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Abstract

Water consumption by evapotranspiration (ET) of eucalyptus plantations is a
concern widely addressed worldwide. However, in the semiarid region of Brazil, a
region characterized by recurring water deficit, there is a gap in the knowledge on
the effects of eucalyptus plantations on ET dynamics. Therefore, this study aimed
to compare the ET rates of eucalyptus to native forests, savannas (Cerrado), dry
woodlands (caatingas), pastures, and croplands in the Brazilian semiarid region
(BSR). The methodological structure followed the use of remote sensing techniques
and statistical tests. From the Google Earth Engine (GEE) platform, monthly and
annual ET images for 2022 were obtained from the MOD16A2 product. The results
of this study indicated that eucalyptus had significantly higher ET rates (Kruskal-
Wallis test followed by the Dunn test; p-value <0.05) compared to most classes.
Exceptionally, native forests (Atlantic Forest) exhibited statistically similar (p-
value >0.05) water consumption to eucalyptus. Worryingly, eucalyptus, as well as
crops, maintained high ET rates during the dry season in the study region. These
findings may inform water planning strategies in the Brazilian semiarid region,
especially by indicating environmentally sensitive areas for high-impact
eucalyptus plantations, where such activity should be restricted. Thus, this study
provides substantial information for more sustainable agro-environmental
development in semiarid zones.
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INTRODUCTION

Evapotranspiration (ET) refers to the transfer of
water from the soil to the atmosphere, a crucial
component of the hydrological cycle. ET is highly
dependent on climatic elements (e.g., air
humidity, temperature, solar radiation, and soil
water availability), and surface characteristics
associated with vegetation phenology and land
use and land cover (LULC) (Allen et al., 2011;
Zhang et al., 2016). These factors give rise to
different ET patterns around the world.
However, this is most evident in semiarid zones,
as they are lands with high temperatures and
low water availability, which substantially
reduce ET rates (Yang et al., 2019). In addition
to preexisting climatic conditions,
anthropogenic effects are prominent in the
behavior of ET rates in semiarid zones through
LULC dynamics (Li et al., 2022).

In the Brazilian Semiarid Region (BSR), for
example, previous studies have suggested
substantial changes in the natural dynamics of
ET due to the intensification of human activities
in this zone (Santos et al., 2024). The rapid
growth of irrigated agriculture has been one of
the most impacting processes in the BSR,
mainly due to the excessive use of water during
the dry season (Andrade et al., 2021). The
replacement of native vegetation with pastures
abruptly reduces ET, undermining natural
cooling mechanisms and altering the
hydrological regime, thereby intensifying
surface and atmospheric warming (Jardim et al.,
2022).

The behavior of evapotranspiration (ET) in
Brazil’s semi-arid regions is well documented in
various studies. However, ET rates for some
land use and land cover (LULC) classes are yet
to be fully clarified. Notably, eucalyptus
plantations are intensely debated. While some
studies report higher ET for eucalyptus
compared to other LULC classes (Ferraz et al.,
2019; Mattos et al., 2019; Adorno et al., 2021),
others find no significant difference (Lima, 1990;
Almeida; Soares, 2003; Cristiano et al., 2015;
Silva et al., 2015). Furthermore, most studies
focus on areas with higher precipitation levels
than the BSR, making the potential impact of
eucalyptus plantations on ET in more water-
stressed areas even more significant (Barbosa,
2024). This needs further exploration, especially
considering the rapid expansion of eucalyptus in
the region (1,417.85 km? year-') (Souza et al.,
2020).

Considering the challenges of limited
coverage of meteorological stations in the study
area (21 automatic and 6 conventional) (INMET,

2025), remote sensing emerges as a highly
effective approach for ET studies. In recent
decades, platforms such as Google Earth Engine
have enabled rapid processing of extensive
datasets, allowing researchers to capture the
spatial and temporal variability of ET with
unprecedented detail (Bhattarai; Wagle, 2021).
This technological advancement, exemplified by
the widespread use of the MOD16A2 product
from MODIS, facilitates a robust analysis of
phenological variations across different LULC
classes (Li et al., 2017). Its wide spatial range
and high temporal resolution provide in-depth
insights into LULC phenological variations (Li
et al., 2017). Validated against meteorological
stations, it demonstrates 86% accuracy on a
global scale (Ruhoff et al., 2013).

This study investigates the spatial and
temporal dynamics of evapotranspiration (ET)
across key land use and land cover (LULC)
classes in the Brazilian Semiarid Region (BSR),
with a focus on the water consumption patterns
of eucalyptus plantations. By elucidating the
interplay between land cover changes and ET
variability in a data-sparse, water-stressed
environment, our findings aim to inform
sustainable water management strategies and
land use planning in semi-arid ecosystems.

MATERIALS AND METHODS

Study Area

The study region comprises the northern portion
of the state of Minas Gerais and the south-
central part of Bahia (latitude: 12° to 18°S and
longitude: 39° to 48°W) (Figure 1a), which
concentrates most of the eucalyptus plantations
in the BSR (approximately 3.984,11 km? in
2022). This area corresponds to 1.62% of the
BSR, with 200 municipalities and a population
of 3,853,433 million inhabitants (IBGE, 2010).
The region has multiple LULCs, such as dense
forests (12.99%), savannas (14.43%, Cerrado
biome), caatingas (22.79%), pastures (37.80%),
croplands (6.62%), and eucalyptus plantations
(1.62%).

According to the Koppen classification, there
are five climate types in the region: the
predominant type is As (tropical hot and humid)
(Figure 1b); Bsh (hot semiarid) in the central-
northern part; Cwa (dry-winter humid
subtropical climate) and Cwb (dry-winter
subtropical  highland climate) in  the
southeastern part; and Aw (tropical with dry
winters) in the extreme west and east. These
climatic types are characterized by a
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pronounced irregularity in the distribution of
precipitation and a marked seasonality
(Barbosa, 2024). Annual precipitation has a
range of 1410 mm year-!, with the highest
values (1000 mm year-!' to 1700 mm year-?)
distributed in the southwest portion and the
lowest ranges (290 mm year-* to 700 mm year-!)

concentrated in the extreme north and
northeast of the region (Figure 1c). The wet
season occurs between December and April,
while the dry season extends from dJuly to
October (Marengo et al., 2017).

Figure 1 — Location map of the study area: (a) Brazilian semiarid region (light gray) and the area
considered in the present study (dark gray); (b) different climate types according to Képpen’s
classification; (¢) distribution of annual precipitation (1970 — 2000); (d) altimetric variations; (e)
LULC samples used, as well as the Brazilian biomes of the region according to the Instituto
Brasileiro de Geografia e Estatzstzca ( IBGE Brazﬂlan Instltute for Geography and Statistics)
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The elevation in the region ranges from 48 to
2,030 meters, with an average of 330 meters
(Figure 1d). The landscape is characterized by a
predominance of flattened and depressed
surfaces, interspersed with elevated plateaus
and expansive plains (Moro et al., 2024). This
diverse topography fosters the coexistence of
three distinct biomes: Caatinga, Cerrado, and
Atlantic Forest (Ab’Saber, 2003; Figure 1e).

In the Caatinga (thorny and deciduous
woodlands) and Cerrado (a savannic ecosystem
with a grass layer) biomes, the vegetation is
strongly influenced by the marked seasonality
(Pennington et al., 2018). Both biomes present
multiple phytophysiognomies with varying
levels of tree height, density, biomass and
canopy connectivity, from open grasslands in the
savannic formations of the Cerrado to tall

deciduous  forests  (“arboreal  caatinga”)
(Pennington et al., 2018). These areas also
possess pasture systems with exotic, African
grasses (e.g., Brachiaria) and large projects of
irrigated agriculture (such as the Jaiba project)
which are an important component of the
regional economy.

In the eastern portion, where Cerrado and
Atlantic Forest coexist on the plateaus, humid
forests dominate, with occasional occurrence of
savannic formations of the Cerrado (Figure 1le).
This area is also marked by the presence of
eucalyptus plantations, predominantly the
Eucalyptus grandis species. Eucalyptus
cultivation expanded considerably and received
government incentives to meet the demand for
wood for the steel, paper and pulp industries
(Leite et al., 2012).
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Land use and land cover samples

Samples were acquired for the six most
representative LULC classes in the study region
for the year 2022: cropland (n = 140), Caatinga
(n = 345), eucalyptus (n = 115), forests (n = 164),
pastures (n = 739) and Cerrado (hereafter
referred to as “savanna”) (n = 167) (Figure le).
The sample database was obtained through the
Mapbiomas project (Souza et al., 2020;
MapBiomas, 2023). It is worth noting that the
difference between the number of samples (n) 1s
associated with the dimensional disproportion of
the area of each LULC classes.

These samples were produced and validated
by Mapbiomas analysts and experts through
inspection of images from the Landsat satellite
series on the Visual Inspection Tool (TVI)
platform. To increase the accuracy of the
samples, a visual inspection was performed
using high-resolution images obtained through
the HCMGIS plugin in QGIS software (QGIS,
2024). This procedure identified and resized
samples located at the edges of the LULC
classes.

Satellite-derived data

ET estimates were obtained using the
MOD16A2 version 061 product from the MODIS
sensor and Terra satellite (Running et al., 2017).
This product is provided by NASA with a spatial
resolution of 500 meters and a revisit time of
every 8 days, which can reach 5-6 days
depending on the year. The MOD16A2 product
provides five layers in GeoTIFF format: two
layers of latent heat flux (average and total),
which represents the energy used to convert
water from the liquid state to vapor; the total
potential evapotranspiration, that is, the water
transferred to the atmosphere considering only
the optimal climatic conditions; the
evapotranspiration quality control image; and
the total evapotranspiration (ET), which
includes the water transferred to the
atmosphere considering the climatic conditions
and phenological attributes of the LULC classes
(Running et al., 2017).

The formulation of ET estimated from
MOD16A2 is based on the logic of the Penman-
Monteith equation, combining biophysical
attributes such as albedo, leaf area index,
enhanced vegetation index, and daily
meteorological data from NASA Global
Modeling and Assimilation Office (GMAO)
(Running et al., 2017). This product was chosen
due to its efficiency, which has been widely
tested in different parts of the globe, as well as
its technical quality, ensured by cloud removal

and atmospheric correction procedures (Ruhoff
et al., 2013; Running et al., 2017).

The images were obtained on a daily scale for
the 12 months of the year 2022. All available
images for each month were selected.
Subsequently, the median images were
generated, and the monthly values were
obtained by multiplying them by the number of
days in the respective month. Finally, an annual
mean ET image was obtained for the whole
study region. Afterwards, ET values for each
LULC class were obtained from the sample
points provided by the Mapbiomas (Figure le)
and used for statistical analyses. All processing
was performed on the GEE platform.

Statistical analysis

ET rates were compared among the six different
LULC classes using a Kruskal-Wallis (KW) test
(Kruskal; Wallis, 1952), followed by the Dunn
test adjusted by the Bonferroni method (Dunn,
1964). In this procedure, the Z score and the
probability of significance with a p-value of 0.05
were considered. The Z score comprises the
number of standard deviations concerning the
mean of the comparisons of ET rates by LULC
(Dunn, 1964). This indicates how far the
difference between the ET rates of the LULC
classes is from the mean values of the dataset.
These two measures complement each other: the
greater the number of standard deviations, the
greater the probability of ET differences being
significant (p-value < 0.05). All procedures were
performed in R software with the Simple
Fisheries Stock Assessment Methods (FSA)
package (Ogle et al., 2023).

RESULTS

Seasonal patterns of ET

The monthly variations of ET for the year 2022
followed the typical dynamics of the climatic
seasonality of the Brazilian semiarid zone,
regardless of the LULC class (Figure 2). The
highest average ET values (ranging from 89.63
mm month-! to 127.96 mm month-!) occurred in
the rainy season. In contrast, the lowest average
ET rates (ranging from 37.01 mm month-! to
42.31 mm month-') were observed during the
dry season. Notably, this shows the influence of
water availability on the behavior of ET rates
throughout the year.

ET rates also varied along the study region,
although most of the region experienced low ET
values, especially during the dry season (Figure
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2). However, even with a substantial decline in
ET during the dry season, the eastern portion of
the region maintained relatively high values

(100 mm month-! to 150 mm month-*). This zone
coincides with the distribution of natural forests
(Atlantic rainforest) and eucalyptus plantations.

Figure 2 - Spatial and temporal distribution of evapotranspiration (ET) for the study area. ET
distributed over the 12 months of 2022
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2000.

Eucalyptus plantations and forests exhibited
the highest monthly evapotranspiration (ET)
rates among the land use and land cover (LULC)
classes, ranging from 81.33 mm month™ to
141.59 mm month™ and 75.21 mm month™ to
135.86 mm month™, respectively (Figure 3).
This pattern persisted throughout most of the
year, becoming particularly pronounced during
the dry season compared to other land use types.

ET rates in croplands were slightly higher
than those observed in Caatinga, savannas, and
pastures during the dry season, likely due to the
influence of irrigated agriculture, which

sustains higher water fluxes in the BSR even
during periods of low rainfall.

Caatinga, savannas, and pastures exhibited
the  highest seasonal  variability in
evapotranspiration (ET) throughout the year,
particularly between the driest month
(September) and the wettest month (January).
Among these, the Caatinga showed the greatest
ET amplitude (109.60 mm month™), followed by
savannas (100.15 mm month™) and pastures
(89.99 mm month™), reflecting their sensitivity
to seasonal fluctuations in water availability.
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Figure 3 - Monthly variation of evapotranspiration for each land use and land cover classes in
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Spatial patterns of mean annual ET

The distribution of the mean annual ET in the
study region presented high spatial variation
(Figure 4). The minimum ET values varied
between 28 mm year-! and 57 mm year-! and
occurred in 14.50% of the region, predominantly
in the central-northern portion of the Caatinga

biome, and in the west and southwest, where
pastures and savannas are mostly found. On the
other hand, the maximum values (96 mm year-!
to 170 mm year-!) were predominant in the
eastern portion of the study region (~13%),
coinciding with the occurrence of forests and
eucalyptus plantations.

Figure 4 - Spatial distribution of mean annual ET for the study region in 2022
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The ET rates of eucalyptus plantations
showed significant differences (p-value < 0.05)
concerning most land use and occupation classes
(Figure 5 and Table 1). However, the water

consumption of eucalyptus did not show
significant differences (p-value > 0.05) in
comparison to native forests of the Atlantic
Forest.

Figure 5 - Boxplots of mean annual evapotranspiration by land use and land cover classes in 2022
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Table 1 - Results of the Kruskal: Wallis test followed by the Dunn test comparing mean annual
evapotranspiration among pairs of land use and land cover classes. The Z-score and p-value in bold
correspond to the ET rates of land uses and land covers (LULC) with significant differences. A Z-
score further from zero suggests a probability that the differences between the ET means are
significant (p-value < 0.05)

Comparison between LULC Score Z P-value adjusted
Cropland - Caatinga -3.05 > 0.05
Cropland - Eucalyptus -11.35 <0.05
Caatinga - Eucalyptus -10.44 <0.05
Cropland - Forests -14.03 <0.05
Caatinga - Forests -13.84 <0.05
Eucalyptus - Forests -1.41 >0.05
Cropland - Pasture -1.79 >0.05
Caatinga - Pasture 2.18 >0.05
Eucalyptus - Pasture 12.58 <0.05
Forests - Pasture 16.85 <0.05
Cropland - Savanna -3.53 >0.05
Caatinga - Savanna -1.04 >0.05
Eucalyptus - Savanna 8.50 <0.05
Forests - Savanna 11.05 <0.05
Pasture - Savanna -2.81 >0.05

Source: The authors (2025).

DISCUSSION

Eucalyptus plantations showed higher water
consumption through ET than other LULC

classes in the BSR, a result that is consistent
with findings in other parts of the world (Chanie
et al., 2013; Mattos et al., 2019; Enku et al.,
2020; Adorno et al., 2021; Peixoto Neto et al.,
2022; Schume et al., 2022). These high ET rates
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for eucalyptus plantations are usually related to
the physiological characteristics of this species,
such as the rapid growth rates, the high density
of trees in plantations, and the deep root system
of individuals of this genus (Liu et al., 2017).
Mostly important, the eucalyptus plantations
maintain high ET rates even during the dry
season, and this is possibly associated with its
ability to extract water from deeper layers of the
soil.

The high ET rates in croplands suggest the
influence of irrigated agriculture, a practice that
has been expanding in the BSR in recent
decades (Franca Rocha et al., 2024). During the
dry season, irrigation sustains elevated
evapotranspiration levels, reflecting the
continuous water supply to crops. Studies
suggest that these conditions can induce an
amplification in the decline of groundwater
flows from river basins (Shi et al., 2012; Mattos
et al., 2019).

No significant differences in ET rates were
observed between eucalyptus plantations and
natural forests. Previous studies have also
shown that the water consumption of eucalyptus
and native forests in the Atlantic Forest does not
differ significantly (Almeida; Soares, 2003;
Cristiano et al., 2015). This is certainly related
to the availability of water in the soil of the
Atlantic Forest. This biome, characterized by
humid climates (Cwa and Cwb) with relatively
lower temperatures (Alvares et al., 2013),
supports higher soil moisture retention
(Teixeira et al., 2023), which in turn sustains
consistently high ET rates in the dry rainy
seasons (Saiter et al., 2016).

Although ET rates in eucalyptus plantations
and native forests are statistically similar, there
are ecosystem differences between these two
classes that should be considered. For example,
forests provide critical hydrological services,
such as regulating water flow within river
basins, and serve as climatic refuges that
support high levels of species endemism and
vegetation diversity (Sales; Pires, 2023). These
ecological functions, which are fundamental for
maintaining regional biodiversity and water
balance, are not performed by eucalyptus
plantations.

Seasonal vegetation, such as Caatinga and
Cerrado, exhibited significantly lower ET rates
compared to eucalyptus plantations. This
suggests that, in terms of potential reductions in
water availability due to evapotranspiration,
eucalyptus cultivation in these biomes poses a
far greater hydrological impact than in native
forests. The contrast in ET rates becomes even
more pronounced during the dry season, as
these ecosystems undergo significant leaf

shedding in response to water scarcity
(Medeiros et al., 2022). This adaptive strategy
serves as a crucial mechanism to minimize
water loss (Fu et al., 2024), effectively reducing
ET during periods of drought (Silva et al., 2020).

Given the role of seasonal vegetation in
maintaining regional water balance,
strengthening public policies aimed at its
conservation is essential. This includes
expanding protected areas and ensuring the
effective enforcement of existing environmental
legislation, such as the Atlantic Forest Law No.
11.428/2006 (Brasil, 2006) and the Native
Vegetation Protection Law Nos. 12.651/2012
and 12.727/2012 (Brasil, 2012). These measures
are fundamental to preserving the ecological
integrity of these biomes and mitigate the
adverse effects of land-use changes on water
resources.

ET rates in pastures were also lower than
those observed in eucalyptus plantations,
consistent with findings from previous studies
(Silva et al., 2020). This pattern can be
attributed to the structural characteristics of
pasture vegetation. Unlike deep-rooted species,
pastures are predominantly composed of a
herbaceous stratum with a shallow root system,
which limits access to deeper soil moisture and
contributes to lower ET rates (Sampaio et al.,
2007).

Additionally, pasture management practices
play a crucial role in ET dynamics. According to
the Brazilian Pasture Atlas, a significant
portion of pastures in the Brazilian semiarid
region exhibits a high degree of environmental
degradation (LAPIG, 2022). This degradation
accelerates biomass loss, further reducing ET
rates (Andrade et al., 2014). These findings
highlight the interplay between vegetation
structure, land management, and hydrological
processes, emphasizing the need for sustainable
pasture management to mitigate environmental
impacts in water-limited regions.

FINAL CONSIDERATIONS

This study assessed the evapotranspiration (ET)
dynamics of eucalyptus plantations in
comparison to other land use and land cover
(LULC) classes in the Brazilian semi-arid
region, using satellite-derived MOD16A2 data.
The findings highlight the disproportionately
high water consumption of eucalyptus,
particularly during the dry season, a critical
period of water scarcity in the region. This
pattern raises concerns about its potential
impact on local hydrological processes, including

8

Soc. Nat. | Uberlandia, MG | v.37 | e77758| 2025 | ISSN 1982-4513



LEITE et al.

Evapotranspiration

reduced groundwater recharge and increased
pressure on water resources, which could
exacerbate agrarian conflicts over water access.

The insights gained from this study have
direct implications for land-use planning and
water resource management in the semi-arid
region. The results emphasize the urgent need
for agro-environmental zoning strategies that
consider water availability and ecosystem
resilience. Specifically, relocating eucalyptus
plantations away from water recharge areas and
into less hydrologically sensitive landscapes
could mitigate their adverse effects.

Furthermore, this study underscores the
necessity of refining methodological approaches
to enhance future research. Key improvements
include: (i) extending the temporal scope of
analysis beyond a single hydrological year, (ii)
investigating competitive interactions between
eucalyptus and other LULC classes regarding
water use, and (ii1) integrating ET estimates
from MOD16A2 with high-resolution satellite
sensors to refine spatial assessments. By
addressing these aspects, future research can
contribute to more sustainable land-use
practices that balance economic productivity
with environmental conservation in the
Brazilian semi-arid region.
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