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Abstract

The Brazilian savanna, South America’s second-largest biome, is vital to Brazil’s economy
but has suffered from environmental degradation due to unregulated agricultural and
urban expansion. This study assesses climate change in the biome from 1961 to 2021
using the Köppen climate classification, drought indices, historical trend analyses, and
the climatological water balance. Fourteen municipalities across the biome were analyzed.
According to the Köppen classification, most municipalities were identified as Aw (tropical
with dry winters) and Am (tropical monsoon), with Dourados, MS, and Sapezal, MT,
alternating between Am and Aw. The standardized precipitation index (SPI) revealed
changes in rainfall distribution. The Mann–Kendall test detected rising air temperatures
in 13 of the 14 municipalities, with Sen’s slope ranging from 0.0156 to 0.0605 ◦C per year.
Rainfall decreased in seven municipalities, with decreases from −4.54 to −12.77 mm per
year. The climatological water balance supported the observed decrease in precipitation.
The results indicated a clear warming trend and declining rainfall in most of the Brazilian
savanna, highlighting potential challenges for water availability in the face of ongoing
climate change.

Keywords: climate change; temperature trends; rainfall pattern; water balance

1. Introduction
The Brazilian savanna, or Cerrado, is the second-largest biome in South America and

covers a large part of central Brazil [1]. It features a mosaic of savanna vegetation and
woody formations, exhibiting high biodiversity and endemism [2], and plays a critical
hydrological role, serving as a water source for eight of Brazil’s twelve main river basins.
The climate is tropical seasonal, predominantly classified as Aw (tropical savanna with
dry winters) according to the Köppen system [3]. The Cerrado is economically important,
producing over 60% of Brazil’s grains and contributing substantially to national food
security [4].

However, intense agricultural expansion and urbanization have driven extensive
environmental degradation, leading to biodiversity loss, increased water scarcity, and
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altered regional climate dynamics [5]. From 1985 to 2021, nearly 28 million hectares of
native vegetation were converted to anthropogenic land, amplifying ecological pressures [6].
The climate records from 1961 to 2019 reveal an increase in dry-season mean temperatures
between 2.2 and 4 ◦C, coupled with a 15% reduction in relative humidity [7], which has
increased the water demand and fire risk [8]. Precipitation decreased by an average of
15.41 mm year−1, while potential evapotranspiration increased by 14.91 mm year−1, from
2000 to 2019 [9]. These trends align with global climate models projecting temperature rises
of 1.5–4.4 ◦C by 2100 [10], with regional scenarios indicating increases of up to 6.58 ◦C for
the Cerrado under high-emission pathways [11].

Climate changes pose risks to agricultural productivity by reducing water availability
and increasing pest pressures [12,13] while threatening native biodiversity that relies on
stable climatic regimes [14]. Precipitation is a key determinant of crop yield, and water
deficits are a primary constraint in this major agricultural zone, which is vulnerable to
climate extremes [15,16]. Understanding these dynamics is recommended for adaptive
management strategies.

Since its creation in 1900, the Köppen classification has been widely adopted and
refined for climatological and agrometeorological studies due to its robustness and sim-
plicity [17–20]. It effectively tracks regional climate shifts and facilitates the analysis of
climate impacts. Studies applying the Köppen classification in Brazil have documented
warming trends, shifts from subtropical to tropical climate types, and increased extreme
events, emphasizing the urgency of climate adaptation policies [20]. Anthropogenic global
warming is accelerating changes in global climate conditions, leading to an expansion of
hot tropical and arid climates, particularly in mid- and high-latitude regions [21]. The
changes have occurred in climate types A (tropical), B (arid), and D (continental), with
tropical climates, especially the savanna subtype (Aw), expanding by 1.0 to 3.3%, primarily
over areas previously classified as type C (temperate) climates [21].

Coupling the Köppen classification with drought indices, trend tests, and water bal-
ance assessments offers a comprehensive approach to characterize climate change impacts.
This study tests the hypothesis that climatic characteristics in the Cerrado have shifted
between 1961 and 2021, marked by rising temperatures and altered precipitation regimes.
The work aims to assess climate change using the Köppen classification, the standardized
precipitation index, trend analyses, and climatological water balance, providing insights
into climate impacts on water availability in the biome.

2. Materials and Methods
2.1. Study Area

The selected locations across the Cerrado correspond to the following municipalities
and states of Brazil: Alto Parnaíba, MA; Aragarças, GO; Balsas, MA; Conceição do Araguaia,
PA; Dourados, MS; Formosa, GO; Jataí, GO; João Pinheiro, MG; Peixe, TO; Posse, GO;
Poxoréu, MT; Sapezal, MT; Tapurah, MT; and Uberaba, MG (Figure 1). The 14 municipalities
selected to assess climate change in the Cerrado using the Köppen climate classification
were chosen because they cover different regions of this biome. This selection provides
a comprehensive sampling of the characteristics and phytophysiognomies present in the
territory, allowing for a representative analysis of the climatic transformations affecting the
Cerrado biome.

2.2. Climate Data

Daily-scale data on the minimum and maximum air temperature and precipitation
were collected for the period of 1961 to 2021. For the period of 1961 to 2016, climate data
were obtained from the National Institute of Meteorology [22]. For the subsequent years,
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air temperature data were obtained from the National Aeronautics and Space Adminis-
tration/Prediction of Worldwide Energy Resources [23,24], while precipitation data were
provided by the National Water and Basic Sanitation Agency [25].

To fill data gaps (representing less than 20% of the total data) [26], the average be-
tween the previous and subsequent days was used for one-day air temperature gaps. For
precipitation and multi-day gaps, data from the nearest meteorological station were used,
applying linear correlation methods for temperature and precipitation values.

 

Figure 1. Municipalities included in the study to assess climate change using the Köppen classification.
Source: adapted from [27].

2.3. Köppen Climate Classification

Climate data were organized using Microsoft® Excel® software version 2506, applying
the Köppen classification. Daily temperature and precipitation data were aggregated on
a monthly scale. Mean air temperature was calculated as the average of daily maximum
and minimum temperatures, including annual averages. Monthly and annual precipitation
totals were also calculated. Climate classification followed the threshold definitions of
Köppen [3]. A threshold of 60 mm for the driest month’s precipitation was adopted [18].
For arid and semi-arid climates, the precipitation threshold was adjusted according to
the seasonal precipitation distribution [28]. The classification was applied to 30-year
moving windows starting in 1961. Each subsequent year added one year to the period (e.g.,
1961–1990, 1962–1991, up to 1992–2021), resulting in 32 climatological periods for each of
the 14 municipalities, totaling 448 climate classifications.
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2.4. Standardized Precipitation Index (SPI)

The standardized precipitation index (SPI) was calculated based on historical precip-
itation data, which were fitted to a gamma distribution, then transformed into a normal
distribution with a mean of zero and variance of one [29,30]. The SPI was computed over
a 12-month scale using the SPI function of the SPEI package in RStudio version 2024.09.0.
The results were visually assessed for drought duration between 1961 and 2021.

2.5. Mann–Kendall Test and Sen’s Slope

The Mann–Kendall test [31,32] and Sen’s slope estimator [33] were used to detect sig-
nificant trends and quantify their magnitude in precipitation and air temperature. Analyses
were performed using R software version 4.4.1, adopting a 5% significance level (95% confi-
dence interval) [34]. The Mann–Kendall test evaluates the null hypothesis of no trend in the
time series (1961–2021), while the Z-score indicates trend direction when significant. Sen’s
slope estimates the rate of change, indicating increasing (positive values) or decreasing
(negative values) trends [30].

2.6. Climatic Water Balance

The climatic water balance was computed using the Thornthwaite and Mather
method [35] to assess soil water availability under climatic conditions. The available
water capacity was set at 100 mm. Monthly averages of air temperature and precipitation
were used for the climatological normal in 1961–1990 and 1992–2021 to compare water
availability differences between these periods. The analysis was conducted in Microsoft®

Excel® software version 2506 that incorporated the Thornthwaite method to calculate
potential evapotranspiration [36].

2.7. Data Analysis

Following data processing, the Köppen climate classification was presented for 14 mu-
nicipalities and their respective 32 climatological periods, highlighting changes in annual
rainfall and mean air temperature, and annual averages across the 32 periods for each
municipality. SPI results included a time series from 1961 to 2021 with drought intensity
for each location. Mann–Kendall and Sen’s slope test results were shown for air tempera-
ture and precipitation, including significance and trend direction over the 60-year period.
Climatic water balance was presented graphically, showing water deficit and surplus
comparative analysis between the 1961–1990 and 1992–2021 periods.

3. Results
3.1. Köppen Classification

The Köppen climate classification showed no changes in the climate type throughout
the assessed climatological normal in 12 of the 14 municipalities analyzed. These munici-
palities consistently maintained the classification of a tropical savanna climate with a dry
winter season (Aw). Changes in classification were identified only in the municipalities of
Dourados, MS, and Sapezal, MT, which alternated between Aw and a tropical monsoon
climate (Am). In Dourados, MS, the Am type was recorded in the climatological normals
from 1961–1990 to 1971–2000, and from 1981–2010 to 1989–2018. In Sapezal, MT, this
classification occurred only from the 1985–2014 to 1986–2015 climatological periods.

3.2. Standardized Precipitation Index (SPI)

SPI revealed intensified dry periods in most locations, becoming particularly evident
after 2010 (Figure 2). A prolonged drought period was identified in the municipalities of
Alto Parnaíba, MA (Figure 2a); Peixe, TO (Figure 2i); and Posse, GO (Figure 2j), between
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2014 and 2021. Conversely, longer periods of positive SPI were observed in João Pinheiro,
MG, from 2003 to 2012 (Figure 2h), and in Sapezal, MT, from 2004 to 2013 (Figure 2l).

   
(a) (b) (c) 

   
(d) (e) (f) 

   
(g) (h) (i) 

 
  

(j) (k) (l) 

 

  
 (m) (n) 

Figure 2. Cont.
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Figure 2. Standardized precipitation index (SPI) evaluated on a 12-month scale between 1961 and
2021 for the locations of Alto Parnaíba, MA (a); Aragarças, GO (b); Balsas, MA (c); Conceição do
Araguaia, PA (d); Dourados, MS (e); Formosa, GO (f); Jataí, GO (g); João Pinheiro, MG (h); Peixe, TO
(i); Posse, GO (j); Poxoréu, MT (k); Sapezal, MT (l); Tapurah, MT (m); and Uberaba, MG (n).

3.3. Mann–Kendall Test and Sen’s Slope

The Mann–Kendall test identified a statistically significant trend (p < 0.05) in air
temperature for 13 of the 14 municipalities (Table 1), all showing positive Z-values. The
municipalities of Alto Parnaíba, MA; Aragarças, GO; Balsas, MA; Conceição do Araguaia,
PA; Dourados, MS; Formosa, GO; Jataí, GO; João Pinheiro, MG; Peixe, TO; Posse, GO; Pox-
oréu, MT; Tapurah, MT; and Uberaba, MG, exhibited positive Sen’s slope values, indicating
an increase in air temperature. In contrast, Sapezal, MT, was the only municipality that did
not show a significant trend in air temperature.

Table 1. The Mann–Kendall test (Z-value), Sen’s slope estimator, and significance level based on the
p-Value for the historical air temperature series in 14 municipalities of the Cerrado biome from 1961
to 2021.

Municipalities, State Z Sen (◦C Year−1) p-Value 1

Alto Parnaíba, MA +7.2941 +0.0302 <0.0001 **
Aragarças, GO +5.8938 +0.0218 <0.0001 **

Balsas, MA +5.6451 +0.0241 <0.0001 **
Conceição do Araguaia, PA +8.0216 +0.0605 <0.0001 **

Dourados, MS +6.8589 +0.0329 <0.0001 **
Formosa, GO +7.7950 +0.0362 <0.0001 **

Jataí, GO +5.8146 +0.0202 <0.0001 **
João Pinheiro, MG +7.3247 +0.0475 <0.0001 **

Peixe, TO +6.8273 +0.0296 <0.0001 **
Posse, GO +6.7341 +0.0314 <0.0001 **

Poxoréu, MT +4.2453 +0.0156 0.0218 *
Sapezal, MT +0.5228 +0.0018 0.6011 ns

Tapurah, MT +4.9539 +0.0328 <0.0001 **
Uberaba, MG +5.0911 +0.0252 <0.0001 **

1 Significance level of 5% (*) and 1% (**), and not significant (ns).

Sen’s slope values ranged from 0.0156 to 0.0605 ◦C year−1 (Table 1). The highest
average increase was observed in Conceição do Araguaia, PA (0.0605 ◦C year−1), followed
by João Pinheiro, MG (0.0475 ◦C year−1), and Formosa, GO (0.0362 ◦C year−1). The regions
of Dourados, MS; Tapurah, MT; and Posse, GO showed similar increases, around 0.03 ◦C
year−1. Municipalities of Peixe, TO; Uberaba, MG; Balsas, MA; Aragarças, GO; and Jataí,
GO recorded increases of approximately 0.02 ◦C year−1, while Poxoréu, MT had the lowest
rate, at 0.0156 ◦C year−1.
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Regarding precipitation, 7 out of the 14 municipalities analyzed showed a statistically
significant decreasing trend, with p-values of <0.05 and negative Sen’s slope values, indicat-
ing a reduction in rainfall amounts (Table 2). These municipalities included Alto Parnaíba,
MA; Aragarças, GO; Dourados, MS; Peixe, TO; Posse, GO; Poxoréu, MT; and Tapurah,
MT. Tapurah, MT, exhibited the largest reduction, with a decline of 12.77 mm year−1. Pox-
oréu, MT, and Aragarças, GO, showed considerable reductions of 7.53 mm year−1 and
7.19 mm year−1, respectively. Peixe, TO, and Alto Parnaíba, MA, experienced decreases
of 6.24 mm year−1 and 6.20 mm year−1, respectively. Posse, GO, showed a reduction
of 5.62 mm year−1, and Dourados, MS, showed a reduction of 4.54 mm year−1. Mean-
while, Balsas, MA; Conceição do Araguaia, PA; Formosa, GO; Jataí, GO; João Pinheiro,
MG; Sapezal, MT; and Uberaba, MG, did not exhibit statistically significant trends in
precipitation (Table 2).

Table 2. Mann–Kendall test (Z-value), Sen’s slope estimator, and significance level based on the
p-value for the historical rainfall series in 14 municipalities of the Cerrado biome from 1961 to 2021.

Municipalities, State Z Sen (mm Year−1) p-Value 1

Alto Parnaíba, MA −3.0181 −6.23 0.0025 **
Aragarças, GO −3.1799 −7.19 0.0015 **

Balsas, MA −0.4169 −0.75 0.6767 ns

Conceição do Araguaia, PA −0.4294 −1.17 0.6676 ns

Dourados, MS −2.3896 −4.54 0.0169 *
Formosa, GO −0.6410 −1.70 0.5215 ns

Jataí, GO +0.1680 +0.37 0.8666 ns

João Pinheiro, MG −0.3671 −0.91 0.7135 ns

Peixe, TO −3.0057 −6.24 0.0026 **
Posse, GO −2.2838 −5.62 0.0224 **

Poxoréu, MT −2.5701 −7.53 0.0102 **
Sapezal, MT +1.9104 +6.02 0.0560 ns

Tapurah, MT −4.6610 −12.77 <0.0001 **
Uberaba, MG +0.3547 +0.9187 0.7228 ns

1 Significance level of 5% (*) and 1% (**), and not significant (ns).

3.4. Climate Normal Series

The climate normal was compared between the first (1961–1990) and the most recent
(1992–2021) period (Table 3), along with the difference between these periods. The mu-
nicipality that registered the greatest reduction in rainfall was Tapurah, MT, with a total
decrease of 400 mm year−1. Conversely, Sapezal, MT, showed the largest increase in precip-
itation, with a total increment of 414 mm year−1. Regarding air temperature, Conceição do
Araguaia, PA, stood out with the highest increase in mean annual temperature, reaching
1.9 ◦C. For the other municipalities, the increase exceeded 0.7 ◦C, except for Sapezal, MT,
which showed a slight decrease of 0.1 ◦C.

Table 3. Climate normal for the first (1961–1990) and most recent (1992–2021) periods, with the
difference between periods in 14 municipalities of the Cerrado biome.

Municipalities, State
Precipitation Air Temperature

1961–1990 1992–2021 Difference 1961–1990 1992–2021 Difference

mm Year−1 ◦C

Alto Parnaíba, MA 1426 1213 −213 26.3 27.3 +1.0
Aragarças, GO 1604 1355 −249 25.9 26.7 +0.8

Balsas, MA 1211 1161 −50 26.7 27.6 +0.9
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Table 3. Cont.

Municipalities, State
Precipitation Air Temperature

1961–1990 1992–2021 Difference 1961–1990 1992–2021 Difference

mm Year−1 ◦C

Conceição do Araguaia, PA 1662 1627 −35 26.1 28.0 +1.9
Dourados, MS 1468 1348 −120 22.6 23.7 +1.1
Formosa, GO 1325 1293 −32 22.1 23.2 +1.1

Jataí, GO 1529 1548 +19 23.3 24.0 +0.7
João Pinheiro, MG 1224 1302 +78 22.7 24.2 +1.5

Peixe, TO 1572 1387 −185 26.6 27.6 +1.0
Posse, GO 1513 1328 −185 23.9 25.0 +1.1

Poxoréu, MT 1973 1763 −210 25.1 25.8 +0.7
Sapezal, MT 1775 2189 +414 26.2 26.1 −0.1
Tapurah, MT 2212 1812 −400 25.3 26.6 +1.3
Uberaba, MG 1561 1606 +45 22.8 23.6 +0.8

3.5. Climatic Water Balance

The results obtained from the climatological water balance for the first (1961–1990) and
most recent (1992–2021) climatological normal indicated that, in 13 of the 14 analyzed munic-
ipalities, the water deficit was greater in the 1992–2021 normal compared to the 1961–1990
period (Table 4). For example, in Balsas, MA, the water deficit for the 1961–1990 normal
was 558 mm year−1, whereas in 1992–2021, it increased to 671 mm year−1. Conversely,
only the municipality of Sapezal, MT, showed a reduction in water deficit, decreasing
from 292 mm year−1 in the 1961–1990 normal to 265 mm year−1 in the 1992–2021 normal
(Table 4), but increasing the water surplus from 489 mm year−1 to 880 mm year−1.

Table 4. Water deficit and surplus from water balance for the climatological normals of 1961–1990
and 1992–2021 in the 14 municipalities of the Cerrado biome.

Municipalities, State
Water Deficit Water Surplus

1961–1990 1992–2021 Difference 1961–1990 1992–2021 Difference

mm Year−1 ◦C

Alto Parnaíba, MA 491 629 +138 330 113 −217
Aragarças, GO 384 509 +125 449 224 −225

Balsas, MA 558 671 +113 96 54 −42
Conceição do Araguaia, PA 393 558 +165 502 369 −133

Dourados, MS 1 4 +3 327 82 −245
Formosa, GO 216 287 +71 482 421 −61

Jataí, GO 146 162 +16 487 440 −47
João Pinheiro, MG 242 370 +128 346 387 +41

Peixe, TO 470 626 +156 407 254 −153
Posse, GO 327 418 +91 605 367 −238

Poxoréu, MT 274 343 +69 853 611 −242
Sapezal, MT 292 265 −27 489 881 +392
Tapurah, MT 263 436 +173 1044 610 −434
Uberaba, MG 108 166 +58 532 556 +24

In the 1992–2021 climatological normal, there is an advance in the period of soil water
withdrawal and water deficit compared to the 1961–1990 normal, as highlighted in the
municipalities of Alto Parnaíba, MA (Figure 3a,b). April showed a slight surplus in the
1961–1990 normal but shifted to soil water withdrawal in the 1992–2021 period, with the
onset of the water deficit advancing by one month.
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(a) (b) 

Figure 3. Comparative climatological water balance between the climatological normals of 1961–1990
(a) and 1992–2021 (b) for the municipality of Alto Parnaíba, MA.

The water surplus increased in the 1992–2021 climatological normal in only three
municipalities compared to the 1961–1990 normal (Table 4), those municipalities being João
Pinheiro, MG; Sapezal, MT; and Uberaba, MG. In João Pinheiro, MG, values increased from
346.38 mm year−1 to 387.17 mm year−1. However, no increase in the number of surplus
months was observed, with 11 municipalities experiencing a reduction in the number of
months with a water surplus between 1961–1990 and 1992–2021. As shown in Figure 3a,b,
Alto Parnaíba, MA, recorded a reduction of three surplus months.

4. Discussion
The persistence of the Aw climate classification in most regions analyzed can be

attributed to the inherent stability of its defining characteristics. The Aw climate, tropical
savanna with a dry winter, is marked by consistently high temperatures and a pronounced
dry season, with minimal thermal amplitude throughout the year [37]. There has been an
expansion of tropical Aw climates in southern Africa, Brazil, and northern India since the
1980s, often at the expense of temperate zones [38]. This climatic regime, situated at the
transitional boundary of tropical climates in the Köppen system, represents a threshold in
terms of both thermal and precipitation criteria. Notable shifts in climate classification (e.g.,
toward semi-arid [BSh] or arid [BWh]) would require substantial and sustained reductions
in annual precipitation, typically below 800 mm [39], and increases in temperature.

According to climate projections, changes are increasingly plausible, with trends of
rising air temperatures and decreasing rainfall in various Brazilian regions [17], which
documented a decadal expansion of semi-arid zones in Brazil exceeding 75,000 km2 [40].
The first classification of an arid zone in northern Bahia was observed between 1990 and
2020, indicating a nationwide tendency toward aridification, with implications for other
transitional regions, such as the Cerrado.

The municipalities of Dourados, MS, and Sapezal, MT, exemplify climatic transition
zones, where local and regional climate interactions promote alternating climate classi-
fication. Dourados, located near the boundary between Aw and Am (tropical monsoon)
climates, is influenced by interactions between the Atlantic Forest and Cerrado biomes,
and by dynamic air mass exchanges [41,42]. Similarly, Sapezal lies in a transitional area
influenced by the Cerrado and the Amazon Rainforest. Changes in Amazonian precipita-
tion patterns, modulated by land-use change and global warming, have affected moisture
transport toward Sapezal [43], potentially indicating a positive anomaly of increasing
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rainfall. Climate change scenarios indicate a consistent change in the climate type Am to
Aw on the border of Cerrado [44], where Sapezal and Dourados are located.

In this study, long-term water availability was assessed using the standardized pre-
cipitation index (SPI) at a 12-month scale, reflecting cumulative precipitation effects on
hydrological systems, including streamflow, reservoir levels, and groundwater [45]. The
results showed longer negative SPI values after 2010, indicating intensifying drought condi-
tions [7,9]. This intensification aligns with global climate drivers, particularly the increase
in air temperature, which alters the climate system and affects El Niño Southern Oscillation
phenomena [46]. Additionally, regional land-use changes, especially deforestation, have
played a key role on climate. For example, in scenarios without deforestation, rainfall
amounts between 2011 and 2020 would have been 12% to 41% higher in the central-northern
region of Brazil [47]. Although several municipalities did not exhibit statistically significant
trends in annual precipitation, this could be attributed to high interannual variability ob-
scuring longer-term trends [48]. However, increased precipitation in recent years in Sapezal
is consistent with prior findings by [49], who documented a peak in annual rainfall in 2009
(3600 mm) and a minimum in 1988 (1500 mm).

A warming trend in mean air temperature was observed across most municipalities
analyzed, corroborating global and regional projections [10]. In the Cerrado biome, this
warming is associated with projected decreases in rainfall and greater irregularity in
distribution [7,50]. The climatological water balance supports evidence of intensifying
water stress, characterized by an earlier onset of soil moisture depletion and increased
annual water deficit in the recent normal period, reducing the available growing period
under rainfed agriculture.

Shifts in climate classification have important consequences on biodiversity and agri-
culture [51]. The observed temperature increase and rainfall reduction threaten the conser-
vation of species in Cerrado by reducing climate stability [52], and threaten agriculture by
reducing yield [53,54], requiring adaptation strategies in both sectors [52,54,55].

5. Conclusions
This study reveals three key shifts in the climate system of the Cerrado region through

a multicriteria analysis. In Dourados, MS, and Sapezal, MT, the Köppen classification
alternated between Am and Aw, while other municipalities remained Aw but showed
a trend toward drier conditions due to rising temperatures and declining rainfall. The
Mann–Kendall and Sen’s slope tests revealed significant temperature increases in 13 of the
14 municipalities, and reduced rainfall trends in 7 of the 14. SPI analysis showed more
frequent and intense droughts after 1990, thus increasing vulnerability to climate extremes.
The climatological water balance confirmed greater water deficits in the 1992–2021 period
compared to the 1961–1990 period in most locations. These findings suggest the Cerrado
is undergoing climate transformation, posing risks to water availability. The potential for
climate risk may increase in the future due to climate change scenarios not considered in
this study. Adaptation strategies need to consider biodiversity conservation through land-
use laws, while agriculture must improve resilient crop systems. Investments in climate
monitoring, farmer training, and supportive public policies will be key to mitigating the
environmental and socio-economic impacts of these changes.
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