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Deforestation is an important driver of regional climate change in the Amazon; thus, assessments of
climate impacts from deforestation can provide key insights to climate change mitigation and
adaptation strategies in the region. Using satellite-based observational data, here we investigated

how accumulated deforestation in the Amazon may have contributed to shifting climate away from
reference conditions in highly forested regions. We assessed differences in several essential climate
variables between 0.5° deforested cells grouped by their extent of remaining forest cover and their
highly forested neighboring cells. Our findings show compelling evidence that forest loss has
contributed to shift climate toward higher land surface temperatures, lower evapotranspiration, lower
dry season rainfall, and fewer rainy days, especially in regions with forest cover <60%. Highly
deforested regions share some climatic similarities with transitional regions between the moist forest
and savanna biomes, which was generally not observed in highly forested regions. Our findings
underscore the importance of deforestation control and forest restoration to improve climate resilience

of Amazonian ecosystems and climate-dependent economic activities.

The climate crisis is unequivocal and has been leading to uneven impacts
among different regions of the globe. The Amazon, which contains the
largest tropical forest area in the world, is projected to experience some of the
highest increases in heat extremes and decreases in soil moisture'. The
region also faces some of the world’s highest projected risks regarding
species losses driven by surface warming, as well as threats to human health
driven by heat-humidity-related illnesses'. Regional changes in the Amazon
climate can be driven not only by the global increase of atmospheric con-
centration of greenhouse gases but also by extensive and ongoing
deforestation™. Since 1985, the Amazon rainforest has lost approximately
11% (~59 Mha) of its forest cover to anthropogenic land uses (based on data
from MapBiomas Amazonia Collection 6), with more than 0.5 Mha cleared
annually over more recent years".

The conversion of extensive forest areas to pasturelands or croplands in
the Amazon, which is also common in many other tropical regions, alters
land surface properties such as reducing leaf area index (LAI), rooting depth,
and surface roughness’. The long-lasting modification of these land surface
properties due to forest loss at the regional level affects land-atmosphere

interactions over time, contributing to regional changes in climate’. Land
surface warming and changes in rainfall regimes stand out as major climate
impacts of deforestation”"” that can amplify ongoing impacts caused by
global climate change'.

However, deforestation-induced effects on climate may depend on
several factors that remain open for investigation, including the scale of
observation, seasonality, and the intensity of forest loss in terms of extent or
rate. For instance, studies point to different effects of deforestation on
rainfall at the mesoscale (~200 x 200 km or less). Increased rainfall over
small-scale deforested areas is suggested to occur due to changes in
mesoscale circulations, such as the vegetation breeze process'* . This effect
has been identified for all seasons, and while most studies imply more
pronounced deforestation-induced rainfall increases in the dry season and
dry-to-wet season transition'*"’, a predominant effect in the wet season has
been recently suggested at spatial resolutions of up to 60 km"’. As the extent
of the deforested area increases, rainfall can be redistributed to decrease in
the interior of deforested regions and increase over the nonforest side near
forest edges in the prevailing wind direction''®. However, rainfall
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reductions due to deforestation have also been detected with resolutions
ranging from 0.05°(~5.5 km) to 1000 km at all seasonal periods, with greater
reductions as spatial resolution decreases up to a certain threshold'*".
Results, however, still diverge on the seasonal impacts and the spatial
resolution in which rainfall changes are more pronouncedly
detected™'*""'”"**. Even non-significant relationships between deforesta-
tion and rainfall have been found for resolutions of 50 km or smaller*".
Moreover, deforestation has been suggested to negatively impact rainfall
seasonality, such as by delaying wet season onset and increasing the
occurrence of long dry spells™”.

Most of the science about Amazon deforestation's impacts on climate
comes from modeling studies, and their importance is unquestionable*”.
However, large-scale observational studies remain limited in number,
despite their key contribution to the representation of land-atmosphere
interactions in models, a process that still holds substantial uncertainties.
The idea of tipping points or ecosystem transitions in the Amazon™ is
another highly debated scientific topic based mainly on modeling
studies” ", with fewer contributions focusing on observations™ . With
recent substantial advancements in remote sensing-based products and data
availability, observational studies currently have a strong potential to pro-
vide robust assessments on deforestation-driven shifts in the climate of
forest systems, considering that many areas in the Amazon have already
experienced extensive forest loss. The few studies of this type that examined
the Amazon using remote sensing-derived products used variable approa-
ches, including different spatial resolutions and climate variables, as well as
distinct methods to assess deforestation-climate relationships. This stresses
the importance of additional observational evidence on the impacts of
deforestation on climate, which can help to assess the consistency of pre-
vious evidence and provide additional insights that can guide effective
forest-based solutions for climate change mitigation and adaptation.

Here, we use a comprehensive observational approach that analyzes
the potential impact of Amazon deforestation on regional climate shifts by
integrating different essential climate variables, seasonal periods, and extent
of accumulated deforestation. We divided the Amazon territory into grid
cells of 0.5° spatial resolution, a scale at which additional evidence is needed
for deforestation-induced effects on rainfall, land surface temperature
(LST), and evapotranspiration (ET). For each grid cell, we calculated
descriptive statistics of satellite-based LST, ET, and rainfall in three time
periods: annual, wet season (three consecutive wettest months in each cell),
and dry season (three consecutive driest months in each cell), plus two
climate variables related to rainfall seasonality: maximum dry spell duration
(consecutive days with rainfall <1 mm) and number of rainy days (rainfall
>1 mm), totaling eleven climate variables. To the best of our knowledge, this
is the most comprehensive set of variables tested for the impact of defor-
estation on the Amazon climate.

Our approach compares the climate averages during 2013-2021
across a gradient of deforested cells against their highly forested neigh-
boring cells (>80% forest cover), which served as our reference for climate
conditions minimally affected by accumulated deforestation. In contrast,
other observational studies have usually assessed how changes in climate
between two time intervals diverge between deforested cells and control
neighbors®’. By comparing deforested and forested neighbors by their
climate averages in the same time interval, we aim to evaluate whether
accumulated deforestation in the long-term shifts the climate away from
the reference condition of highly forested regions. Furthermore, by com-
paring climate differences between deforested and forested neighboring
cells against those from forested cells neighboring each other, we assess if
climate differences related to deforestation are larger than those potentially
related to confounding factors. The comparison of climate averages also
allows us to evaluate if climate characteristics in deforested regions have
shifted to a point that could support ecosystem transitions. To do so, we
compared climate envelopes (the distribution of climate averages among
our samples) of highly deforested regions against the envelope of highly
forested regions, savannas, and forest-savanna transitions within the
Amazon.

Results

The impact of accumulated deforestation in the Amazon on the
regional climate

The selection of deforested cells to be compared against reference neighbors
comprised areas within the moist forest biome domain with a remaining
forest cover in 2021 <80%, whereas forest cover in reference cells was >80%.
We grouped deforested cells by their extent of remaining forest cover in
2021, as follows: <40%, 40-60%, and 60-80% remaining forest cover. Our
sample selection contained only deforested cells that were touching
boundaries with reference cells within a 3 x 3 window and vice versa,
assuming these geographically close areas share similar climate back-
grounds. Additionally, we ensured deforested and reference cells had nearly
unaltered forest cover during the 2013-2021 period, to highlight the role of
historic deforestation, and also pairs of deforested and reference neigh-
boring cells shared the same Koppen climate zone. The final selection of grid
cells for this analysis is shown on the map of Fig. 1.

For each selected pair of deforested versus reference neighboring cells,
we computed their differences in the average of climate variables during
2013-2021. Subsequently, we compared the distribution of these differences
with that of reference versus reference neighboring cells. While the dis-
tribution of climate differences between deforested versus reference
neighbors is assumed to have a major influence of accumulated forest loss,
the distribution of climate differences between reference versus reference
neighbors is assumed to have a major influence of background factors other
than deforestation. We only selected pairs of reference versus reference
neighbors in which the difference in their forest cover was negative or equal
to zero, since forest cover differences between deforested versus reference
neighbors were necessarily negative (lower forest cover in the deforested
cell). The average difference in forest cover between reference versus
reference neighbors was —7 percentage points (pp), and reached an average
of —62 pp for our most deforested group (forest cover <40%) versus
reference.

Differences in land surface temperature (LST) between reference
versus reference neighboring cells had a balanced distribution of positive
and negative values (Fig. 2), with a median difference of +0.27 °C in the
dry season. The distribution of differences between deforested versus
reference cells, however, shows a larger proportion of positive values
(higher LST in the deforested cells), with a median of +1.14 °C in the
dry season, reaching values of +4 °C or greater for the most deforested
group (<40% forest cover). Likewise, evapotranspiration (ET) in all
periods showed more negative differences as the remaining forest
decreased, indicating lower ET in deforested regions compared to the
reference. The median difference of ET in the dry season for compar-
isons between deforested cells with forest cover <40% versus reference
was —45 mm, in contrast to —4.7 mm for the reference versus reference
comparisons.

For the dry season rainfall, a higher frequency of negative differences
(lower rainfall) was found for deforested versus reference comparisons,
especially for the deforestation groups with <40% or 40-60% forest cover.
For instance, the proportion of comparisons with negative differences in dry
season rainfall gradually increased from 53% in reference versus reference,
to 59% in deforested cells with 60-80% forest cover versus reference, 63% in
cells with 40-60% forest cover versus reference, and 82% in cells with forest
cover <40% versus reference. Additionally, a higher frequency of negative
differences in the number of rainy days (i.e., fewer rainy days) was found for
deforested cells with forest cover <40% or 40-60% versus reference. The
median difference for these deforestation groups against reference ranged
from —8 to —11 days, in contrast to —1 day for reference versus reference
comparisons.

We tested if the distribution of climate differences between deforested
versus reference neighbors showed significant differences against the dis-
tribution observed between reference versus reference neighbors, based on
the Two-Sample Kolmogorov-Smirnov (KS) test at the 0.05 level. We found
significant differences for most climate variables and deforestation groups
against reference (Supplementary Table 1), except for the annual and wet
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Fig. 1| Selected 0.5° grid cells for comparing climate averages between deforested
and neighboring reference regions. All these grid cells are entirely within the moist
forest biome, had negligible forest loss over 2013-2021, and were grouped by their
percentage of remaining forest cover in 2021 (<40%, 40-60%, or 60-80% for
deforested cells, and forest cover >80% for reference cells). The distribution of
climate differences between deforested cells from each deforestation group versus
reference neighboring cells was compared against the distribution of climate dif-
ferences between reference versus reference neighboring cells, as also exemplified in

the right panel. Reference cells in faded green were additionally used in a second
assessment to generate, over the entire study region, 1000 random samples of 150
pairs of climate differences between reference versus reference neighbors. The
original distribution of climate differences between deforested and reference
neighbors was then compared against each of the 1000 distributions of random
reference versus reference neighbors to assess the consistency of patterns from
statistical tests. Ocean and terrain basemaps were obtained from Natural Earth.

season rainfall, in which all or most deforestation groups showed non-
significant differences. For the wet season ET, dry season ET, maximum dry
spell duration, and the number of rainy days, significant differences were
only found for the deforested groups with <40% or 40-60% forest cover.
Similar patterns were found with the Welch’s t-test for differences in the
mean of distributions (Supplementary Table 1), including significant dif-
ferences at the 0.05 level in all deforestation groups for the dry season rainfall
and the number of rainy days, and non-significant differences in all groups
for the maximum dry spell duration.

To further evaluate the consistency of our statistical comparisons, we
extended our spatial representation of climate differences related to factors
other than deforestation by resampling reference versus reference com-
parisons across the whole study area. We selected reference cells that were
neighboring each other but not necessarily neighboring deforested cells (the
set of dark green and faded green cells in Fig. 1), deriving one thousand
random subsamples of 150 pairwise comparisons between reference versus
reference neighbors. We then reapplied the statistical tests to compare the
distribution of climate differences between deforested versus reference
neighbors against the distribution of each reference versus reference sub-
sample, computing the 95% confidence interval of p-values for these one
thousand comparisons. Statistical tests with this approach were mostly in
line with the significant differences found in previous comparisons (Sup-
plementary Table 1), but diverged mainly by indicating significant differ-
ences in dry season rainfall only for the most deforested group (forest cover

<40%), and additional significant differences in dry season ET for the group
with 60-80% forest cover.

Differences between deforested versus reference neighboring cells for
LST and ET significantly increased in intensity according to the accumu-
lated deforested area, considering both absolute (Supplementary Fig. 1) and
relative climate differences (Fig. 3). Absolute climate differences for dry
season rainfall were not significantly different among deforestation groups,
based on the Welch’s t-test at the 0.05 level, but the deforestation group with
60-80% forest cover was significantly different from the others when con-
sidering relative differences. Differences for ET, rainfall, and the number of
rainy days had a larger dispersion from the mean for deforested cells with
60-80% forest cover versus reference neighbors (Fig. 3), showing more
extreme positive and negative differences against reference neighbors.

The time series from which climate averages were computed
(2013-2021) includes two years with extreme drought conditions in the
Amazon, 2015 and 2016, mainly driven by the El Nifio and anomalous
warming in the North Atlantic Ocean™ . To ensure that larger climate
differences between deforested versus reference cells, compared to reference
versus reference cells, were not biased by interannual climate variability, we
reapplied the original comparisons of climate differences for two additional
time intervals: the average of extreme drought years (2015 and 2016) and
non-drought years (2013 and 2018). The years of 2013 and 2018 were
chosen as a control against drought years for presenting some of the lowest
proportions of water deficit anomalies in the Amazon since 2013%.
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Fig. 2 | Probability densities for differences in climate averages during 2013-2021
between deforested grid cells and their neighboring reference cells. Deforested
grid cells are grouped by the percentage of remaining forest cover in 2021: <40%,
40-60%, or 60-80% forest cover. Forest cover in reference cells is >80%. The
comparison of reference versus reference neighboring cells (in dark green) is also
displayed to represent climate differences mainly influenced by factors other than
deforestation. Negative (positive) differences indicate lower (greater) climate

averages compared to reference neighboring cells. LST stands for land surface
temperature, ET for evapotranspiration, and Max. for maximum. Vertical lines from
left to right indicate, respectively, the 5th, 50th, and 95th percentile values. Number
of pairwise comparisons: 17 for <40% forest cover versus reference, 30 for 40-60%
forest cover versus reference, 163 for 60-80% forest cover versus reference, and 148
for reference versus reference.

Results from KS and Welch’s -tests for extreme drought and non-
drought years showed very similar patterns when these two intervals are
compared against each other, or compared with the whole time series
(Supplementary Table 2), including significant differences at the 0.05 level in
dry season rainfall and the number of rainy days for most deforestation
groups. Extreme drought years most remarkably diverged from the other
periods by presenting non-significant differences in dry season rainfall in
the deforestation group with 60-80% forest cover. We also compared these
different time intervals in terms of the magnitude of climate differences in
the same deforestation group versus reference comparisons (Supplementary

Fig. 2). Non-significant differences at the 0.01 level were found with this
method within all deforestation groups and for all climate variables based on
Welch’s t-test, indicating similarities in the mean intensity of climate dif-
ferences between deforested versus reference neighbors. Altogether, these
findings converge to indicate that climate differences between deforested
and reference regions, including those related to dry season rainfall and the
number of rainy days, show a consistent link to deforestation and not a bias
associated with extreme drought periods included in our dataset.

Among our samples, there is a wide amplitude of differences in forest
cover between deforested and reference neighboring cells, which

Communications Earth & Environment| (2025)6:948


www.nature.com/commsenv

https://doi.org/10.1038/s43247-025-02900-2

Article

Remaining forest cover in 2021 BR <40% EF 40-60% BEE 60-80%

Annual LST Wet Season LST Dry Season LST
1041 BB 104 10{ E8 =
0 ; o4 01
e _1 O . 2 —5 n . —1 0 T 3
5 10 H
S Ia Ib Ic 10 Ia Ib Ic _20- Ia Ib Ic
D olo olo olo olo olo olo olo olo olo
Q N N o N Q N \) Q
g
o Annual ET Wet Season ET Dry Season ET
2 104 : 20
o i
-O O - * 0 -
c 0 ]
o - ' ==
s BT B8 T « 03 *
7 -
) 4
5 20 .a b c 20 a b c -40 a b c
15) ' olo ' olo ' olo ' olo ' olo ' olo ' olo ' olo ' olo
o Q Q Q Q Q Q Q Q Q
c L& 5(0/6 ‘60/% Lk 5(0/6 60/% LK 5‘0/6 60/%
:
g Annual Rainfall Wet Season Rainfall Dry Season Rainfall
8 10 i 25 - {
[&] -
5 01 B B2 1 B == + 04
qh.) _1 0 T -} ®
= | —20 A - —-25 A
S =201 Y !
% -30 1 ta a a | -40- a a a | =207 ‘a a ‘b
£ ' olo ' olo ' olo ' o| ' olo ' olo ' ol ' olo ' olo
= S \) \) lo M) \) lo \) M)
3
_“2’ Max. Dry Spell Duration Number of Rainy Days
© g 201
2 o == == =t .
- e
—100 - ¢ ' E H
-20 A ]
~200+1 a a a | _40- a a b
Qo‘o 0o]o 0o|o 0°|° 0olo 0o[o
LN K o 60/% LN K O 60/%

Fig. 3 | Relative climate differences between deforested cells and their reference
neighboring cells. Values indicate the percentage difference in climate averages
during 2013-2021 between deforested cells against their reference neighboring cells.
Deforested cells were grouped by their remaining forest cover in 2021. Forest cover
in reference cells was >80%. Upper and lower boundaries of each box indicate the
third and first quartiles of the distributions. Horizontal lines indicate the median,

and cross marks the mean. Points show values beyond the first and third quartiles.
Letters at the bottom represent the comparison among deforestation groups based
on pairwise Welch’s t-test at the 0.05 level. LST stands for land surface temperature,
ET for evapotranspiration, and Max. for maximum. Number of pairwise differences:
17 for <40% forest cover versus reference, 30 for 40-60% forest cover versus
reference, and 163 for 60-80% forest cover versus reference.
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Table 1 | Normalized estimates for deforestation impacts on climate

Variable

Mean change (95% CI) per 1 pp reduction in forest cover

Relative (%) mean change (95% CI) per 1 pp reduction in forest cover

Annual LST (°C) 0.03 (0.03 to 0.04)

0.11 (0.08 to 0.14)

Wet season LST (°C) 0.02 (0.01 to 0.02)

0.05 (0.03 to 0.07)

Dry season LST (°C) 0.05 (0.04 to 0.06)

0.15(0.12t0 0.18)

(
(
—1.13¢(
(
(

(

(
Annual ET (mm/year) —1.57 to —0.70) —0.11 (—0.15 to —0.07)
Wet season ET (mm/month) —0.03 (—0.06 to 0.01) —0.04 (—0.08 to 0.01)
Dry season ET (mm/month) —0.14 (—0.23 to —0.06) —0.15 (—0.25 to —0.06)
Dry season rainfall (mm/month) —0.37 (—0.56 to —0.18) —0.41 (-0.59 to —0.23)

Number of rainy days —0.23(—0.31to —0.14)

—0.18 (—0.24 to —0.11)

Estimated change in the climate average of deforested regions, relative to the reference climate conditions, for every 1 percentage point (pp) reduction in forest cover. The second column shows the mean
deforestation impact in absolute magnitudes, which vary by variable, and the third column shows the relative impacts, in terms of percentage change from reference climate conditions. Values in

parentheses show the 95% confidence interval for the mean estimates.

contributes to the observed variation of magnitude in climate differences
(as illustrated in Figs. 2 and 3). To normalize estimates of deforestation
impacts on climate among our samples, we divided each climate difference
between deforested versus reference neighbors by their corresponding
difference in forest cover. Additionally, to further minimize the influence of
factors other than deforestation in these estimates, we removed outliers,
averaged climate differences from the same deforested cell versus its
reference neighbors, and averaged climate differences among our samples
(see “Methods” section for additional detail). We assumed this central
value is more likely linked to deforestation, while values dispersed from the
mean have a greater influence of background factors. We did not estimate
the impacts on annual and wet season rainfall, in addition to maximum
dry spell duration, due to the unclear evidence of deforestation contribu-
tion to changes in these variables.

Our normalized estimates for deforestation impacts on climate
(Table 1) represent the likely shift in the average of climate variables from
the climate conditions of reference regions, for every 1 percentage point (pp)
loss in forest cover. Deforestation impacts in the dry season indicate a mean
LST increase of 4-0.05°C (95% CI 0.04-0.06) per pp reduction in forest
cover, while ET shows a mean reduction of —0.14 mm month™" ([95% CI
—0.23 to —0.06 mm] or —0.15% [—0.25 to —0.06%]), and rainfall show a
mean reduction —0.37 mm month ™" ([95% CI —0.56 to —0.18 mm] or
—0.41% [—0.59 —to —0.23%]) per pp reduction in forest cover (Table 1).
Moreover, our findings indicate a mean reduction of —0.23 rainy days ([95%
CI—0.31to —0.14 days] or —0.18% [—0.24 to —0.11%]) per pp reduction in
forest cover. The 95% confidence interval of our estimates shows a large
variation in the range of values that would represent the actual mean
deforestation impacts on ET and rainfall. Nonetheless, the range of values
for annual and dry season ET, dry season rainfall, and the number of rainy
days agree in their negative sign, emphasizing that deforestation is asso-
ciated with reductions in these variables.

Similarities in climate patterns between highly deforested
regions and forest-savanna transitional regions

In light of the observed significant impact of accumulated deforestation on
climate in the Amazon, we evaluated whether the distribution of climate
averages in highly deforested regions has shifted towards climatic char-
acteristics of savannas or forest-savanna transitional regions. From our
original selection of deforested grid cells, all within the moist forest biome,
we selected for this current analysis the cells with forest cover <60% to be
considered as our highly deforested regions. In addition, all their immediate
reference neighbors were selected as our highly forested regions (forest cover
>80%), representative of the climate characteristics of the moist forest biome
under minimal influence of deforestation. Different biome types, such as
open grasslands and wooded savannas, also occur within the Amazon
boundaries’™”. We selected grid cells from the savanna biome and grid cells
in transitional regions between savannas and moist forests to compare their

2013-2021 climate averages with those of highly deforested and fores-
ted cells.

Regions from the moist forest biome that are highly forested show very
distinct climate characteristics from savannas within the Amazon, with
significantly different distributions at the 0.05 level for all climate variables,
based on the Two-Sample Kolmogorov-Smirnov test, except for wet season
ET and maximum dry spell duration. They also show significant differences
from the distributions in forest-savanna transitional regions. However, in
highly deforested regions, distributions for LST variables and annual ET are
significantly similar to transitional regions (Table 2). Additionally, highly
deforested regions have non-significant differences for dry season ET and
rainfall compared to both highly forested regions and transitional regions,
showing mean values in between these two biome categories.

Although the annual rainfall and the number of rainy days in highly
deforested regions are not significantly different from highly forested
regions, there is a notable shift towards lower values (Fig. 4). During the dry
season, LST in highly deforested regions is on average 3 °C higher than in
highly forested regions but 3 °C lower than in savannas. In addition, the
average dry season ET is 12% lower (—40 mm) than in highly forested
regions, but 44% greater (+92 mm) than in savannas, whereas dry sea-
son rainfall is 25% (—50 mm) lower than in highly forested regions but 60%
greater (456 mm) than in savannas. Moreover, the number of rainy days in
highly deforested regions is, on average, about 11 days lower than in highly
forested regions, but 24 days greater than in savannas.

To further evaluate deforestation-related shifts in climate envelopes, we
compared the selected highly deforested and forested cells in terms of their
conformance with the climate envelope of savannas. We identified the
climate envelope in which most savannas in the Amazon are found based on
the observed 5th and 95th percentiles of climate averages from the selected
cells of this biome (Table 2). For instance, most Amazonian savannas occur
where the dry season LST is 231 °C, dry season ET is <309 mm, and dry
season rainfall is <192 mm (Table 2). For each climate variable, we then
assessed the proportion (%) of cells from highly deforested and forested
regions that are within the savanna envelope. This analysis revealed that
about 93% of our highly deforested cells were in the savanna envelope for
dry season LST (Supplementary Table 3); however, a large proportion of
highly forested cells (68%) were also under this envelope. More remarkably,
about 67% of highly deforested cells were under the envelope for annual
LST, in contrast to only 16% in highly forested cells. The vast majority of
highly deforested regions are also in the savanna envelope for annual ET
(78% of cells against 45% in highly forested cells) and dry season rainfall
(70% against 55%), while the dry season ET and wet season rainfall also
showed substantial contrasts between deforested and forested cells.

We also mapped the spatial distribution of areas across the Amazon
from the moist forest biome whose climate is under the envelope for
savannas. This analysis was performed for four variables (annual LST,
annual ET, wet and dry season rainfall) and by distinguishing moist forest
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Table 2 | Summary statistics (mean, 5th and 95th percentile) of climate averages during 2013-2021 for selected grid cells in the

Amazon according to their biome category

Mean (5th-95th percentile)

Variable Highly deforested regions Highly forested regions Forest-savanna transitional regions Savannas
Annual LST (°C) 33 (31-36) 31 (29-32) 33 (30-37)* 36 (32-41)
Wet season LST (°C) 31 (30-32) 30 (29-31) 31 (29-33)* 33 (31-35)
Dry season LST (°C) 34 (31-37) 31 (28-33) 33 (28-39) 37 (31-43)

Annual ET (mm/year) 1106 (866-1254)

1194 (1026-1366)

1104 (771-1268)* 968 (574-1189)

Wet season ET (mm/season) 246 (191-292)

255 (212-289)*

274 (200-336) 256 (173-317)*

Dry season ET (mm/season) 301 (206-385)

341 (252-441)

268 (156-365) 209 (87-309)

Annual rainfall (mm/year) 2157 (1284-3159)

2336 (1847-2896)*

1876 (1206-2577) 1662 (1017-2338)

Wet season rainfall (nm/season) 961 (480-1411) 1007 (765-1215)* 894 (659-1199)* 804 (551-972)
Dry season rainfall (nm/season) 149 (22-299) 199 (21-417)* 114 (27-197)* 93 (23-192)
Maximum dry spell 35 (13-72) 35 (15-72)* 32 (16-45)* 31 (13-44)*
duration (days)

Number of rainy days 137 (95-169) 148 (104-182)* 121 (89-158) 113 (78-145)

For a given biome category, the distribution of climate variables in bold is not significantly different at the 0.05 level compared to the corresponding distribution in highly deforested regions, based on the
Two-Sample Kolmogorov-Smirnov test. Accordingly, the mean of climate variables with an asterisk, for a given biome category, is not significantly different at the 0.05 level compared to the mean of highly
deforested regions, based on Welch'’s t-test. LST stands for land surface temperature and ET for evapotranspiration. Annual ET and rainfall are reported in mm year~', whereas the seasonal values are

reported in mm season™".

* Non-significant differences at the 0.05 level compared to highly deforested regions, based on Welch’s t-test.

areas by their forest cover extent (Fig. 5). Areas in which the four variables
are in the savanna envelope, thus showing the largest similarity to the
savanna climate, are found in the Brazilian states of Rond6nia and mid-
eastern Pard. The vast majority of these areas are highly deforested (<60%
forest cover), contrasting with the highly forested areas in their surround-
ings that show less similarity with the savanna envelope. Other regions in
which deforested areas show a greater climate similarity to savannas are
found in northern Mato Grosso state in Brazil, southern Para, and in the
western Colombian Amazon. When each climate variable is analyzed
separately (right panel in Fig. 5), we observed that most of the southern
Amazon is under the savanna envelope for dry season rainfall, and a large
portion of the western Amazon is under the envelope for annual ET and wet
season rainfall. Conversely, annual LST and ET show greater spatial dis-
tinctions between highly deforested and forest areas, especially in the eastern
and southern Amazon.

Discussion

The multiple evidence from our findings indicate that historic deforestation
in the Amazon has contributed to a shift in regional climate towards higher
temperatures, lower evapotranspiration, lower rainfall in the dry season, and
fewer rainy days, compared to climate conditions in highly forested areas.
We investigated climate impacts of deforestation by comparing climate
averages of deforested cells, grouped by different extents of accumulated
deforestation, against their reference neighboring cells (forest cover >80%).
Our analysis took into account confounding factors such as spatial varia-
tions and internal climate variability, and our findings consistently suggest
negative impacts of deforestation on the indicated variables. The observed
climate differences between deforested cells and their reference neighbors
showed significantly larger magnitudes when compared to reference cells
neighboring each other, which we used to indicate the influence of back-
ground factors. Overall, climate impacts were more significant for regions
that are highly deforested (<60% forest cover), with greater intensity for land
surface temperature (LST) and evapotranspiration (ET) as the extent of
accumulated deforestation increased.

Our assessment indicates that highly forested regions (>80% forest
cover) have distinct climate envelopes from Amazon savannas or transi-
tional regions (in between the moist forest and savanna biome). In contrast,
regions that are highly deforested share significant similarities with both
highly forested and transitional regions in terms of dry season rainfall and
ET, while LST is significantly more similar to savannas or transitional

regions. This finding, when linked to our observed impacts of historic
deforestation on climate, suggests that deforestation tends to increase the
exposure of less tolerant forest species to hotter and drier conditions and
might favor the establishment of non-forest vegetation.

It is important to stress, however, that climate shifts alone are not
sufficient to explain ecosystem transitions, since this process involves
multiple drivers and feedbacks™; for instance, fire activity, soil properties,
and ecological networks are also important factors for the establishment of
natural savannas***’. More broadly, the deforestation-related climate shifts
observed in this study may increase the susceptibility of remaining forests in
deforested regions to stressors such as extreme droughts and wildfires,
favoring alternative ecosystem trajectories such as degraded forests or open-
canopy ecosystems’*”. Moreover, since the climate state in highly defor-
ested regions shows similarities to forest-savanna transitional regions,
positive or negative ecological trajectories are possible, depending on human
interventions.

The periodic occurrence of extreme droughts in the Amazon™* is
usually concomitant with heatwaves*. In combination with human-driven
wildfires, these events can contribute to reducing the ecological integrity of
forests™. This risk becomes especially higher in extensively deforested
regions, as deforestation-driven increases in land surface temperature and
reductions in rainfall in the dry season, as observed here, can increase vapor
pressure deficit and amplify water and heat stress in the remaining forests
under extreme drought events™*’. As a result, these forests can face higher
drought-induced degradation, leading to increased tree mortality”, and
wildfire susceptibility, consequently favoring the dominance of opportu-
nistic native species, alien grasses, or possibly savanna species if the region
borders savanna biomes™.

Conversely, large-scale forest restoration can possibly reestablish
regional climate resilience by reducing LST*** and increasing ET and
recycled rainfall®. Despite these potential benefits, secondary forests in
the Amazon have their long-term permanence compromised by fire,
severe deforestation rates, and the lack of legal protection and law
enforcement’ ™. Properties in the Brazilian Amazon are required by
Brazil’s Forest Code (Law No. 12,651/2012) to keep 80% of their area
covered by forests. A substantial portion of these properties, however, has
vegetation cover debts that amount to about 10 Mha available for forest
restoration in the Amazon®. Many of the farmlands with restoration
deficits are located in the southern Pard and northern Mato Grosso
states™, regions that were identified in our study with climate moving
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Fig. 4 | Cumulative probability of climate averages for different biome categories
in the Amazon. The x-axis shows the range of climate averages in the Amazon for
each biome category, and the y-axis indicates the proportion of samples whose

climate average is less than or equal to a given value on the x-axis. Horizontal dashed
lines mark the value on the x-axis at which 50% of samples in each biome category
fall below. Both highly forested and deforested regions represent grid cells from the

160

moist forest biome but diverge by having, respectively, >80% and <60% remaining
forest cover in 2021. LST stands for land surface temperature, ET for evapo-
transpiration, and Max. for maximum. The map on the bottom right shows all grid
cells selected for the analysis. The number of selected cells for each biome category
was 27 for highly deforested regions, 38 for highly forested regions, 126 for forest-
savanna transitional regions, and 41 for savannas.

towards savanna-like patterns. We stress the importance of advancing
large-scale restoration efforts in these regions to reduce the risk of eco-
system transitions and better safeguard forests more into the interior of
the Amazon from facing the same risks.

Recent legislation has been proposed in Brazil (PL No. 3334/2023 at the
federal level and PLC No. 18/2024 from Mato Grosso State) with the
potential to reduce the 80% forest cover threshold to 50% or even 35% in
some regions of the Amazon. We showed that deforestation impacts on
climate are already evident in regions with 60-80% of forest cover, especially
for LST and ET. Still, these impacts increase in intensity as the remaining
forest cover decreases. Thus, legally maintaining the 80% threshold of forest
cover is crucial to sustain climate benefits from forests at the regional level.
In regions that are highly deforested, climate-based economic activities such

as agriculture can face higher climate risks due to the regional reduction of
climate regulation services by forests, which can compromise agricultural
yield and revenue™”. By the end of this century, most of the Amazon is
expected to be warmer and drier due to global climate change®, which
makes the planning for climate-smart landscapes a key strategy for climate
change adaptation”. Our results emphasize the importance of maintaining
large patches of forests alongside other anthropic land uses for more sus-
tainable climatic conditions in the Amazon.

Previous studies have reported LST and ET differences between
deforested and forested areas at fine scales (1km or greater spatial
resolution), indicating local increases in LST during the dry season of
3-4°C and ET reductions of up to 35-48%"*’. Our estimates at 0.5°
(~55 km) resolution differ in showing the contribution of deforestation
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Fig. 5 | Moist forest regions in the Amazon and their similarity to the climate
envelope of Amazonian savannas. All cells in gray are entirely within the moist
forest biome in the Amazon. The darker the shade of gray in a given cell, the more
climate variables whose values are within thresholds found in Amazonian savannas
(varying from zero to four variables). Climate average thresholds for which savannas
in the Amazon are found were defined as follows: annual land surface temperature
(LST) = 32 °C, annual evapotranspiration (ET) < 1189 mm, wet season rainfall
<972 mm, and dry season rainfall <192 mm. Wet and dry seasons are considered,

respectively, the three consecutive wettest and driest months based on rainfall cli-
matology. Contoured deforested grid cells were grouped by their remaining forest
cover in 2021 (<40%, 40-60%, and 60-80%), whereas uncountoured gray cells had a
remaining forest cover of >80%. In the right panel, areas in dark gray show moist
forest regions within savanna thresholds for each climate variable. The names of
Amazon countries appear abbreviated, and the names of some Brazilian states are
also shown.

to regional changes in climate, rather than local. We observed that dry
season LST is on average 3°C higher in highly deforested regions,
compared with highly forested regions, in line with the local-scale esti-
mates, while dry season ET is 12% lower. At the regional scale, the
reduced ET in deforested areas can be compensated by the high ET of
remaining forests within the same grid cell, which may partially explain
the differences between local and regional estimates.

Our findings indicate clear evidence for deforestation impacts on
reduced rainfall during the dry season, while evidence for the annual and wet
season periods was not clear. In contrast, findings from other studies at
similar scales have indicated deforestation-induced rainfall reductions in the
annual and all seasonal periods, or even increases during the wet season'*"".
Our average estimate for the deforestation-related reductions in dry season
rainfall was -0.37 mm month™" (95% CI —0.56 to —0.18 mm) per percen-
tage point (pp) reduction in forest cover, while other studies found esti-
mates, at similar scales, of —1.5 mm month ™' and —0.09 mm month™" '*",
This large variation of magnitude among estimates highlights that, while
studies have been agreeing on evidence for deforestation-induced reduc-
tions in dry season rainfall, the quantification of these reductions still holds
substantial uncertainties. Although our findings also indicate deforestation-
related reductions in the number of rainy days, we did not explore the
specific periods of the year in which this reduction occurred. Previous
studies have linked deforestation to delays in wet season onset and decreases

in wet season length™****’, which may suggest that reductions in rainy days

can occur at the dry-to-wet season transition or wet season. Future studies
will be important to clarify these knowledge gaps.

Our analyses provided robust assessments of climate shifts in defor-
ested regions by rigorously controlling for confounding factors, but at the
expense of reduced sample sizes, mainly for our most deforested cells.
Therefore, our estimates for the normalized deforestation impacts on cli-
mate should be interpreted with caution due to our small sample size. The
wide range of the 95% confidence interval for normalized impacts on ET
and rainfall demonstrates the uncertainty of these estimates. The quantifi-
cation of deforestation impacts on climate with remote sensing observations
is still an incipient field, so future studies will be essential to weigh the
consistency of observational estimates provided in the scientific literature so
far. We also stress that our assessments were based on regions with 0.5°
spatial resolution (~55km), and different patterns or magnitudes for
deforestation-climate relationships can emerge at different resolutions, as
other studies have been demonstrating™'*"”'**,

In the comparison of rainfall between deforested and reference (forest
cover >80%) neighboring regions, part of the variation of responses among
our samples can come from processes such as landscape configuration and
wind direction. For instance, the amount of forested areas surrounding the
deforested area and how deforested areas are distributed across the land-
scape (e.g., large and continuous or small and fragmented patches) are
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suggested to be important factors for the deforestation-induced changes in
mesoscale circulation and rainfall”'>'**, Additionally, because rainfall in the
deforested area can be influenced by the redistribution or recycling of
moisture from the surrounding forested areas'®, rainfall comparisons
between deforested versus reference neighbors can possibly generate dif-
ferent outcomes depending on whether the reference cells are upwind,
paralleled, or downwind from deforested cells. Our analysis partially
addressed spatial heterogeneity by comparing deforested and reference
neighbors across the entire Amazon, and, despite spatial variations, our
findings indicate a consistent pattern among our samples for deforestation-
induced reductions in dry season rainfall. Future studies are needed to
explicitly evaluate how spatial heterogeneity influences assessments of
deforestation-induced changes in rainfall by observational approaches.

Amazon forests play an important role in dry season rainfall through
evapotranspiration recycling'”*'. However, less than 10% of local evapo-
transpiration is suggested to return as rainfall within a distance of
approximately 0.5° from its source”. Because moisture transpired by
vegetation in the Amazon can travel, on average, 600km before
precipitating”, rainfall in a given deforested cell can thus also be impacted by
deforested regions that are a few hundred kilometers away. Despite not
explicitly tracing moisture sources from our deforested cells, we compared
deforested and reference forested cells that are immediate neighbors and
have a relatively small size, so we assumed these cells share similar external
moisture sources and dynamics. Moreover, differences in external moisture
sources would appear both in our comparison of deforested versus reference
neighbors and reference versus reference neighbors, generating similar
biases for these two kinds of comparisons. Because differences in dry season
rainfall were more negative (lower rainfall) in deforested versus reference
neighbors, compared to reference versus reference neighbors, it is very likely
that different external moisture sources are not the main factor contributing
to the lower rainfall in deforested cells.

Alternatively, it is also plausible that deforested cells may be experi-
encing greater rainfall inhibition mechanisms than surrounding forested
cells. For instance, a warmer and drier lower troposphere during the dry
season was found in deforested regions at the 0.5° resolution, which can
enhance hot-dry updrafts and reduce the inflow of external moisture
sources that contribute to rainfall in that region®’. Considering the scientific
understanding of mechanisms behind deforestation-induced rainfall
reductions is still limited, further studies linking changes in atmospheric
moisture flow and rainfall will be important to help elucidate some of the
current uncertainties.

Methods

Study region

Our study region consists of the Amazonia sensu lato, which covers the
entire biogeographical limits of the Amazon lowland rainforest biome™.
These limits span across eight countries (Brazil, Bolivia, Peru, Colombia,
Venezuela, Ecuador, Suriname, Guyana) and one overseas department
(French Guiana), including some regions of other biomes such as savannas
and grasslands.

We divided this region into grid cells to use them as samples in our
comparisons of climate variables according to different extents of
remaining forest cover and biome types. We worked with grid cells of
0.5° (~55 km) spatial resolution, a size that allows for a good number of
samples considering the several criteria we applied to select grid cells and
control the role of deforestation from other drivers. Part of our analysis
consists of comparing deforested cells against their highly forested
neighboring grid cells, assuming they share a similar climatic background
by being geographically close. In this sense, neighboring grid cells are
more likely to share similar climatic backgrounds in a smaller grid size,
such as 0.5°, compared to 1° or 2°. Moreover, according to Cohn et al.®,
non-local forest loss can influence temperature in areas within 50 km of
distance, most likely through heat advection. By using the 0.5° resolution,
we therefore minimize the influence of deforestation from a given grid
cell on land surface temperature in another neighboring grid cell. In

addition, previous studies have found diverging impacts of deforestation
on rainfall at the 0.5° resolution®*'”*"**, which reinforces the importance
of additional studies for land-atmosphere interactions for grid sizes
within this range.

Climate variables

We analyzed the following climate variables: land surface temperature,
evapotranspiration, rainfall, maximum dry spell duration, and number of
rainy days.

For land surface temperature (LST), we used daily daytime data from
the MYD11A1 v061 product, based on the Moderate Resolution Imaging
Spectroradiometer (MODIS) sensor on board the Aqua satellite. Aqua
crosses the equator around 1:30 pm in its daytime passage, so MYD11Al
estimates are close to the maximum temperature of the day. LST from
MYD11A1 has a 1 km spatial resolution and is based on emissivity from
thermal infrared bands according to MODIS land cover data for pixels
under clear-sky conditions. We only selected pixels with the highest accu-
racy according to the product quality control, which are those with LST
error <1 K and emissivity error <0.01.

For evapotranspiration (ET), we used the recently developed
geeSEBAL-MODIS data®. This product provides daily average estimates of
ET for every 8 days with a 500 m spatial resolution. The computation is
based on the residual of the energy balance equation and uses LST and
vegetation indices from MODIS Aqua as inputs, in addition to land cover
from MODIS MCD12Q1. According to an assessment of ET products
against flux tower data and water balance of river basins in the Amazon®,
geeSEBAL-MODIS vyielded the highest accuracies, outperforming com-
monly used ET products such as MOD16 and ERAS5.

To derive all rainfall-related variables, we used daily rainfall estimates
from the Climate Hazards Group InfraRed Precipitation with Station
(CHIRPS) v2 product. CHIRPS blends rainfall estimates from thermal
infrared observations of cold cloud duration and rain gauge to provide data
with 0.05° of spatial resolution”. CHIRPS has been shown to have a higher
performance in the Amazon when compared to several other satellite-based
rainfall datasets®”. To derive the variable number of rainy days, we con-
sidered the total number of days with rainfall >1 mm on a yearly basis. In
contrast, the maximum dry spell duration variable was derived by the
maximum number of consecutive days with rainfall <1 mm.

Forest cover data

We used yearly maps of forest classification from 2013 to 2021 from
MapBiomas Amazonia Collection 4 to derive the forested area in 0.5° grid
cells by summing the area of all forest pixels inside each grid cell. Map-
Biomas uses a supervised random forest classification with spectral metrics
of the Landsat program as inputs. The mapping process also uses post-
classification spatial and temporal filters to reduce misclassifications and
inconsistent land cover/land-use transitions. We computed the annual
percentage of forest cover in each grid cell by dividing the total forest area by
the cell’s area. For the grid cells on the borders, whose area is not entirely
within the Amazon boundaries, the percentage of forest cover was relative
only to the cell’s area inside the Amazon. We computed the corresponding
forest loss from 2013 to 2021 in 0.5° grid cells by the difference between the
percentage forest cover in 2013 and 2021.

Time series and grid cell aggregation

We computed climate data for each year from 2013 to 2021. The analysis
covered three different periods: annual (total 12 months of the calendar
year), wet season (three consecutive months with the largest rainfall), and
dry season (three consecutive months with the lowest rainfall). Wet and dry
seasons were computed according to the corresponding rainfall climatology
from 1990 to 2020, derived from CHIRPS for each 0.5° grid cell. We first
computed the monthly mean rainfall over 1990-2020 in each grid cell and
then identified their three consecutive wettest and driest months. Supple-
mentary Fig. 3 shows the spatial variation in wet and dry seasons across the
Amazon. Although the actual three consecutive driest and wettest months
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can vary year to year, our definition based on fixed wettest and driest periods
according to rainfall climatology shows a good correspondence with year-
to-year variations during 2013-2021 for the majority of grid cells (Supple-
mentary Fig. 4), providing a good representation of wettest and driest
periods in general.

We computed on a pixel basis the monthly averages of land surface
temperature (LST) and monthly sums of evapotranspiration (ET) and
rainfall, in addition to yearly values of maximum dry spell duration and the
annual number of rainy days. Subsequently, we summarized the values per
0.5° grid cell by taking the mean of all pixels within each grid cell. For each
year from 2013 to 2021, we aggregated the monthly values of LST, rainfall,
and ET to the annual, wet and dry seasons by taking the average in each
period for LST and the total sum for ET and rainfall.

Climate differences between deforested and reference regions
To assess how climate differences vary according to the extent of accumu-
lated deforestation, we grouped our 0.5° grid cells into the following ranges
of remaining forest cover in 2021: <40%, 40-60%, 60-80%, >80%.
According to MapBiomas statistics for land cover/land-use decadal tran-
sitions (1990-2000, 2000-2010, 2010-2020) in the Amazon’’, more than
85% of the lost forest area transitioned into anthropogenic land uses, of
which more than 97% were to pasture and croplands. Therefore, the extent
of remaining forest cover in 2021 is inversely related to the accumulated
deforested area used mainly for agriculture. To ensure this rationale is valid,
we only selected grid cells entirely within the moist forest biome”', which
indicates that these regions were not originally covered by non-forest
vegetation. We also removed by visual inspection some grid cells whose area
was substantially covered by extensive water surfaces, which occurred in the
northern Brazilian Amazon along major rivers.

Our analysis was restricted to grid cells with negligible forest loss (<1
percentage point difference between forest cover in 2013 and 2021) to
guarantee that comparisons of climate averages among grid cells would be
linked to the accumulated deforestation up to the beginning of our time
series (historic deforestation), rather than influenced by land-use change
during 2013-2021. We used cells with forest cover >80% as our reference for
climate conditions of highly forested and conserved regions under minimal
influence of historic deforestation. The remaining three groups (<40%,
40-60%, 60-80%) were treated as our deforested cells from which their
climate averages were compared against reference cells. To ensure defor-
ested and reference cells shared similar geographic and climatic back-
grounds, we selected for the main analyses only deforested regions that were
neighboring reference regions within a 3 x 3 window and vice versa. This
selection retrieved the following number of grid cells for each forest cover
group: 12 for <40%, 15 for 40-60%, 45 for 60-80%, and 132 for the reference
(as shown in Fig. 1).

We calculated pairwise differences between the 2013-2021 climate
averages in deforested cells against their reference neighbors (as illustrated
in Fig. 1). Likewise, we computed pairwise differences between reference
cells that were neighboring each other. In deforested versus reference
comparisons, forest cover in deforested cells was necessarily smaller than in
reference cells (i.e., a negative difference in forest cover). On the other hand,
a given reference cell can have a smaller, equal, or larger forest cover than its
other reference neighbor. Thus, we only selected pairs of reference versus
reference neighbors in which the forest cover difference was negative or
equal to zero to ensure a similar principle of comparison with deforested
versus reference neighbors. To further control similarities in the climate
background of deforested versus reference or reference versus reference
neighbors, we only selected pairs of differences for neighboring grid cells in
the same Koppen climate zone, based on gridded climate classifications at
0.5° resolution for the 1976-2000 period”. Our final selection resulted in the
following number of pairwise differences according to the forest cover
group: 17 for <40% versus reference, 30 for 40-60% versus reference, 163 for
60-80% versus reference, and 148 for reference versus reference. We used
the Two-Sample Kolmogorov-Smirnov test (two-tailed at the 0.05 level) to
assess the significance of differences between the deforested versus reference

and reference versus reference distributions, in addition to using Welch’s -
test (two-tailed at the 0.05 level) to assess differences in the mean.

To reinforce that climate differences related to deforestation are larger
than those found by other climate drivers and spatial variability, we also
reapplied our statistical tests by comparing the original deforested versus
reference samples against random subsamples of reference versus reference
neighbors across our entire study region. We randomly selected one
thousand subsamples of 150 pairwise differences between reference
neighbors pooled from a total of 4352 pairwise differences between 1156
reference cells (grid cells in dark and faded green in Fig. 1). We also con-
sidered only pairwise differences for reference cells sharing the same
Koppen climate zone and whose forest cover difference was negative or
equal to zero. The deforested (<40%, 40-60%, and 60-80% forest cover)
versus reference distributions of climate differences were tested against each
of the one thousand distributions of reference versus reference subsamples.
We then computed the 95% confidence interval of p-values from these tests
(Supplementary Table 1).

We also tested if the average climate differences between deforested
versus reference neighbors significantly vary in magnitude among our three
groups of deforested cells (<40%, 40-60%, and 60-80% forest cover), based
on the two-tailed Welch'’s #-test at the 0.05 level. This test was performed
considering the absolute magnitude of climate differences, such as in the
previous analyses, but also the relative climate differences, which indicate
the percentage difference in climate averages between deforested and
reference cells, as follows:

Xrpr: — Xppp
L . DEF; REFi
Relative climate difference; = — 2~

; * 100 (1)

REFij

where the relative climate difference for a given climate variable i and
pair j of deforested (DEF) versus reference (REF) neighboring cells is given

by the difference in the average of climate variable i during 2013-2021 (X)
between these two cells divided by the average in the reference cell.

Estimating the mean impact of deforestation on climate variables
Climate differences between the selected deforested versus reference
neighboring cells vary in magnitude, considering the differences in forest
cover between these cells and the different set of background factors for each
pair of deforested versus reference neighbors, such as topography and wind
direction. This analysis aimed to provide estimates of climate impacts more
likely associated with deforestation by integrating and taking into account
the variation of climate differences among our deforested versus reference
comparisons.

From the original set of deforested cells used in the previous analyses,
we selected only the ones with two or more reference neighbors (52
deforested cells). We then normalized absolute and relative climate differ-
ences between a given pair of deforested cell and reference neighboring
cell by the corresponding difference in forest cover between these cells. For
instance, the normalization of absolute climate differences was calculated as
follows:

Xperi — Xreri
Normalized climate difference;; = DR RO 2)

i
FCppr; — FCpgpy

where the difference in the 2013-2021 average (X) of a given climate
variable i between a pair j of deforested (DEF) and reference (REF) neigh-
boring cells is divided by the absolute value of the difference in forest cover
(FC) between these cells. Forest cover was calculated as the percentage of
forest area relative to the cell’s area.

For each deforested cell, we then computed the mean normalized
climate difference between that cell and all its reference neighbors, so each
deforested cell has a single climate difference. Subsequently, for each climate
variable, we removed the normalized climate differences considered as
outliers by only keeping values above the 5th percentile and below the 95th
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percentile of the distribution among our samples. The mean deforestation
impact on climate, and its 95% confidence interval, was then computed as
the mean normalized climate difference among our samples. With this
approach, we assume our final estimate, which is derived from the central
value of the distribution, has a reduced influence of factors other than
deforestation, since the contribution of these background factors would be
larger in values dispersed from the mean and the most extreme values. We
acknowledge that such approach, however, does not fully disentangle the
contribution of deforestation from other factors. The total number of
pairwise climate differences considered to compute these final estimates was
46, 4 from the deforestation group with forest cover <40%, 8 from the group
with 40-60%, and 34 from the group with 60-80%. Absolute estimates of
deforestation impacts on ET and rainfall during the wet and dry seasons
were divided by 3 to indicate the mean impacts per month, since these
variables were originally summed over the three consecutive wettest and
driest months for the wet and dry seasons, respectively.

Climate characteristics of biomes

This analysis aimed to evaluate whether the climate envelope of highly
deforested regions has shifted away from reference conditions in highly
forested regions to become more similar to the climate envelope of other
biomes. We used data for biome distribution in the Amazon provided by
Dinerstein et al.”’, based on the work of Olson et al.”’, which provided a
consistent evaluation and delimitation of biome boundaries. From this data,
given the very small area of Mangroves and Flooded Grasslands biomes in
the Amazon, we aggregated them respectively to the Tropical and Sub-
tropical Moist Broadleaf Forests and Tropical and Subtropical Savannas and
Grasslands biomes, renaming these classes to Moist forests and to Savannas,
respectively. We also created an additional class named Forest-savanna
transitional regions to contemplate grid cells containing both tropical moist
forests and savanna biomes. We assigned grid cells to this transitional class if
more than 10% of their Amazon area was in one biome (Moist forests or
Savannas) and less than 90% in the other. We also kept for the analysis only
grid cells of the Savannas class with forest cover <40% in 2021, as they would
provide a more loyal representation of this biome.

The Moist Forest biome class in this analysis was represented by the
categories Highly deforested regions and Highly forested regions. Deforested
cells with forest cover <40% and 40-60%, selected from the original sample
used in previous analyses, were used here as our highly deforested regions,
whereas their reference neighbors (forest cover>80%) within a 3 x 3 window
from the same Koppen climate zone were used as our highly forested
regions. The final number of grid cell samples used in the biome compar-
isons was as follows: 27 for highly deforested regions, 38 for highly forested
regions, 126 for transitional (savannas & moist forests), and 41 for savannas.
We compared the distribution of climate averages during 2013-2021 among
our biome categories with the two-tailed Welch’s ¢-test and Two-sample
Kolmogorov-Smirnov test at the 0.05 level of significance. Additionally, we
computed the 5th percentile, mean, and 95th percentile of climate averages
in each biome category to represent their corresponding climate envelope in
the Amazon.

From the total number of cells in highly deforested and forested
regions, we compared the percentage of cells whose climate average con-
forms with the climate envelope of savannas. We considered that land
surface temperature (LST) averages were in the envelope of savannas if they
were greater than or equal to the 5th percentile of the LST distribution in our
savanna samples. Likewise, evapotranspiration (ET) and rainfall values were
in the envelope of savannas if they were less than or equal to the 95th
percentile of the distribution in our savanna samples. We did not consider
the variables wet season ET and maximum dry spell duration in this ana-
lysis, since no significant distinction in the distribution of these variables was
found between highly forested regions and savannas. We also visually
assessed the spatial distribution of moist forest cells in the savanna envelope
according to the deforestation extent of these areas. This analysis was
applied to all moist forest cells across the Amazon, not just the selected
highly forested and deforested samples. The analysis contemplated four

variables that showed a good distinction between highly deforested and
forest cells: annual ET, annual LST, wet season rainfall, and dry season
rainfall. The more variables a given area in the Amazon has in the savanna
envelope, the more similar the climate in that area is to the climate envelope
of savannas.

Data availability

Data generated by this study for the main analyses and figures is archived in
the following Zenodo repository: https://doi.org/10.5281/zenodo.17253537.
MapBiomas forest cover data, geeSEBAL-MODIS ET, MODIS LST,
and CHIRPS rainfall were collected through Google Earth Engine.
Alternatively, MapBiomas Amazonia forest cover data is available on:
https://amazonia.mapbiomas.org/en/, geeSEBAL-MODIS ET is available
on: https://gee-community-catalog.org/projects/gee_sebal/ (see also Comini
de Andrade et al.*), MODIS LST is available on: https://www.earthdata.nasa.
gov/data/catalog/lpcloud-myd11al-061, and CHIRPS rainfall is available on:
https://www.chc.ucsb.edu/data/chirps. Data about Koppen-Geiger climate
zones is available on: https://koeppen-geiger.vu-wien.ac.at/shifts.htm. Data
about biome distributions is available on: https://ecoregions.appspot.com/
(see also Dinerstein et al.”).

Code availability

R codes to generate the main analyses and figures of this study are available
in the following Zenodo repository: https://doi.org/10.5281/zenodo.
17253537.
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