basin is characterized by the conver-
gence of the Cerrado and Amazon biomes, located in the southern 
and northern portions of the territory, respectively, with transitional 
formations in the central portions. Each of the forming ecosystems 
provides different climatic, ecological, vegetation and soil use particu-
larities. Due to such plurality, the Xingu basin became a focal point for 
the exploitation of land and natural resources, expanding agricultural 
frontiers, pastures, and cattle ranching to the detriment of native vege-
tation cover (Isa, 2012; Lucas et al., 2021).

Furthermore, the Xingu basin stands out as the most threatened 
area in the entire Brazilian portion of the Amazon, holding alarm-
ing deforestation records, mainly in Environmental Protection Areas 
(EPA) such as Triunfo do Xingu and the Cachoeira Seca indigenous 
lands, Ituna Itatá, and Apyterewa (Rede Xingu+, 2021). In short, 

changes in land use and management result not only from deforesta-
tion but also from selective raw materials extraction, burning practices, 
urbanization characteristics and, the replacement of vegetation by im-
permeable surfaces and/or cultivation of new crops, for example.

The analysis of land use and land cover, based on geoprocessing 
and remote sensing techniques, emerges as an essential tool for spa-
tial analysis, since it facilitates the swift evaluation of geographic sce-
narios and enables more assertive decision-making in the area (Pa-
ranhos Filho et al., 2014; Rothmund et al., 2019; Vendruscolo et al., 
2022). Both  actual ET and land use and cover data are pivotal for 
effective river basin management. Given the challenges in obtaining 
such data, remote sensing tools stand out from the rest, allowing the 
estimation of parameters regardless of the dimensions of the area of 
interest (Rodrigues et al., 2019). Through this technique, spatially dis-
tributed hydrological variables can be directly acquire (Warren, 2013; 
Oliveira et al., 2020).

Given this context, the noticeable scarcity of studies focused on 
the Xingu, particularly those analyzing the impact of land use and land 
cover on real ET, is evident. The need for updates and potentially effec-
tive studies in such an area, divided between the Amazon and the Cer-
rado, is also characterized as a significant factor. For this reason, the 
present work used the region comprised by the Xingu basin, which is 
large and formed by the union of these biomes, as a study area in order 
to investigate possible correlations between the types of land use and 
land cover and ET. This is achieved through the application of remote 
sensing techniques, aiming to scrutinize the spatial dynamics of real 
evapotranspiration (ETr).

Methodology

Studying area
The study area is located within the Xingu basin, comprising the 

division of the states of Mato Grosso and Pará, Brazil, and encompass-
ing the ecological conversion of the Cerrado and Amazon biomes, cov-
ering approximately 531,250 km2 (Figure 1). Due to its natural consti-
tution, the precipitation levels in the basin range from 1,500 to 2,500 
mm/year, directly influencing ET values. Such data are influenced by 
the climate variability of the region, positioned between the Equatorial 
climate to the north, and the Tropical, to the south (Lucas et al., 2009; 
Isa, 2016; Rizzo et al., 2020; Cunha et al., 2023).

Given the latitudinal extension of the Xingu basin, the clas-
sification of its soils is represented here according to the bi-
omes that form the area. In both the Amazon and Cerra-
do regions, the predominance of latosols is observed, with 
specific differences. While Amazonian oxisols boast considerable 
depth and good drainage, Cerrado oxisols have a higher percentage 
of organic matter and are visibly even more weathered. Parallel to 
soil classification, vegetation cover also exerts an influence on ET.  
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Following this line, the dominant Amazonian vegetation is the so-
called dense rainforest characteristic of humid regions with high ET 
rates, while in the Cerrado there is primacy of low-lying plants with 
adaptations in storing water for survival in times of drought (Isa, 
2012; Santana et al., 2019; Oliveira et al., 2020).

The use and occupation of land in the Xingu basin are predomi-
nantly shaped by the economic activities carried out in the region. 
The  main modified land cover activities include soy cultivation, 
livestock farming, and pastures, which are prevalent in the south-
ern portion of the basin, corresponding to the Mato Grosso region.  
Cocoa cultivation, the wood extractive industry, and other agricultural 
crops dominate the Amazon portion located in state of Pará (Salati et al., 
1983; Klink and Moreira, 2002; Isa, 2016). On macro scales, as observed 
in the Xingu basin, changes in land cover can influence regional climate, 
reducing the occurrence of precipitation and consequent decrease in ET 
(Davidson et al., 2012; Stickler et al., 2013; Silva and Rezende, 2021).

Estimation of real evapotranspiration through remote sensors
Data referring to actual ET were obtained from the combination of six 

products and two models of remote sensors merged together: MOD16A2 
(Running et al., 2017), PML_V2 (Zhang et al., 2019), Terra Climate (Abat-
zoglou et al., 2018), ERA5-Land (Muñoz-Sabater, 2019), GLEAM_v3.3ª 
(Martens et al., 2017), SSEBop (Senay et al., 2013), FLUXCOM (Jung et al., 
2019), and FLDAS (McNally et al., 2017). The Google Earth Engine (GEE) 
platform facilitated the comparison of ET predictions pixel by pixel, of 
all eight sets, excluding inconsistent estimates of individual ET products. 
Subsequently, the ET products were resampled to a 1km pixel size using 
the nearest neighbor method. Finally, the outliers were removed, and the 
new product was reduced by the Normalized Difference Vegetation In-
dex (NDVI), for a resolution of 1km. This grouping gave rise to a single 
product, spanning the period from 1985 to 2020, generating the Median.

At the same time, land use and land cover data were obtained 
through the MapBiomas platform (Collection 6), comprising Landsat 
Thematic Mapper (TM), Enhanced Thematic Mapper Plus (ETM+), and 
Operational Land Imager (OLI) sensors, on board Landsat 5, Landsat 
7, and Landsat 8, respectively. This platform has a direct interface with 
GEE, allowing the data acquisition methodology to be the same, only 
with adaptations in the base script, providing information about land 
cover and use for the same mentioned data range. It is important to high-
light that, in order to evaluate the direct influence between the variables, 
the MapBiomas data set was resampled to a spatial resolution of 1km.

Estimation of land cover and use through MapBiomas
Collection 6 of MapBiomas offers a total of 25 values with corre-

sponding colors and descriptions, categorized into four macro levels 
of available land cover types converted in this study: forest, agricul-
ture, non-vegetated area, and water (MapBiomas, 2022). In the present 
study, the coverage variations verified for the Xingu basin were reclas-
sified and grouped into four classes according to the level 1 classifica-
tion system compatible with the Food and Agriculture Organization 
of the United Nations (FAO) and the Brazilian Institute of Geography 
and Statistics (Instituto Brasileiro de Geografia e Estatística — IBGE):
• Forest Formation: evergreen forest, featuring enclaves of savannah, 

natural pastures, and extensive mangroves and surface waters, with 
nearly 20% of the forest area biome deforested;

• Pasture: dominated by annual herbaceous plants, natural or plant-
ed, related to agricultural activity;

• Agricultural Land: areas predominantly occupied by cultivated/
planted annual crops;

• Cerrado: Mosaic of Cerrado, field, and forest, 50% of the native 
vegetation cover has already been converted (Plano de Ação para 
Prevenção e Controle do Desmatamento no Bioma by Instituto 
Nacional de Pesquisas Espaciais – PPCerrado/Inpe).

For this reason, in order to statistically correlate the data generated 
from the “Median” product, only the annual ETr values were filtered, 
coming from the aggregation of the sets MOD16A2, PML_V2, Terra 
Climate, ERA5-Land, GLEAM_v3.3a, FLUXCOM, SSEBop, FLDAS, 
and ERA5-Land, in the masks of land cover conversion ranges, pro-
duced by MapBiomas: Forest to Pasture; Forest to Agricultural Land; 
Cerrado to Pasture; Cerrado to Agricultural Land.

Still, in order to correctly estimate ET behavior by climatological 
period in the Xingu basin, precipitation data were obtained for the 
same period (1985-2020) within the Xingu basin using the Climate 
Hazards Group InfraRed Precipitation with Station Data (CHIRPS) 
dataset, which incorporates infrared satellite imagery from the Nation-
al Oceanic and Atmospheric Administration’s (NOAA) Geostationary 
Operational Environmental Satellite (GOES) system, combined with 
on-site observation data from various sources, including national me-

Figure 1 – Geographic boundaries of the biomes belonging to the Xingu basin.
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teorological agencies and non-governmental organizations, in the pro-
duction of gridded rainfall time series (Funk et al., 2015).

The CHIRPS dataset, available on the GEE platform, is particu-
larly useful for regions with sparse ground station observations. It not 
only incorporates data from in loco stations into the images but is also 
systematically bias-corrected, resulting in more accurate precipitation 
estimates (Funk et al., 2015; Liu et al., 2019).

In the context of the data sets used in the present study, Table 1 
compiles the information on the characteristics of each product.

Application of statistical methods to measure correlation
The statistical methods used for data processing in the present 

study involved graphical analyzes of combined dispersion diagrams. 
For this purpose, the free version of the STASTICA® software was used. 
This procedure was chosen due to its capability to correlate continuous 
and qualitative numerical variables, aligning with the present case where 
ET was defined as the dependent variable, and land cover as the inde-
pendent one. It is noteworthy that the ET were previously submitted to 
the Shapiro-Wilk normality test (Shapiro and Wilk, 1965), guaranteeing 
results with a 90% confidence interval in the considered region.

Graphical analyses play a crucial role in understanding and en-
hancing the visualization of dataset characteristics. The combined scat-
ter diagrams allow the measurement of the behavior of a given variable. 
Representing the entire dataset, this approach facilitates decision-mak-
ing by providing a comprehensive overview of the iformation. Thus, it 
was possible to study the annual trend behavior of ET, obtained in four 
land cover conversion ranges, between 1985 and 2020:
• Forest to Agricultural Land.
• Forest to Pasture.
• Cerrado to Agricultural Land.
• Cerrado to Pasture.

In addition, the annual ET by range of land use conver-
sion underwent the non-parametric Mann-Kendall test (Mann, 
1945; Kendall, 1975), through the ProUCL software (EPA, 
2015). This software is widely regarded for its application in tem-
poral hydrological data series, in order to evaluate the trend 
of variation of real ET under transitions in vegetation cover.  

Positive test values result in increasing trends, while negative values 
correspond to decreasing trends, always related to the specific signifi-
cance level. In this work, a significance level of 95% was adopted.

Finally, the analysis corresponding to the annual growth rate was 
applied to the area values of each of the land use and land cover type, 
as well as to the corresponding ET data (in mm/month), with a view to 
characterize trends by comparing the years within the 1985-2020 peri-
od. Thus, the variable value in a year was divided by its base value for 
comparison (corresponding to the previous year), defining the percent-
age of data variation — increase, decrease, neutrality (Forman, 1999).

Results and Discussion
the land use and land cover dynamics within the Xingu basin, ob-

tained through the crop conversion intervals from MapBiomas Col-
lection 6, are visually depicted in the different portions of the basin  
(Figure 2). In order to complement the interpretation of land use and 
land cover variation in the Xingu basin, the contribution area of chang-
es over the period 1985-2020 for each type of land use and land cov-
er was also verified, as shown in Figure 3. The total area of the Xin-
gu basin at the extremes of the study period is provided in Table 2. 

Table 1 – Data set and its specifications for calculating evapotranspiration, 
precipitation, and land cover.

* Resampling of 30m of the original product to 1km.

Data Set Temporal 
Resolution

Spatial 
Resolution Data Period Source

Median Monthly 1km 1985-2020 Present Job

Map Biomas Yearly 1km* 1985-2020 MapBiomas 
(2022)

CHIRPS Monthly 5km 1981-present Funk et al. 
(2015)

 

 
 

Figure 2 – Annual spatial distribution of changes in land use and land cover 
for the Xingu basin in the period 1985–2020.
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To start the assessments, the maps shown in Figure 2 illustrate the be-
havior of land use and land cover in each sub-basin component. In the 
Upper Xingu portion, there is a notable concentration of forest-pasture 
conversion between 1985 and 1996, with a particular emphasis on sa-
vannah-pasture conversion in its southern portion. From 1997 to 2008, 
transitions from forest and Cerrado to agricultural areas have already 
been identified. ittle is observed of an increase in the transitions between 
2009-2020, but it is still possible to observe the continuation of the re-
moval of forest and Cerrado for pasture. Unlike other sub-basins, the Up-
per Xingu is characterized by intense soybean cultivation, cattle ranch-
ing, and logging, the main causes of soil transformations (Velásquez 
et al., 2010; Isa, 2012; Saddique et al., 2020). Converging due to its geo-
graphical proximity and plant characteristics to the Upper Xingu, the 
Nascentes do Xingu sub-basin exhibits a similar trend in soil transitions, 
particularly in the complete period of forest to pasture conversion.

The Middle Xingu, representing a substantial proportion of the 
Amazon Forrest and Cerrado biome conversion vegetation. Stands out 
as the second sub-basin with the greatest transformation in land use 
and land cover. Throughout the intervals from 1985 to 2020, there is 
a prevailing trend of forest removal for pasture areas, as well as in the 

Iriri and Baixo Xingu sub-basins. These regions are characterized by 
robust cattle ranching, followed by cocoa plantations. Only the portion 
of Baixo Xingu stands out for its intense wood extraction.

In central stretches of the basin, a convergence of some vegetation for-
mations native to the two biomes of the Xingu stands out. the presence of 
savannah, typically belonging to the Cerrado, is distributed in characteristic 
locations of the Amazon Forest. This occurrence results from the significant 
degree of kinship between some species of vegetation of the biomes, their 
genera and families, due to their location in a transitional zone of the forma-
tions (Kunz et al., 2009; Cruz et al., 2021). Studies suggest that tropical for-
ests and savannas may have similar ET values in these areas, since both are 
limited to the same climate and water availability (Rodrigues et al., 2014).

Table 2 provides the percentage of land use and land cover in the 
Xingu basin duringzthe extreme years of the period (1985-2020).  
Figure  3 shows the evolution of land use and land cover for the Forest, 
Pasture, Cerrado, and Agricultural Area. The forest class corresponds to 
the largest territorial coverage of the basin, however, there was a decline of 
16.23% over the analyzed period. Although there is conversion of Cerrado to 
pasture or agricultural areas, its decline is substantially smaller compared to 
forests (-1.86%), starting in 1991. On the other hand, pastures in Xingu in-
creased by approximately +12.51% since 1987, while the expansion of agri-
cultural areas became more significant from 2003 onward, reaching +5.5%.

Over the 30-year period (1985-2020), this study indicates that chang-
es in land use and land cover in the Xingu basin are closely tied to the eco-
nomic characteristics of the region. The suppression of forest areas may 
be related to the expansion of pasture areas for cattle ranching and agri-
cultural crop cultivation, such as soybeans (Isa, 2012; Santos et al., 2019).

The conversion of the Amazon and Cerrado biomes into pasture or ag-
ricultural areas has implications for soil water infiltration rates, actual ET, 
and favors surface runoff, generating erosion processes and silting of the 
watercourse gutters. In the Amazon region, deforestation and replacement 
of vegetation cover by new land uses have a strong influence on the climat-
ic variables of the hydrological cycle (Fu et al., 2013; Oliveira et al., 2020). 
Specifically, between 2000-2010, the conversion of vegetation into pasture 
areas and agricultural land resulted in a shift from latent heat fractionation 
to sensible heat fluxes and a decrease in net surface radiation, contributing 
to an increase in ET (Blunden et al., 2013; Cabral Júnior et al., 2022).

The use of ET data is valid to identify the behavior of vegetation cover, 
since ET in the dry season is characterized as a reliable indicator of defor-
ested areas (Fohrer et al., 2001; Yang et al., 2012; Silva et al., 2022). At the 
same time, it should be considered that, although there are several remote 
sensor products capable of estimating ET, their spatial resolution, generally 
moderate to low, as in the case of the present work (1 km), promotes a cer-
tain limitation in the comparison between the factors, since it directly af-
fects surface detailing, mainly in conversion areas (Trambauer et al., 2014).

Figure 4 shows the long-term monthly ET behaviors for each land 
use and land cover transition, in the total period 1985-2020 in the Xin-
gu basin, using the Mann-Kendall trend test.

Table 2 – Percentages of land use and cover compared to the Xingu basin 
area in the period 1985–2020.

Land Use and 
Coverage 
Classes

1985 2020

Area (km²) Percent
(%) Area (km²) Percent

(%)

Forest 45,394 86.47 373,131 70.24

Cerrado 33,848 6.37 23,931 4.51

Pasture 14,590 2.75 81,092 15.26

Agricultural 
Area 3,589 0.68 32,846 6.18

Figure 3 – Variation in land use and land cover in the Xingu basin in the 
period 1985–2020.
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Figure 4 – Trend behavior of real evapotranspiration by conversion of land use in the period 1985–2020
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According to the graphics in Figure 4, the average monthly vari-
ation in ET in each worked period can be derived from the slope 
of the trend line, based on soil conversion. Notably, the greatest 
variation corresponded to the change “forest to pasture”, showing 
a decreasing trend of 0.095 mm/month between 2009-2020, with a 
significance level of 95%. Then, the conversion “savannah to pasture” 
shows the second largest decreasing trend in ET (0.090 mm/month 
between 2009-2020).

In general, the angular coefficients of the equations of the straight 
lines for each graphic indicate that the transitions of land use cause 
a trend of monthly decrease in ET across all time intervals, corrobo-
rating the statement by Pritchett (1979) that by removing vegetation 
cover, the average ET tends to be reduced. It is worth noting that ET 
depends on the crop cycle and variation, due to the significant vari-
ations in growth and time that each planting has, from the moment 
the soil is uncovered until full development (Oliveira et  al., 2020; 
D’Acunha et al., 2024).

The conversion ET graphics of “forest to pasture” (1985-1996; 
1997-2008), “forest to agricultural area” (1985-1996), “savannah to 
pasture” (1985-1996; 2009-2020), and “savannah to agricultural area” 
(1985-1996; 2009-2020) have p-values greater than 0.05, render-

ing the ET trend statistically non-significant (Mann, 1945; Kendall, 
1975). However, it is worth mentioning that in the periods covered 
in this study, the greatest variations are recorded in the conversion 
of forest to pasture and/or agricultural area, corroborating the other 
statistics presented, given the occupation of the area represented by 
this typology.

The conversion of native vegetation into pastures or agricultural 
lands directly influences river seasonality, potentially modifying the 
hydroclimatology of the Xingu river basin. Several studies indicate 
that the replacement of native vegetation by other land covers increas-
es water production in the basins, positively impacting the hydrologi-
cal cycle (Dias et al., 2015; Panday et al., 2015; Ivo et al., 2020; Cabral 
Júnior et al., 2022).

In the case of the Xingu basin, which has the presence of two bi-
omes with very different characteristics in the northern and southern 
portions of its latitudinal extensions, respectively the Amazon and 
Cerrado, the distribution of precipitation throughout the year will es-
tablish the availability of water for ET. According to the study by Mahrt 
et  al. (2001), ET is also directly proportional to the balance of solar 
radiation, influenced by light energy that controls stomatal closing and 
opening in leaf vegetation.

Figure 4 (continue) – Trend behavior of real evapotranspiration by conversion of land use in the period 1985–2020.
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In general, the trends shown in Figure 4 express what was dis-
cussed in the study by Calder (1988): the highest ET values coincide 
with larger soil covers, since they have a more developed root system, 
and allow an increase in water vapor transfer due to the rough surface 
of their canopies (during the rainy season).

However, although forests typically present, due to their native 
characteristics, higher average ET rates, carried out in the Cerrado, 
during the longest period of the rainy season, described in the months 
of December to May in the biome, soybean cultivation areas — signifi-
cant in the Xingu basin — can return higher ET values than native veg-
etation due to the type of crop maintenance and the distinct seasonal 
characteristics of the biome, resulting in higher ET rates for agricultur-
al lands compared to forests (Spera et al., 2016; Ivo et al., 2020).

As addressed by Giambelluca et  al. (2003), the spatial behavior 
and intensity of ET in forest fragments within large basins influence 
deforestation conditions in surrounding areas, unlike small basins, 
that lack a variety of types of land use associated with intense tem-
poral changes.

With a view to evaluating the behavior of ET from the hydrocli-
matological stations marked in the basin as a function of the average, 
precipitation data were obtained, through the CHIRPS satellite, for the 
Xingu basin in the same period of study: 1985-2020 (Figure 5).

Initially, the graphic in Figure 5 corroborates previous discus-
sions, indicating that in the predominantly forested Xingu basin, ET 
is proportional to the rainfall index. In the Cerrado region of Mato 
Grosso, precipitation is concentrated during the hot and humid sea-
son: the summer. In this sense, this region tends to lower ET rates, 
due to the lower potential ET and the effects of deforestation. On the 
other hand, the portion of the Amazon Forest in the Xingu, located 
in the state of Pará, experiences well-distributed rainfall through-
out the year, with even more expressive rates in the summer, mak-
ing it more susceptible to significant impacts on ET following vege-
tation cover removal, especially when potential ET is high due to 
greater availability of water in the soil (Hewlett and Hibbert, 1967).  

Although there are well-defined plots in both biomes, the conversion 
vegetation range occupies a large part of the basin, a factor that consid-
erably influences the average ET values in the region (Kunz et al., 2009; 
Cruz et al., 2021).

The noticeable decrease in ET in 2005, followed by 2010, 2015, and 
2016, mirrors the findings in Figure 4. In 2005, the Brazilian Ama-
zon suffered from very low precipitation levels attributed to El Niño 
and positive dipole phenomena in the tropical North Atlantic, affect-
ing cloud formation and consequent rainfall, intensified by persistent 
fires in the region (Marengo et al., 2008; Tomasella and Marengo, 2011; 
Papastefanou et al., 2020). On the other hand, in 2010, Marengo et al. 
(2011) state that there was a marked intensification of the drought, due 
to the beginning of the austral summer during the El Niño, added to 
the warming in the tropical North Atlantic, corroborated by Brown 
et  al. (2011), Saatchi et  al. (2013), Serrão et  al. (2017), and Jimenez 
et al. (2018). However, ET variations in the typology of “forests” did not 
decrease notably in 2010, likely due to the storage of water in the soil, 
from previous rainy seasons, which even in times of drought are capa-
ble of maintaining high ET rates throughout the interval (Zelazowski 
et al., 2011; Cabral Júnior et al., 2022).

The spike in deforestation between 2005 and 2010, combined with 
the severe drought in the Amazon in the same year, exacerbated chang-
es in the water balance (Panday et al., 2015; Caioni, 2021). In the period 
2009-2010, precipitation rates in the entire Xingu basin had an increase 
greater than the climatological normals in the region due to the oc-
currence of floods caused by the cooling of the North Atlantic Surface 
Temperature (Caioni, 2021), resulting in higher conversion ET rates as 
shown in Figure 4.

The drought in the Xingu basin between 2015 and 2016, caused by 
a moderate to strong El Niño and the Intertropical Atlantic Dipole, led 
to significant decreases in precipitation and flow in the region, disrupt-
ing the ET balance, given basin’s susceptibility to Atlantic and Pacific 
Ocean phenomena (CPRM, 2018; Jimenez et al., 2018).

The previous analysis has an intrinsic relationship with the Arch 
of Deforestation, a region that extends from the west of Maranhão 
and south of Pará toward the west, passing through Mato Grosso, 
Rondônia, and Acre, contemplating the center-south of the Xingu ba-
sin. Corroborating the assertion, the Xingu comprises one of the most 
impacted basins in the Brazilian Amazon over the past 50 years, orig-
inating primarily from deforestation for agricultural expansion and 
construction of large works (Isa, 2016).

Following the context, Figure 6 presents the graphs for the periods 
from December to May (rainy season); from June to September (dry 
season); and the conversion season between October and November 
(transition season) (Lucas et al., 2009, 2021).

The analysis presented in Figure 6 provides valuable in-
sights into the relationship, in the dry period, between the con-
version of ‘forest to pasture’ and above-average ET patterns.  

Figure 5 – Monthly long-term average of precipitation in the Xingu basin 
for the period 1985–2020.
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Still, the data for the dry period differed little from the ET estimates for 
the rainy period, indicating that even in opposite climatological sea-
sons, the conversion of forests into pastures still produces high ET indi-
ces due to the root characteristics of native vegetation, capable of storing 
water for long periods of time (Maeda et al., 2017), and stomatal control 
of the seasonal cycle of ET (Costa et al., 2010; O’Connor et al., 2019).

the strong seasonal cycle in the Xingu basin, closely linked to pre-
cipitation patterns, is evident in the transitional season. During this 
period, corresponding to the transition phase from the dry to the rainy 
season, ET reaches its maximum peak between October and Novem-
ber. This fact can be corroborated, as there is a considerable increase 
in ET in the second half of the dry season and at the beginning of the 
rainy season, as also observed in the work by Sun et al. (2019).

Across all three periods, the conversions of “forest to agricultural 
area” and “savannah to agricultural area” presented variation curves 
with very similar behavior, considering that these alterations in the 
vegetation cover alter the dynamics of the soil, but the hydrological 
demand of the planted crops, especially soybeans in the Xingu basin, 
promotes small extreme ET fluctuations, driven by the restriction of 
water in the soil (Alves, 2021; Lucas et al., 2021).

Figure 6 – Behavior of real evapotranspiration by conversion of land use and land cover as a function of hydroclimatological stations in the period 1985–2020.

Conclusions
For the 4 land cover classes analyzed through the MapBiomas 

collection 6, it was possible to associate them with ET in the period 
1985-2020, estimated by the product created in this work: “Median”. 
The largest coverage area in the entire period corresponds to the forest, 
being also the only one that had a sharp decline in area (about 16.23% 
of decrease). On the other hand, a high increase in the appearance of 
pastures was registered in the Xingu, from 1987 onward, in the order of 
+12.51%, while the growth of agricultural areas increased from 2003, 
reaching +5.5%. The Alto Xingu sub-basin was the only one to show 
significant growth in the “savannah-pasture”, “savannah-agricultural 
area”, and “forest-agricultural area” transitions, while the others con-
centrate transformations of forests into pastures.

The greatest variations found in ET corresponded to the chang-
es “forest to pasture”, which is characterized by a decreasing trend of 
0.095 mm/month, and “savannah to pasture” with the second highest 
tendency to decrease in ET equal to 0.090 mm/month, both between 
2009-2020. The maximum ET peak occurs during the converting sea-
son, preceded by an increase in the second half of the dry season, fol-
lowing the beginning of the rainy season.
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