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Abstract

The Brazilian Cerrado is one of the most biodiverse savannas in the world, yet 46% of
its original cover has been cleared to make way for crops and pastures. These exten-
sive land-use transitions (LUTs) are expected to influence regional climate by reduc-
ing evapotranspiration (ET), increasing land surface temperature (LST), and ultimately
reducing precipitation. Here, we quantify the impacts of LUTs on ET and LST in the
Cerrado by combining MODIS satellite data with annual land use and land cover maps
from 2006 to 2019. We performed regression analyses to quantify the effects of six
common LUTs on ET and LST across the entire gradient of Cerrado landscapes. Results
indicate that clearing forests for cropland or pasture increased average LST by ~3.5°C
and reduced mean annual ET by 44% and 39%, respectively. Transitions from woody
savannas to cropland or pasture increased average LST by 1.9°C and reduced mean
annual ET by 27% and 21%, respectively. Converting native grasslands to cropland or
pasture increased average LST by 0.9 and 0.6°C, respectively. Conversely, grassland-
to-pasture transitions increased mean annual ET by 15%. To date, land changes have
caused a 10% reduction in water recycled to the atmosphere annually and a 0.9°C
increase in average LST across the biome, compared to the historic baseline under
native vegetation. Global climate changes from increased atmospheric greenhouse
gas concentrations will only exacerbate these effects. Considering potential future
scenarios, we found that abandoning deforestation control policies or allowing legal
deforestation to continue (at least 28.4 Mha) would further reduce yearly ET (by -9%
and -3%, respectively) and increase average LST (by +0.7 and +0.3°C, respectively)
by 2050. In contrast, policies encouraging zero deforestation and restoration of the
5.2 Mha of illegally deforested areas would partially offset the warming and drying
impacts of land-use change.
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1 | INTRODUCTION

Savannas occur over one-sixth of the Earth's land surface (2.3 bil-
lion hectares), forming the largest tropical biome (Solbrig, 1996).
In a broad sense, savannas consist of a continuous grass layer with
scattered trees and shrubs adapted to strong climate seasonality
(Bourliére & Hadley, 1970). They play a vital role in the provision of
ecosystem services globally and support high biodiversity, including
many endemic plant species with unique adaptations to cope with
fire, drought, and herbivory (Pennington et al., 2018). Savannas are
also responsible for 30% of global terrestrial vegetation primary
productivity and account for 21% of global evapotranspiration (ET;
Grace et al., 2006; Miralles et al., 2011).

Despite the global importance of savanna biomes, international
and domestic conservation efforts tend to prioritize rainforests. Today
savannas remain undervalued and poorly protected around the world
(Neves et al., 2015; Pennington et al., 2018), often regarded as land
reserves for agribusiness expansion (Gasparri et al., 2016; Lambin
& Meyfroidt, 2011; Rattis et al., 2021; Strassburg et al., 2017). The
Brazilian Cerrado provides a clear example (Lahsen et al., 2016).
This global biodiversity hotspot (Critical Ecosystem Partnership
Fund, 2018; Mittermeier et al., 2011; Myers et al., 2000) has over
12,000 plant and 1000 vertebrate species, with high levels of ende-
mism (Joly et al., 2019; Klink & Machado, 2005), yet just 11% of the
biome is protected as conservation units and Indigenous lands (Sano
et al., 2019). This is far less than the 46% protected in the Amazon
and still a long way from reaching Brazil's 17% commitment under the
Convention on Biological Diversity (2010). These low levels of protec-
tion threaten vital water resources, including the headwaters of major
Brazilian rivers (the Sdo Francisco, Tocantins-Araguaia, and Parand)
that feed national and international basins (Lima & Silva, 2005).

In addition to its vast ecological importance, the Cerrado is
Brazil's largest established agricultural area, responsible for 12% of
global soybean production (Russo et al., 2018) and 10% of global beef
exports (Organisation for Economic Co-operation and Development,
& Food and Agriculture Organization, 2021; Trase, 2021). These
two characteristics are increasingly in conflict (Rausch et al., 2019;
Strassburg et al., 2017). By 2019, 91.6 million hectares (Mha; or 46%)
of native Cerrado vegetation had been cleared (i.e., deforested) to
make way for pastures (31%), soybeans (9%), sugarcane (2%), tree
plantations (2%), and other crops (2%; MapBiomas, 2020). Of the re-
maining vegetation, 80% is suitable for growing soybeans (Rudorff
et al., 2015), and 69% for sugarcane (Strassburg et al., 2014)—two
crops for which demand is projected to rise steeply in the coming
decades (Organisation for Economic Co-operation and Development,
& Food and Agriculture Organization, 2019). Much of this new ag-
ricultural expansion is concentrated in the Matopiba (acronym for
the states of Maranhio, Tocantins, Piaui, and Bahia) region, which
spans 73Mha of the Cerrado biome (Embrapa Territorial, 2020).
Today, Matopiba contains the largest remnants of undisturbed na-
tive Cerrado vegetation, yet it is also Brazil's most rapidly expanding
agricultural frontier (Lima et al., 2019; A. A. Souza et al., 2020; Spera
etal., 2016; Zalles et al., 2019).

Brazil's current legal framework has failed to curb agricultural ex-
pansion and to protect native Cerrado vegetation (Vieira et al., 2018).
The Brazilian Native Vegetation Protection Law (Law no. 12,651, of
May 25, 2012), also known as the Brazilian Forest Code, requires
landowners in the Cerrado to conserve between 20% (in most of
the Cerrado) and 35% (in the Cerrado-Amazon transition) of native
vegetation on their properties, a marked contrast to the 80% re-
quired in the Amazon. Under the law, at least 28.4 Mha (calculated
from data published by Rajdo et al., 2020) and as much as ~40Mha
(Guidotti et al., 2017; Rausch et al., 2019; Soares-Filho et al., 2014) of
native Cerrado vegetation could still be cleared legally in the coming
decades. Although legal, such large-scale deforestation is far from
sustainable—resulting in massive biodiversity losses and greenhouse
gas emissions of ~3.2 GtCO,e (Russo et al., 2018). Even where pro-
tection exists, law enforcement is weak: an estimated 15% (1 Mha)
of all Cerrado deforestation occurring from 2009 to 2018 was illegal
(i.e., not compliant with the Native Vegetation Protection Law; Rajao
etal., 2020).

A growing body of work suggests that widespread deforestation in
the Cerrado could have major consequences for the regional and global
climate (Arantes et al., 2016; Loarie et al., 2011; Spera et al., 2016,
2020). As croplands and pastures replace native trees and shrubs, ET
tends to decrease because row crops and grasses have shallower root-
ing systems that limit their access to deep soil water during the dry sea-
son (Oliveira et al., 2005). They also generally have a shorter growing
season and higher albedo than native woody species (Coe et al., 2017).
While the increase in albedo could have a slight cooling effect, several
studies suggest that this is more than offset by decreases in ET, which
leads to a large net surface warming (Bonan, 2008; Loarie et al., 2011).
Widespread regional warming and ET reductions could have import-
ant cumulative feedbacks, such as reducing rainfall (Keys et al., 2018;
Spracklen et al., 2012), increasing surface air temperatures (Cohn
et al., 2019; Davin & Noblet-Ducoudré, 2010; Winckler et al., 2019),
and intensifying droughts in neighboring biomes.

Despite the potential scale of these unintended consequences,
we know relatively little about how land-use transitions (LUTs) affect
climate in tropical savannas. While our understanding of forested
ecosystems is relatively advanced, the heterogeneity of savanna
ecosystems and non-forest vegetation formations is underrepre-
sented in climate studies (Salazar et al., 2015). Along the structural
gradient of Cerrado vegetation, from forests to sparse trees and
grass-dominated landscapes, different mechanisms emerge to gov-
ern land-atmosphere dynamics in response to LUTs. For instance,
native grasslands may resemble pastures with exotic grasses in
terms of root depth, soil water use, albedo, and other characteristics,
making it hard to predict the impact of LUTs on ET and land surface
temperature (LST) in these areas. Since both native vegetation and
subsequent land uses (e.g., annual crops, pasture, sugarcane) influ-
ence the net outcome, each LUT has a unique effect on the energy
and water balance (ET, LST, and net energy; Arantes et al., 2016;
Silvério et al., 2015). Limited knowledge about the effects of specific
LUTs on climate hinders our ability to evaluate future scenarios ac-
curately and to develop regionally appropriate adaptation strategies.
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This is of particular concern since different land-use change path-
ways in the Cerrado could lead to drastically different local and re-
gional climate outcomes.

To fill this gap, we combined remote sensing observations and
spatial modeling to investigate the historic and potential future cli-
mate impacts of LUTs from three vegetation formations typical of
the Cerrado (forests, savannas, and grasslands) to the two dominant
land uses (pastures and croplands). We address three overarching
questions: (1) How does each LUT alter ET and LST in the Cerrado?;
(2) What is the cumulative effect of all historic LUTs on the present-
day regional climate of the Cerrado?; and (3) How might future LUTs
in the Cerrado further alter local and regional climate (ET and LST)?

2 | METHODS

2.1 | Studyarea

Our analysis focuses on the Brazilian Cerrado biome (Figure 1),
which is a mosaic of native grasslands, savannas, and forests (Ribeiro
& Walter, 1998). Grasslands are characterized by the dominance
of an herbaceous-shrub stratum, with sparsely distributed trees.
Savannas have variable tree-shrub-grass strata, with canopy cover
ranging from 50% to 70%. Forest formations are denser, with rela-
tively larger and taller trees, no grass layer, and canopy cover rang-
ing from 50% to 95% (Ribeiro & Walter, 1998). Annual precipitation
ranges from 600 to 2000 mmyear‘1 (Assad & Evangelista, 1994; Sano
et al., 2019), with the lowest rainfall occurring in the northeast (i.e.,
bordering the semiarid Caatinga) and increasing toward the west
(i.e., bordering the wet tropical forests of the Amazon). The typical
rainy season occurs from October to May, with a well-defined dry
season from June to September (Silva et al., 2008). The annual mean
air temperature ranges from 18 to 27°C, and the relative humidity
ranges from 60% to 90% (Silva et al., 2008; Figure 2).

2.2 | Quantifying LUT effects on climate
We performed regression analyses to evaluate the relationships
between six LUTs (forest-to-cropland, forest-to-pasture, savanna-
to-cropland, savanna-to-pasture, grassland-to-cropland, and grassland-
to-pasture) and associated changes in ET and LST from 2006 to 2019.
Following Silvério et al. (2015), we derived fractional LUTs based on ex-
isting time-series data of land use and land cover, ET, and LST.

To generate the fractional LUTs, we used maps from Collection
5 of the Brazilian Annual Land Use and Land Cover Mapping Project
(MapBiomas, 2020), which reports 75% classification accuracy
based on visual interpretation of 21,000 points (Alencar et al., 2020).
MapBiomas relies on Google Earth Engine's cloud processing and au-
tomated classification algorithms to generate annual land use and land
cover time series, available for Brazil at 30-m resolution (Landsat) from
1985 to present (C. M. Souza et al., 2020). The ET and LST time se-
ries came from MODIS-derived products that have been widely used

oo, MOEMIE

and validated by previous climate and hydrology studies in the Cerrado
(Hofmann et al., 2021; Loarie et al., 2011; Ruhoff et al., 2013). For ET,
we used the MOD16A2 Version 6 product, which is available every
8days at 500-m resolution (rescaled to 1 km; Running et al., 2017). For
daytime LST, we used the MOD11A2 Version 6, available every 8days
at 1-km resolution (Wan et al., 2015).

We first calculated the proportion of each 1-km grid cell occupied
by a given vegetation class (forest, savanna, or grassland) or agricultural
use (pasture or cropland) to obtain the fractional cover per pixel at 10%
intervals. The computation was performed for each year of the 14-year
time series (from 2006 to 2019), rescaling the 30-m land-use data to
match the spatial resolution of the MODIS-derived response variables.
We then used the pixels within each of the six LUTs to fit linear regres-
sion models, treating the LUT fraction as the independent variable and
ET and LST as dependent variables (Appendix S1). To control for the
strong climate gradient across the Cerrado (Figure 2), we generated
2°x%2° grid cells (Appendix S2) and fitted regressions for each resulting
climate region before summarizing the data for the entire biome.

2.3 | Estimating the cumulative effect of past LUTs
on regional climate

To quantify the cumulative influence of historic LUTs on the Cerrado's
climate, we calculated the difference between present-day ET and LST
(as of 2019) and what it would have been in the absence of deforesta-
tion. Briefly, we first calculated the total area that experienced each
of the six LUTs identified above (MapBiomas, 2020). We then applied
the slopes of the regressions calculated for each 2°x2° grid and each
LUT (i.e., the changes in ET and LST that occurred because of defor-

estation). If the regression in a particular grid cell proved insignificant
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FIGURE 1 Map depicting the Cerrado biome (Brazilian Institute
of Geography and Statistics, 2004) and highlighting the Matopiba
region—a rapidly expanding agricultural frontier spanning the
Cerrado portions of the states of Maranhao, Tocantins, Piaui, and
Bahia.
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FIGURE 2 Maps depicting the average annual (a) precipitation, (b) evapotranspiration, and (c) land surface temperature across the
Brazilian Cerrado. Climate variables were calculated for our study period (2006-2019) based on Global Precipitation Measurement data
(Huffman et al., 2019) and MODIS-derived products MOD16A2 Version 6 (Wan et al., 2015) and MOD11A2 Version 6 (Running et al., 2017).

(p<.05), we applied the average slope for the entire biome instead.
Finally, we summed the total change in ET (mm of water per year) and
the average change in LST (°C) across the entire biome.

To approximate the spatial distribution of native vegetation prior to
large-scale human occupation (i.e., the historic baseline), we obtained
a new and improved version of the map from the Fourth National
Communication of Brazil to the United Nations Framework Convention
on Climate Change (UNFCCC), elaborated under the coordination of
the Brazilian Ministry of Science, Technology, and Innovations (2021).
This map was adapted from the Vegetation Map of Brazil produced by
the Brazilian Institute of Geography and Statistics (2017) at 1:250,000
scale, which reconstructs the presumptive native vegetation in Brazil
(i.e., prior to large-scale land-use changes). We then identified the
correspondences between native vegetation classes from the his-
toric vegetation map with the classes used in the 2019 land use and
land cover map (Appendix S3), based on the class descriptions in the
Algorithm Theoretical Basis Document of MapBiomas Collection 5
(MapBiomas, 2020) and the Brazilian Vegetation Technical Manual
(Brazilian Institute of Geography and Statistics, 2012; Figure 3).

To identify hotspots of reduced ET and increased LST, we used
Anselin's Local Moran's | statistics (Anselin, 1995) implemented in
ArcMap 10.6.1. This method performs a local spatial autocorrelation
analysis to identify significant association patterns (local clusters or
local spatial outliers) for a variable and its neighbors, compared to the
null hypothesis of spatial randomness. We first averaged ET and LST
slopes per municipality, and then calculated per pixel ET and LST change
from historic native vegetation (Ministry of Science, Technology, and
Innovations, 2021) to 2019 land use (MapBiomas, 2020). We then
resampled the resulting raster layers of ET and LST change from 30
to 500m and converted them to point features. We used an inverse
distance row-standardized spatial weights matrix to define the rela-

tionships among the features and calculated Anselin's Local Moran's |

(Anselin, 1995) for the ET and LST datasets. The analyses identified sta-
tistically significant clusters of above-average LST increase or ET loss
(hotspots), and below-average LST increase or ET loss (coldspots). They
also identified spatial outliers with values that differed significantly
from their neighboring pixels, including below-average LST increases
or ET losses, surrounded by high values, and vice versa. Statistical sig-
nificance was calculated at 95% confidence interval, from 499 Monte
Carlo simulations. Emerging hotspots were interpolated using the in-
verse distance-weighted method to produce a final map.

2.4 | Evaluating the effect of potential future land-
use scenarios on Cerrado climate

We used relationships derived from our analyses of historic land-
use change to calculate expected changes in LST and ET under
three plausible future scenarios. To examine how future land-use
decisions might alter regional climate, we averaged the slopes of
the regression model within each municipality and calculated the
difference from current baselines. Transitions from grasslands to
other land uses were excluded from all scenarios due to methodo-
logical limitations. Grasslands are the least abundant of the native
cerrado vegetation formations (MapBiomas, 2020) and showed
relatively low classification accuracy compared to forests and sa-
vannas (Alencar et al., 2020). As a result, grassland transitions had
a relatively small sample size within the local regressions (for each
grid) used to calculate the scenarios, showing higher variability and
often non-significant (p>.05) relationships with local climate vari-
ables. The modeled scenarios were based on different degrees of
compliance with the Native Vegetation Protection Law, as described
in previous publications (Rajao et al., 2020; Rochedo et al., 2018) and

summarized below:
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FIGURE 3 Maps of (a) presumptive native vegetation distribution prior to large-scale human occupation (historic baseline; adapted from
Ministry of Science, Technology, and Innovations, 2021) and (b) 2019 land cover and land-use classes (MapBiomas, 2020) in the Cerrado.

(@) Cerrado Collapse (accelerating legal and illegal deforestation).
This worst-case scenario assumes an additional 63.6 Mha of native
vegetation being converted to cropland or pasture by 2050, with an
average deforestation rate of 1.7 Mhayear? (twice the deforesta-
tion in 2021; National Institute for Space Research, 2022). Under this
scenario, the native vegetation of the Cerrado would ultimately be
reduced to ~20% (Appendix S4) of its original cover. This scenario as-
sumes a rollback of conservation policies, including the abandonment
of deforestation controls such that projected future rates of annual
vegetation clearing resemble the inverse trend from 2004 to 2014,
capped at the 2004 peak of 1.8 Mhayear . Previous successes in re-
ducing vegetation clearing would thus be reversed and both legal and
illegal deforestation would accelerate. The scenario was originally
developed by Rochedo et al. (2018) using the OTIMIZAGRO coun-
trywide land-use change model (Soares-Filho et al., 2016) adopting
2012 as the baseline for annual projections through 2050.

(b) Cerrado Struggling (legal deforestation). This intermediate
deforestation scenario is already extreme since it assumes clear-
ing of all 28.4 Mha of native vegetation allowable under the law
(calculated from data published by Rajao et al., 2020). Because
these remaining areas of native vegetation exceed minimal con-
servation requirements (20%-35% of the property) under the
Native Vegetation Protection Law, they could be cleared legally
if a deforestation permit is issued to the landowner. This scenario
projects the consequences of strong policy or market-driven mea-
sures to curb illegal deforestation only. Such new restrictions
could effectively push agricultural expansion into areas of native

vegetation inside private properties, barring additional incen-
tives for landowners to conserve these areas and thus avoid legal
deforestation.

Toimplement this scenario, we relied on recent data on property-
level compliance with the Native Vegetation Protection Law, calcu-
lated by Rajdo et al. (2020) using the Dinamica EGO environmental
modeling platform (Soares-Filho et al., 2002) and data from Brazil's
environmental registry of rural properties (CAR), combined with de-
forestation data until 2018. While it is mandatory for all rural land-
owners to register their properties in the CAR database, just 83%
of eligible areas had been registered by 2019 (Rajao et al., 2020),
suggesting that 28.4 Mha may be an underestimate of the current
native vegetation area that could be legally converted. We used
datareported at the municipal level and imputed deforestation over
forest and savanna formations based on the proportional area of
each physiognomy remaining in 2019 (MapBiomas, 2020).

We accounted for the transition to different agricultural classes
(cropland or pasture) by using the average value of the regression
slopes (derived empirically in this study) for ET and LST change in
each municipality. To assess the effects of future LUTs on ET and
LST, we projected the conversion to agriculture (cropland or pas-
ture) of all the 28.4 Mha of native vegetation that could be legally
converted. Considering the average deforestation rate observed
in the Cerrado over the last 10years (0.9 Mhayear™ from 2012 to
2021; National Institute for Space Research, 2022), we estimate that
it would take ~31years to carry out all legal deforestation, spanning
the period from 2019 to 2049.
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(c) Cerrado Recovering (zero deforestation and restoration). This
best-case scenario for the Cerrado assumes no further deforesta-
tion, as well as restoration of 5.2 Mha of illegally cleared vegetation
until 2018 (calculated from data published by Rajdo et al., 2020).
This scenario assumes incentives that go beyond the current legal
framework to stop both legal and illegal deforestation and begin
recovering ecosystem services and landscape connectivity through
ecological restoration in intensely modified areas. We calculated
estimates from Rajao et al. (2020) of Cerrado areas that had been
illegally cleared (i.e., above the legal limits, considered “vegetation
debts”) up to 2018 and would require restoration to comply with
the Native Vegetation Protection Law. lllegal deforestation includes
vegetation removed from ecologically important areas such as ri-
parian forests and areas with high slopes, both of which are legally
protected as Areas of Permanent Protection (APPs). It also includes
deforestation over legal reserves (LRs), the 20%-35% of areas that
should be set aside on most rural properties.

lllegal clearing within APPs and LRs has affected 0.5 and 4.7 Mha,
respectively (calculated from data published by Rajio et al., 2020). To
comply with the law, landowners must develop and execute a resto-
ration plan. We estimated the restoration potential for these areas of
“vegetation debt” based on the proportion of forest and savanna that
existed in each municipality according to the historic native vegetation
map (Ministry of Science, Technology, and Innovations, 2021). We then
quantified the climatic effects (on ET and LST) of restoring all 5.2 Mha
of native vegetation that were illegally cleared. Considering that the
area under regeneration has increased by about 0.5 Mhayear'1 over
the last 10years (from 2009 to 2018; MapBiomas, 2021), we estimate
that it would take ~10years (from 2019 to 2028) to achieve the addi-
tional restoration projected in this scenario.

Complementing this analysis, we calculated the impact of restor-
ing riparian APPs using the land-use and land cover data produced
by the Brazilian Foundation for Sustainable Development (2019).
They used supervised classifications and vectorization of 5-m res-
olution Rapid Eye images from 2013, at 1:10,000 scale, with at least
95% classification accuracy (Brazilian Foundation for Sustainable
Development, 2019; Rezende et al., 2018). Based on the Brazilian
Foundation for Sustainable Development (2019) dataset, we estimated
the vegetation debt in riparian APPs considering the sum of built areas,

anthropic areas, and forestry in each municipality (Appendix S5).

3 | RESULTS

3.1 | LUT effects on ET and LST

Our analyses show that the transition from native Cerrado vegeta-
tion to cropland or pasture generally reduces ET and increases LST
(Figures 4 and 5). The magnitude of the effects of LUTs on ET and
LST tended to increase with increasing tree cover density of the orig-
inal vegetation formation (i.e., the effect of clearing grasslands < sa-
vannas < forests). The conversion of forest formations to cropland
or pasture reduced mean annual ET by 44% and 39%, respectively,

and increased day-time average LST by ~3.5°C (for both transitions).
Transitions from savannas to cropland or pasture reduced mean an-
nual ET by 27% and 21%, respectively, and increased average LST
by 1.9°C (for both transitions). Conversion from native grasslands to
cropland or pasture increased average LST by 0.9 and 0.6°C, respec-
tively. In contrast to other LUTs, grassland-to-pasture transitions
increased mean annual ET by 15% and grassland-to-cropland tran-
sitions had no significant effect on ET (p>.05). Overall, increased
clearing of native vegetation in a given area was associated with lin-
earincreasesin LST and linear decreases in ET (except for grassland-
to-pasture, as noted above). These trends were consistent over the
entire 14-year period, despite interannual data variability.

3.2 | Cumulative effect of historic LUTs on
Cerrado climate

Our analysis of historic maps indicates that most (57%) of the
Cerrado's original vegetation was dominated by savanna forma-
tions (Figure 6). Of the 89.4 Mha of Cerrado cleared by 2019, 19%
(17.4 Mha) were originally native grasslands, 61% (54.1 Mha) were
savanna formations, and 20% (18 Mha) were forest formations.
Although the absolute area of savanna loss was considerably higher
than that of forest or grassland, deforestation affected a similar frac-
tion of each class given their relative abundances in the original veg-
etation map. Based on the historic baseline (Figure 3), the majority
of the Cerrado's native vegetation (55% of grasslands, 69% of savan-
nas, and 82% of forests) was converted to pasture, while the balance
in each category was converted to croplands. From 2006 to 2019,
5.8 Mha of native vegetation were cleared, pasture area declined by
2.9 Mha, and cropland area expanded by 7.5 Mha (Figure 6).
Cerrado vegetation recycles roughly two-thirds of annual
precipitation (PPT) back to the atmosphere via ET each year
(ET = 980mm and PPT = 1415mm, considering annual averages
from 2006 to 2019). Our results indicate that, if native vegeta-
tion had been preserved (i.e., considering the historic baseline,
Figure 3), ET in 2019 would have been 10% higher (169 km?®) and
average daytime LST would have been 0.9°C lower. Given the het-
erogeneity of LUTs and the natural climate gradient in this vast re-
gion (Figure 2), we identified hotspots of reduced ET and increased
LST throughout the biome (Figure 7). Notable hotspots of warming
occurred in western Bahia and northern Minas Gerais, where av-
erage annual temperatures are already high (33.9 and 31.8°C, re-
spectively). Intense drying was widespread in areas with relatively
high ET, particularly in Tocantins, Mato Grosso (along the Cerrado-
Amazon transition), and Maranhéo (in the northern Cerrado).

3.3 | Future scenarios of land-use and climate
change in the Cerrado

Under the Cerrado Collapse scenario, our model indicated a pro-
jected decrease in annual ET of 84 mm (171km®) and a mean increase
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FIGURE 4 Change in average annual evapotranspiration as a function of fractional change in land use, estimated from 2006 to 2019 for

the Cerrado biome.

in LST of 0.7°C in 2050 (Table 1), compared to the baseline from
Rochedo et al. (2018). In contrast, the Cerrado Struggling scenario
would result in a projected decrease of 29 mm (59 km?3) in annual ET
and a 0.3°C average increase in LST relative to 2018. Our findings
indicate that the Matopiba region would be disproportionately af-
fected, since it contains most (15Mha) of the remaining vegetation
that could be legally converted and coincides with existing hotspots
of drying and warming (Figure 8).

The Cerrado Recovering scenario resulted in a mean annual
ET increase of 4mm (8 km®) and average LST decrease of 0.04°C
relative to 2018. These results account for the climate benefit of
restoring 5.2 Mha of illegally cleared vegetation, but not for the
avoided warming and drying resulting from protection of native
vegetation (e.g., through zero deforestation policies) that would
otherwise have been converted to crops and pasture. Moreover,
our results indicate that the area of environmental debt requir-
ing restoration may be considerably higher. Using high-resolution

maps of riparian forest distribution (Brazilian Foundation for
Sustainable Development, 2019), we found that the environ-
mental debt in riparian APPs is over seven times higher than the
0.5 Mha of area currently reflected in the CAR database (Rajao
etal., 2020). Our results indicate that approximately 30% (3.6 Mha)
of the 12 Mha of original riparian vegetation has been converted
to anthropogenic land uses. The remaining 70% of riparian vegeta-
tion recycles 42 mm (85 km®) of water to the atmosphere annually.
Restoration of this 3.6 Mha area could increase ET by an additional

7mm (14 km?®) per year.

4 | DISCUSSION

There is a significant body of literature on the relationship be-
tween deforestation and regional climate change in the Amazon
biome (Davidson et al., 2012; Leite-Filho et al., 2021; Maeda
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et al., 2021; Nobre et al., 1991; Silvério et al., 2015). By compari-
son, the impacts of large-scale clearing of the Cerrado on ET and
LST are poorly understood. Earlier studies have quantified the cli-
matic effects of Cerrado deforestation based on field observations
(Anache et al., 2019; Nébrega et al., 2017), remote sensing (Arantes
et al., 2016; Loarie et al., 2011; Spera et al., 2016), and numerical
modeling (Coe et al., 2011). While the results of these previous
studies generally agree with our findings, none of them distinguish
among the unique climatic signatures associated with specific LUTs
in the Cerrado. Building on this past research, we separate the ef-
fects of specific LUTs, considering both the structural gradient of
Cerrado vegetation (i.e., conversion of grasslands, savannas, and
forests) and variations in their responses with local climate charac-
teristics across the biome.

Although local climate and edaphic characteristics strongly in-
fluence the magnitude of land-use effects on climate, we observed
remarkably consistent trends (i.e., increased LST and reduced ET)

following conversion of forest and savanna formations to cropland
and pasture. These patterns demonstrate that clearing vegetation
types with woody biomass poses a critical risk to the region's climatic
stability. Savannas (characterized by 50%-70% woody cover) are the
dominant vegetation type in the Cerrado, currently covering 60 Mha
(30% of the biome in 2019; MapBiomas, 2020) and sustaining the
bulk of the biome's ET fluxes (water recycling) and regional cooling
(LST) functions. Savannas are also among the most threatened vege-
tation types, given the weak protection and high deforestation rates
observed in the region today (0.9 Mha cleared in 2021; National
Institute for Space Research, 2022). Recent data indicate that just
13% of savanna formations are within protected areas, compared
with 38% of forest areas, 23% of grasslands, and 51% of wetlands in
the biome (MapBiomas, 2021).

Our results show that conversion of grasslands caused notable
increases in LST. This result indicates that the simplification of native
grasslands (comprised of a diverse ensemble of native grasses and
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TABLE 1 Projected land-use changes under three future scenarios and their resulting impacts on annual evapotranspiration (ET) and
average land surface temperature (LST). Values presented here reflect ET and LST changes at the end point of each scenario (after all the

projected vegetation clearing or recovery), compared to the baseline

Scenario Description

Cerrado Collapse? Accelerating legal and illegal deforestation
Cerrado Struggling® Carrying out all legal deforestation
Cerrado Recovering®

illegally deforested areas®

?Projected changes relative to a 2012 baseline (Rochedo et al., 2018).
bProjected changes relative to a 2018 baseline (Rajao et al., 2020).

Achieving zero deforestation, with restoration of

Vegetation change ET change LST mean
(Mha) (km®year™?) change (°C)
-63.6 -170.6 +0.7
-28.4 -59.4 +0.3

+5.2 +8.1 -0.04

“Cerrado Recovery ET and LST changes refer only to the effects of restoration, without accounting for the effects of avoided deforestation.

Effects of Land-use Scenarios
on Cerrado Climate

[mm LST

1 MATOPIBA

Cerrado Collapse
(accelerating legal and illegal deforestation)
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(legal deforestation)

Wet-Hot 5

Hot @

Dry-Cool S

Cerrado Recovering
(zero deforestation and restoration)

Wet
Cool

FIGURE 8 Change in evapotranspiration (ET) and land surface temperature (LST) under three contrasting scenarios of future land-use
transitions in the Brazilian Cerrado. The Cerrado Collapse scenario (a) assumes no deforestation control policies, resulting in 63.6 Mha

of additional deforestation by 2050. The Cerrado Struggling scenario (b) assumes clearing the 28.4 Mha of native vegetation that exceed
minimum conservation requirements. The Cerrado Recovering scenario (c) assumes no further deforestation, as well as restoration

of 5.2 Mha of illegally cleared vegetation in riparian areas (Areas of Permanent Protection) and Legal Reserves. These scenarios were
developed based on previously published data (Rajao et al., 2020; Rochedo et al., 2018).

herbaceous plants, normally with sparse woody plants) to mono-
cultures (croplands or planted pastures with exotic grasses) has a
considerable impact on the regional energy balance. One potential
explanation is that the higher plant diversity in native grasslands
helps to modulate the LST response, given their varied phenolog-
ical strategies to withstand a long, intense dry season (Lambers
etal.,, 2020; Moraes et al., 2016). In contrast, croplands and pastures
exhibit a more homogeneous seasonality, characterized by rapid,
synchronized greening and senescence (Arantes et al., 2016), leading
to rapid LST increases during the onset of the dry season in agricul-
tural areas. Grassland-to-pasture transitions also caused an annual
ET increase (15%)—consistent with the strong stomatal control and

more conservative water use of native herbaceous vegetation, par-
ticularly compared to exotic grasses in cultivated pastures (Meirelles
et al., 2011), such as the widespread species of the Urochloa genus
(Ferraz & Felicio, 2010). The combination of improved nutrition from
fertilized pastures and Urochloa spp. capacity to extract water from
deep soil layers (1.6 m; Santos et al., 2004) could also contribute to
a higher mean ET compared with native grasslands.

At regional scales, our results indicate that LUTs in the Cerrado
have caused significant warming and drying. Comparing ET changes
relative to the historic baseline (native vegetation existing prior to
extensive land-use changes), Arantes et al. (2016) found a regional
effect of -1.5% ET reduction over the Cerrado in 2002 (using
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samples from the central Cerrado, primarily in Goias state), while
Spera et al. (2016) identified a -3% ET reduction over Matopiba
in 2013. Here we expand on these approaches by dealing explic-
itly with vegetation heterogeneity and the strong climate gradient
across this >200-Mha region. Our approach reveals considerably
more pronounced effects of land-use change (-10% annual ET re-
duction and +0.9°C average LST increase in 2019) over the Cerrado,
compared to the baseline of historic native vegetation. Our findings
provide quantitative evidence of the importance of grasslands and
savannas—the most common vegetation types in the tropics—for
maintaining regional water and energy cycles (Figure 9).

Moreover, we show that these effects are not uniformly dis-
tributed in space, creating hotspots of change that could have
drastic local consequences. For example, ET losses were concen-
trated in (primarily rainfed) soy-producing regions of Bahia, Mato
Grosso, Maranhdo, and Tocantins. This is alarming, given that the
changes reported here consider only the effect of land-use change,
which will be greatly exacerbated by global climate changes due
to increased atmospheric greenhouse gas concentrations. The last
Intragovernmental Panel on Climate Change (IPCC) report projected
hotter and dryer conditions for the reference regions covering
most of the Cerrado (the Northeastern South America and South
American Monsoon subregions; Arias et al., 2021). Together, these
drivers of global change will likely amplify the effects of warming
and drying (Hofmann et al., 2021; Marengo et al., 2022), intensi-
fying the societal consequences of ongoing climate changes. Drier
and warmer climate conditions have already reduced agricultural
productivity over much of the Cerrado (Rattis et al., 2021), increas-
ing conflicts over water use (Pousa et al., 2019; Santos et al., 2020)
and reducing hydropower production capacity (Cuartas et al., 2022).
Climate changes have also increased fire frequency, contributing to

reductions in the rate of vegetation recovery (Machida et al., 2021)
and intensifying climate risks for vulnerable populations such as
small landholders, Indigenous people, and traditional communi-
ties (Begotti & Peres, 2020; Intergovernmental Panel on Climate
Change, 2018).

The environmental policies adopted today will determine the
future climatic and hydrological stability of the Cerrado. Our re-
sults point to a range of potential outcomes. Recent weakening of
environmental policies and enforcement has already increased de-
forestation across all biomes, and signs point to further backsliding
on past commitments to (and successes in) reducing deforestation
(Bustamante, 2020; Ferrante & Fearnside, 2019). Our Cerrado
Collapse scenario suggests that continuing down this path of poor
governance will cause a rapid increase in LST and reduction of ET in
the region. Even our intermediate scenario, with zero illegal defor-
estation (Cerrado Struggling scenario), would cause severe warming
and drying (-59 km?3 yearly ET reduction and +0.3°C average LST
increase).

Given that the region is already facing rainfall scarcity, drought-
driven crop losses, and increased fire frequency, maintaining
native vegetation could prove to be a win-win, supporting con-
tinued agricultural production while also conserving biodiversity.
Cerrado vegetation can help protect soybean plantations against
extreme heat and will play an increasingly important role in mit-
igating economic losses in the future (Flach et al., 2021). In this
context, our Cerrado Recovering scenario suggests one practical
pathway to avoid the intensification and begin reversing the large-
scale climate transformations reported here. By adopting a zero-
deforestation policy, as much as 63.6 Mha of vegetation clearing
(from the worst-case scenario) could be avoided—preventing a
further ET reduction of up to -171km? annually, while avoiding a
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+0.7°C increase in average LST. Restoring the environmental debt
would not only increase water recycling to the atmosphere and
cool the land surface, but also greatly improve habitat connectiv-
ity for wildlife in this increasingly fragmented landscape (Carvalho
et al., 2009; Rother et al., 2018).

Our results indicate that the Cerrado Recovering scenario would
still be insufficient to counteract the large climatic transformation that
has already happened, suggesting that this strategy needs to be aug-
mented over the long term. Previous studies point to promising meth-
ods that could help address the challenge of restoring the Cerrado's
mosaic of grasslands, savannas, and forests at relatively low cost
(Raupp et al., 2020; Schmidt et al., 2019). Nevertheless, it can take de-
cades for restored vegetation to establish and recover key attributes
of mature vegetation, and the success of these efforts will depend
on vegetation responses to global climate changes. Restoration can
also be costly, considering that some systems have low potential for
natural regeneration and may require additional investments (Cava
et al., 2018). Given these challenges, we argue that avoiding additional
Cerrado clearing remains the most cost-effective strategy and should
be the top priority.

The conservation of Cerrado ecosystems is vital for the cli-
mate stability of a much larger region. The seasonal flooding of the
Pantanal, one of the largest wetlands in the world, depends largely
on river discharge from the Cerrado (Lima & Silva, 2007). Disruption
of the Cerrado's hydroclimate can also affect the water supply of
at least eight important Brazilian watersheds (Lima & Silva, 2005),
increase the risk of forest fires along the Amazon-Cerrado agricul-
tural frontier (Alencar et al., 2015), and compromise Brazil's ability to
keep its emissions commitments (Rochedo et al., 2018; Silva Junior
et al., 2020). This suite of interacting factors underscores the ur-
gency of centering Cerrado conservation as a key strategy for miti-
gation and adaptation to climate changes.

Despite its critical role, the 105.6 Mha of remaining native vege-
tation in the Cerrado (MapBiomas, 2020) have been widely ignored
in climate policy. A draft anti-deforestation proposal of the European
Union, for example, concentrates exclusively on forest protection,
ignoring protections for grasslands and savannas (Rankin, 2021),
which cover most of the Cerrado biome. Our results provide clear
evidence that the Cerrado sustains elevated ET, and that ongoing
land-use changes are contributing to significantly warmer and drier
conditions. We argue that international agreements and private sec-
tor initiatives aiming to eliminate deforestation from global supply
chains must include protection of the Cerrado in their strategies.
Failing to do so will engender environmental degradation that could
prove catastrophic to climate stability and biodiversity, compromis-
ing the food, energy, and water security of the Cerrado, with cascad-
ing effects at regional and global scales.
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