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ABSTRACT
Over the past 5000 years, the predictable climate seasonality of the Brazilian Cerrado has played a crucial role in shaping the life 
history strategies of species and the structure of ecological communities of this global biodiversity hotspot. However, this biome 
is becoming hotter and drier, with a notable lengthening and intensification of the dry season. Declining rainfall results from 
three key factors: the expansion of the South Atlantic Subtropical Anticyclone, warming of northern tropical Atlantic waters, 
and reduced evapotranspiration during the dry season due to widespread land conversion. The evapotranspiration drop also 
plays a pivotal role in regional warming and higher vapor pressure deficit. Climatic change already affects the physiology, phe-
nology, and reproduction of the Cerrado plants, while also driving community-level alterations, such as woody encroachment 
and ant–plant–herbivore interaction outcomes. Dry season lengthening is likely to reduce the biomass and alter the dynamics 
of microbial communities, with negative effects also extending to invertebrates and other groups. The pronounced warming re-
duces the amount and duration of dewfall, an important water source for insect pollinators and other animals with low vagility 
during periods of drought. Concerning vertebrates, the most suggested impact is the loss of specialist or endemic species, with 
restricted distributions, and the expansion of generalist species, lowering the levels of β- and γ-diversity across the region and 
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making communities poorer and more homogenized. In summary, climate change is actively reshaping Cerrado communities, 
and species' survival will largely depend on their phenotypic plasticity, evolutionary response, and dispersal capabilities.
This article is categorized under:
Assessing Impacts of Climate Change > Observed Impacts of Climate Change
Climate, Ecology, and Conservation > Observed Ecological Changes
Trans-disciplinary Perspectives > Regional Reviews

1   |   Introduction

The Brazilian Cerrado (hereafter called Cerrado) is the 
second-largest biome in Brazil (the term “biome” is used here 
only in line with Brazil's legal framework), recognized as a 
global biodiversity hotspot harboring thousands of endemic 
species (Klink and Machado 2005). It spans around 2 million 
km2, comprising a dynamic mosaic of vegetation, including 
forests, savannas, and grasslands composed of a broad spec-
trum of species with different growth forms transitioning into 
one another in the landscape (Figure 1). While climate broadly 
defines the Cerrado boundaries, fire, competitive interactions, 
and edaphic factors interact and shape the different vegetation 
types at local scales (Mistry 1998). The climate is characterized 
by elevated temperatures and seasonal rainfall distribution, 
with wet summers and dry winters, which remained stable 
throughout the Late Holocene (from 5000 years ago to the 
present) (Behling and Hooghiemstra 2001; Ledru et al. 2006). 
The duration and intensity of wet and dry seasons impact 
the biotic communities by alternating water availability, con-
trolling plant phenology/reproduction, and mediating intra 
and interspecific interactions (Calixto et al. 2021; Rossatto and 
Franco 2017).

The Cerrado is seriously threatened by human activities. 
Agricultural and pasture expansion, and thousands of anthro-
pogenic wildfires annually, have caused widespread habitat 
loss (Strassburg et  al.  2017). Regional climate change ampli-
fies these pressures, interacting with land-use change and fire 
regimes to further threaten biodiversity. These impacts, pre-
dicted over two decades ago through simulations of the mas-
sive removal of native vegetation combined with increased 
concentration of greenhouse gases (Costa and Pires  2010; 
Hoffmann and Jackson 2000), are now confirmed by observa-
tional data. The primary goals of our study are: (i) to synthe-
size the most recent understanding of the processes driving 
climate change in the Cerrado, and; (ii) to project the potential 
impacts of these changes on the region's diverse terrestrial bio-
diversity across different taxonomic groups. This synthesis is 
essential for informing effective conservation and land man-
agement strategies, enabling stakeholders to anticipate eco-
logical shifts, prioritize vulnerable species and habitats, and 
implement targeted mitigation and adaptation measures to 
safeguard the Cerrado's unique ecosystems and biodiversity in 
the face of ongoing climate change. For comparison purposes, 
we used the same annual division proposed by Hofmann 
et  al.  (2023), with four distinct seasons according to rainfall 
distribution: wet season (WS; December–March), the begin-
ning of the dry season (BDS; April–May), the dry season (DS; 
June–September), and the beginning of the wet season (BWS; 
October–November).

2   |   Regional Climate Change in Cerrado

Currently, the most evident alteration caused by climate change 
in the Cerrado is the lengthening and intensification of DS, re-
sulting from atmospheric warming coupled with reduced rain-
fall (Figure 2). This rainfall reduction varies regionally, ranging 
from 5% to 15% of total annual precipitation, and three main fac-
tors contribute to this trend (Campos and Chaves 2020; Hofmann 
et  al.  2023). First, changes in regional rainfall appear to have 
begun in the late 1960s (Hofmann et al. 2023), coinciding with ris-
ing sea-level atmospheric pressure in the South Atlantic due to the 
expansion of Hadley cell circulation (Choi et al. 2014). These shifts 
are likely linked to increasing greenhouse gases and declining 
stratospheric ozone, significantly altering Southern Hemisphere 
atmospheric circulation, especially the South Atlantic Subtropical 
Anticyclone (SASA) (Reboita et  al.  2019). SASA intensification/
expansion results in higher sea level pressure and strengthened 
zonal winds, leading to atmospheric moisture transfer from the 
Cerrado to other regions (Hofmann et  al.  2023). These changes 
inhibit vapor condensation and cloud formation, reducing precipi-
tation and rainy days (Figure 3a). While alterations in atmospheric 
circulation due to SASA affect the Cerrado year-round, they are 
most pronounced during the DS and BWS, when the anticyclone 
is stronger and closer to the Brazilian coast (Hofmann et al. 2023).

A second factor attributed to the decline in Cerrado rainfall 
is a change in atmospheric circulation caused by the warm-
ing of the northern tropical Atlantic Ocean. This phenomenon 
weakens moisture transport from the sea to South America, 
reducing atmospheric water vapor, particularly in the central 
and northern Cerrado near the Amazonian border (Espinoza 
et al. 2016; Marengo et al. 2022). The third factor is a reduction 
in vapor supply due to decreased evapotranspiration, which 
may seem counterintuitive given rising air temperatures and 
evaporative demand (Figure 3b). However, models predicting 
the climatic consequences of native vegetation suppression in 
the Cerrado have confirmed this decline during DS and BWS 
through field measurements and remote sensing (Oliveira 
et al. 2005). The primary cause is reduced rooting depth from 
land-use changes, along with increased albedo, reduced leaf 
area, and turbulence caused by pastures and crops (Costa and 
Pires 2010). Converting Cerrado forests and savannas to pas-
ture and cropland can reduce evapotranspiration by 20% to 
45%, depending on the transition type (Rodrigues et al. 2022). 
During DS and BWS, native vegetation's evapotranspiration 
significantly exceeds that of agricultural areas, as tree root 
systems can access deeper soil water (Oliveira et  al.  2005). 
With water bodies covering less than 1% of the Cerrado and 
limited soil moisture in dry pastures and fallow crops during 
the DS, increased evaporation due to higher air demand does 
not offset the decline in transpiration from the loss of native 
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FIGURE 1    |     Legend on next page.
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vegetation. Therefore, the effects of the second and third fac-
tors converge to diminish the regional air moisture content, 
reinforcing the effects of SASA changes and prolonging the 
DS duration.

Beyond its effects on the hydrological cycle, the suppression of 
native vegetation also acts as a radiative forcing by altering en-
ergy budget components (Costa and Pires 2010). This reduction 
in evapotranspiration plays a crucial role in regional warming 
by decreasing latent heat flux, which increases the energy 
available for sensible heat flux, resulting in significant rises in 
surface and air temperatures (Loarie et al. 2011). Long-term 
temperature data reveal distinct warming trends for noctur-
nal and diurnal periods, reflected in minimum and maxi-
mum temperatures. Minimum temperatures have gradually 
increased since the 1960s, likely linked to the intensification 
of the global greenhouse effect, while maximum temperatures 
have sharply risen since the 1980s, coinciding with significant 
agribusiness expansion in the region (Hofmann et al.  2021). 
Diurnal and nocturnal warming are more pronounced during 
DS and BWS, with monthly rates ranging from 0.3°C to 0.7°C 
per decade. These periods are the same ones in which a re-
duction in regional evapotranspiration is observed, which is 
attributable to the expansion of pastures and crops (Spera 
et  al.  2016). Regional warming has also caused an increase 
in vapor pressure deficit, as well as a reduction of relative hu-
midity over recent decades (Hofmann et  al.  2021). Both are 
a consequence of air expansion with increasing temperature, 
which is why they are greater during BWS, when warming is 
more pronounced. The Cerrado warming has also increased 
dew point depression at night, hampering vapor condensation 
on the surface and potentially reducing the amount and dura-
tion of dewfall (Hofmann et al. 2021).

The increased vapor pressure deficit, coupled with decreased 
rainfall, has extended the duration of water deficit months in the 
Cerrado. A recent study comparing contemporary climate data 
with geochemical proxies in speleothems revealed that the ongo-
ing drying trend has been unprecedented over the past 700 years 
(Stríkis et al. 2024). Studies have documented the environmental 
consequences of climate change, noting that declining rainfall 
and rising agricultural water use have resulted in fewer floods 
and more droughts in the Cerrado (Chagas et al. 2022). An anal-
ysis of a 33-year time series across 81 river basins found reduced 
water flow in 71 basins (Salmona et al. 2023). The adverse ef-
fects of climate change are particularly pronounced during se-
vere droughts when heatwaves reduce soil moisture, terrestrial 
water storage, evapotranspiration, and primary productivity 
(Lopes Ribeiro et al. 2021; Rossi et al. 2023). Such droughts often 
correlate with strong El Niño events or periods of anomalous 

warmth in the Tropical North Atlantic (Marengo et al. 2022). In 
2023, a strong El Niño year, most of the Cerrado experienced its 
warmest start to spring in at least 63 years (Perkins-Kirkpatrick 
et al. 2024).

Regarding projections for the end of the 21st century, climate 
model forecasts indicate an amplification of regional climate 
change currently in progress. There is robust evidence that in-
creasing the concentration of greenhouse gases will intensify 
the Hadley circulation, induce atmospheric moisture diver-
gence, and reduce the tropospheric relative humidity in the 
tropics (Lau and Kim 2015). Therefore, this process will prob-
ably increase the tropospheric and surface dryness of Cerrado 
(Cattelan et  al.  2024). Considering only the most pessimistic 
scenario generated by the Intergovernmental Panel on Climate 
Change (SSP5-8.5), the CMIP5/CMIP6 model's projections for 
the Cerrado suggest slightly increased precipitation during the 
WS and a reduction in other periods, especially during BWS 
(Cattelan et al. 2024; Ortega et al. 2021). Furthermore, the fore-
casts show a clear warming trend with an average increase of 
6°C by the end of the 21st century, with the strongest projected 
temperature rise in South and Central Americas predicted to 
occur during Cerrado's BWS (Ortega et al. 2021).

3   |   Impacts on Terrestrial Biodiversity

3.1   |   Vegetation

The increased temperatures, vapor pressure deficit, reduced 
rainfall, and prolonged DS in the Cerrado will likely impose 
strong selective pressure on plant physiology, affecting their per-
sistence. Species' responses will depend on their capacity to adapt 
to a hotter, drier environment, influenced by genetic composition 
and phenotypic patterns (Franco et al. 2014; Souza et al. 2016). 
Phenotypic plasticity will be critical for species' survival, influ-
encing geographical ranges and, consequently, the distribution 
and boundaries of vegetation types (Valladares et al. 2007). In 
the Cerrado, leaf fall peaks in the DS (Rossatto 2013). However, 
many native plants renew their foliage at the end of DS and 
during the BWS, when the effects of climate change are more 
intense, and the atmosphere's evaporative demand is at its max-
imum (Giambelluca et al. 2009). Bud break and leaf expansion 
in the DS can only occur if the plant is fully hydrated. Trees and 
other growth forms can do this because of their physiological 
mechanisms to deal with the high evaporative demand and the 
water shortage imposed by rainfall seasonality. The mecha-
nisms involved are tight stomata control of transpiration, water 
storage tissues, deep root systems, and mechanisms linked with 
hydraulic safety and an efficient water transport system to keep 

FIGURE 1    |    Location of the Brazilian Cerrado, its terrestrial biodiversity, and main phytophysiognomies. (a) Official limits of the Cerrado and 
other Brazilian biomes. (b) Cerrado terrestrial biodiversity information compiled in the recent literature. (c) Cerrado sensu stricto vegetation in the 
Jalapão State Park, state of Tocantins. (d) and (e) Dense Cerrado (cerrado denso) and Seasonally Dry Forest (mata seca) areas, recorded near Mambaí 
municipality, state of Goiás. (f) Open Grassland (campo limpo) vegetation in the Serra da Canastra National Park, state of Minas Gerais. (g) Palm 
Swamp (vereda) in Sesc Serra Azul Park, state of Mato Grosso. (h) Rocky Grassland (campo rupestre) area, recorded near Chapada dos Veadeiros 
National Park, state of Goiás. (i) Cerrado woodland (cerradão) vegetation in the Emas National Park, state of Goiás. Riverine forests (mata ciliar) 
vegetation, recorded in Porto Cajueiro Private Natural Heritage Reserve, state of Minas Gerais. Earthmound fields (campos de murundus) in the Sete 
Cidades National Park, state of Piauí (photo provided by Mario Barroso Ramos Neto).
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FIGURE 2    |     Legend on next page.
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pace with the transpiration rates without causing an excessive 
drop in leaf water potential, which would induce cavitation and 
loss of xylem conductivity (Goldstein et al. 2008).

Phenological responses to DS prolongation and increased vapor 
pressure deficit remain poorly understood. However, reduced 
rainfall during the DS and WS transition will undoubtedly af-
fect plant water balance and soil water recharge, while the 
evapotranspiration of native plants will tend to increase dras-
tically (Christoffersen et al. 2014). As the plant water potential 
gradually drops (i.e., becomes more negative), cavitation should 
spread widely within xylem conduits, decreasing water supply to 
the foliage and increasing the risk of tissue dehydration (Bucci 
et  al.  2008). Under severe dehydration, vegetative tissues may 
experience irreversible cellular damage and death. Tighter con-
trol of plant water loss would then be crucial for plant survival, 
and water leaks by leaf cuticles or through the bark, which rep-
resent a small fraction of the water lost by transpiration, can 
become increasingly important (Machado et al. 2021; Oliveira 
et  al.  2003). The limited available information suggests that 
xylem vulnerability to drought-induced cavitation may become 
widespread in Cerrado trees under a changing climate scenario, 
as has been found for the Atlantic Forest species (Hollunder 
et al. 2024). In the Amazonia and Cerrado, valley arboreal spe-
cies are more susceptible to drought-induced embolism than 
those on hillsides (Mattos et  al.  2023). Additional research is 
needed on grasses, herbs, and small shrubs, which are vital 
to plant dynamics. While vulnerability to hydraulic failure is 
closely tied to a plant's ability to resist xylem embolism, the pres-
ence of large water reservoirs or access to deep, moist soil lay-
ers may serve as alternative mechanisms to mitigate the risk of 
hydraulic failure (Liu et al. 2021; Loram-Lourenço et al. 2022).

Tighter stomatal control of transpiration comes at the cost of re-
ducing CO2 uptake by the foliage, selecting for an increase in 
water use efficiency, expressed as the amount of carbon assimi-
lated per unit of water loss (Goldstein et al. 2008). However, tran-
spiration is an important mechanism of leaf cooling for Cerrado 
plants (Bucci et al. 2008). With the DS extension and the rise of 
vapor pressure deficit, young leaves would need tighter control 
of stomatal apertures, and higher leaf temperature would inevi-
tably be exposed as they are to the high irradiances that prevail 
in this period. This scenario could negatively affect leaf carbon 
balance due to higher rates of respiration and photorespiration 
and increase the risk of photo inhibition and thermal damage to 
the leaf tissues (Franco and Lüttge 2002). While the rising CO2 
levels of the atmosphere might partially offset the impacts on the 
plant carbon balance of tighter stomatal control of transpiration, 
a higher risk of thermal injury would be inevitable (Figure 4).

The response of Cerrado plants to escalating temperatures re-
mains uncertain, mainly because the limited existing research 
on thermotolerance is restricted to trees (Araújo et al. 2021; Silva 
and Rossatto 2022). In the Cerrado, forest species are less ther-
motolerant than trees from open savannah formations, where 
tree photosynthesis is drastically affected when leaf tempera-
ture reaches 48°C to 52°C (Silva and Rossatto 2022). Damages 
imposed by high temperatures on photosynthesis can affect 
plant persistence, leading trees to lose leaves more frequently. 
These thermotolerance traits have been reported for tree species 
with sufficient available water. Under drought, as the stomatal 
aperture is limited, leaf temperature can further increase, and 
damage could be substantially larger, leading to widespread 
mortality of tree canopies. Together with warming, DS prolonga-
tion can have additional impacts on plant reproduction. Higher 
temperatures and heat waves may impair flower and seed pro-
duction, seedling establishment, and species regeneration and 
persistence in the environment (Abeli et  al.  2012). A pioneer-
ing in  situ experiment investigating the effects of increased 
temperature on the inflorescences of Byrsonima pachyphylla 
(Malpighiaceae), a Cerrado native, found no impact on viable 
pollen production but reported a significant decline in fruit pro-
duction (Werkmeister et al. 2024). These findings have implica-
tions for the reproductive success and long-term persistence of 
B. pachyphylla, potentially affecting interspecific relationships 
within the community.

Rising CO2 levels in the atmosphere could impact the Cerrado 
plant community in other ways besides regional warm-
ing. Woody encroachment is a widespread phenomenon in 
African savannas and has been linked to CO2 enrichment 
as a key driver of this process, despite other factors such as 
overgrazing and land degradation also playing significant 
roles (Devine et  al.  2017; Tabares et  al.  2020). Remote sens-
ing data and field observations show woody encroachment 
in the Cerrado northern region and transition areas with the 
Amazonia and the Pantanal (Rosan et  al.  2019). In addition 
to increased atmospheric CO2, woody encroachment in the 
Cerrado is linked to fire suppression and land-use abandon-
ment (Pellegrini et  al.  2016; Rosan et  al.  2019). Conversely, 
studies in African savannas suggest that longer and more 
frequent dry spells during the growing season may benefit 
grasses, which can rapidly recover when moisture becomes 
available, while tree growth is generally limited to specific 
times of the year (Wigley et al. 2024). Although Cerrado trees 
exhibit similar growth patterns (Rossatto et al. 2009), changes 
in vegetation may be more subtle due to the high diversity and 
functional variety of ground-layer species, despite the domi-
nance of C4 grasses and numerous tree species (Rossatto and 

FIGURE 2    |    Change in the climate variables recorded in the Brazilian Cerrado in the last two normal climates (i.e., 1991–2020 and 1961–1990) 
during the wet season, the beginning of the dry season, the dry season, and the beginning of the wet season. Seasonal values of mean temperature, 
maximum temperature, minimum temperature, relative humidity, and total evapotranspiration were calculated from the arithmetic mean of normal 
data from 45 meteorological stations (Table S1) published by the National Institute of Meteorology (INMET 2024). Total rainfall seasonal values were 
extracted from Hofmann et al. (2023), representing the arithmetic mean of 70 rainfall stations of the Brazilian Cerrado. The Wet Season photograph 
was taken in Emas National Park, in the state of Goiás (photo by Mario Barroso Ramos Neto). The Beginning of Dry Season was captured in Jalapão 
State Park, Tocantins (photo by Igor Pfeifer Coelho). The Dry Season image was photographed near the Serra da Mesa Dam, in northern Goiás. The 
Beginning of Wet Season photo was taken in the Serra do Ouro Grosso, Minas Gerais (photo by Ruy José Válka Alves). The orange and red leaves on 
the ground are from Andira humilis, an underground tree.
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FIGURE 3    |     Legend on next page.
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Franco  2017). Regardless of whether the Cerrado becomes 
more open or woody, climate changes are likely to impact 
ecosystem productivity, recovery after disturbances, and CO2 
sequestration potential. Regional climate change may also in-
fluence the invasion of exotic plants. Ecological niche simula-
tions indicate that native species are expected to decrease in 
range due to warming, while invasive grasses may either be 
less affected or even expand their range (Ferreira et al. 2022; 
Simon and Pennington 2012).

Due to the vastness of the Cerrado and the regional varia-
tions in climate change, plant responses may vary by loca-
tion. Physiological traits related to water use and temperature 
tolerance suggest a general trend of increased tree mortality, 
particularly in drier areas like the Caatinga border, if species 
lack plasticity to withstand prolonged DS and higher tempera-
tures (Anderegg et al. 2013; Taccoen et al. 2022). At the land-
scape level, wetter vegetation types—such as gallery forests, 
wet grasslands, and veredas—would suffer from reduced river 
flows and soil moisture in areas with significant rainfall de-
clines (Gonçalves et  al.  2022). On a broader scale, boundaries 
with other biomes could shift: Cerrado species might expand 
northward toward the Amazonia, as seen in the past (Bueno 
et al. 2017), while Caatinga species could move southwestward 
into the Cerrado. In the south, the Cerrado may retreat to lower 
latitudes due to increased rainfall in southern Brazil (Hofmann 
et al. 2023).

3.2   |   Soil Microbial Communities

Throughout the Cerrado, contrasting vegetation physiogno-
mies and differences in soil characteristics result in natural 
variations in soil microbial biomass, respiration, and activity 
(Rocha et al. 2019). However, transitioning from the WS to DS 
consistently decreases microbial biomass C and N (Carvalho 
et al. 2018; Nardoto and Bustamante 2003). The absence of avail-
able water during the dry season explains the high abundance 
of microbial genes related to the cell wall, capsule synthesis, and 
sporulation, suggesting dormancy during this period. Water-
saturated soils in the WS present high oxygen concentrations, 
which, coupled with a high content of genes related to amino 
acids, DNA, and protein metabolism, indicate that these dor-
mant microbial communities proliferate when water is avail-
able (Pereira de Castro et al. 2016). Increased soil moisture in 
the WS boosts organic matter from plant debris, stimulating 
microbial biomass (Eaton and Chassot  2012) and enzyme ac-
tivities like FDA, urease, dehydrogenase, β-glucosidase, and 
phosphatase (Carvalho et al. 2018). This heightened microbial 
activity enhances biogeochemical cycles, particularly C and N, 

and improves nutrient availability for plant growth, especially 
K and P.

The typical functioning of below-ground soil communities 
will be impacted by climate change. Altered water regimes 
and prolonged dry periods will reduce microbial biomass 
and alter the dynamics of microbial communities, espe-
cially in the upper 5–10 cm of soil. Prokaryotic groups like 
Solibacteres, Acidobacteriia, and Chloroflexi, associated with 
the DS, will remain dominant for longer, while WS groups like 
Alphaproteobacteria and Sphingobacteria will have a shorter 
influence (Pereira de Castro et al. 2016). Both bacterial groups 
drive C and N cycling, crucial for biogeochemical processes. 
However, increased microbial biomass and activity will ele-
vate greenhouse gas emissions, such as CO2, CH4, and N2O 
(Siqueira-Neto et al.  2021). Prolonged water stress in the DS 
could further disrupt microbial dynamics and native vegeta-
tion growth.

3.3   |   Invertebrates

The Cerrado has a high diversity and endemism of invertebrates, 
including gastropods, onychophorans, chelicerates, and insects 
(Diniz et  al.  2022; Lemes et  al.  2020; Salvador et  al.  2017). 
Heterogeneity of habitats contributes to high values of beta di-
versity in different physiognomies (Brown and Gifford  2002; 
Freire Jr. et al. 2024), especially in ecotones with other Brazilian 
biomes (Beirão et al. 2017). However, research on invertebrates 
here has been taxonomically biased and limited to sites close 
to the main research groups (Lewinsohn et  al.  2005). Many 
groups remain poorly understood, and significant biodiversity 
may be lost before it is even documented. This lack of knowl-
edge about the ecological roles of these organisms in Cerrado 
ecosystems limits our ability to project the impacts of climate 
change accurately.

Daytime and nighttime warming will likely affect inverte-
brates, altering their daily activity rhythms or prompting them 
to disperse to higher altitudes or latitudes (Battisti et al. 2005; 
Speights et al. 2017). The ability of these organisms to adjust 
their distribution will depend on their behavioral plasticity 
and dispersal abilities. Additionally, many species rely on 
complex interactions with other organisms, such as special-
ized herbivorous insects (Bellaver et al. 2022). Their survival 
will hinge on resource availability in new areas or the ability 
to exploit alternative resources in newly colonized regions. 
However, empirical data on how regional warming affects 
the daily activity patterns and distribution of Cerrado inver-
tebrates is still limited.

FIGURE 3    |    Schematic representation of the main climate changes that impact the Brazilian Cerrado. (a) Synthesis of the main climate changes 
driven by the expansion and intensification of the South Atlantic Subtropical Anticyclone (SASA) in the Cerrado. Atmospheric circulation changes 
intensify the air subsidence over the Cerrado, leading to adiabatic heating, a decrease in relative humidity in the cloud-forming atmospheric layers 
(1.5 to 5.5 km above sea level), and a hindrance of deep convection. Consequently, there is a rainfall reduction, especially between June and October, 
lengthening the Dry Season in most subregions of the Cerrado. (b) Synthesis of the main climate changes driven by Cerrado native vegetation con-
version to crops or pastures during the Dry Season (DS) and at the Beginning of the Wet Season (BWS). Land use and land cover changes impact the 
hydrological cycle and energy budget components. The drastic reduction in regional evapotranspiration recorded during DS and BWS causes surface 
and air warming, expanding the vapor pressure deficit.
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FIGURE 4    |    Summary of the main impacts of regional climate change on terrestrial biodiversity in the Brazilian Cerrado. These impacts are 
shown in the different levels of ecological organization, indicated by the color of the rectangles. Pentagons identify the seasons of the year when each 
impact is most intense, while circles identify the most affected taxonomic groups.

 17577799, 2025, 5, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
cc.70022 by U

niversidade E
stadual Paulista, W

iley O
nline L

ibrary on [20/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



10 of 19 Wiley Interdisciplinary Reviews: Climate Change, 2025

Cerrado invertebrates tend to show seasonal patterns in re-
production, abundance, and diversity, peaking from late DS to 
mid WS (Oliveira et al. 2021; Silva et al. 2011). In general, the 
rising temperatures and the first rains trigger the resurgence 
of insect activity after DS. Therefore, the pronounced envi-
ronmental alterations observed during the BWS may impact 
the seasonal cycles of invertebrates in regions most affected 
by climate change. The reduction in rainfall and frequency 
of rainy days will likely alter the mesic and wetland ecosys-
tems, potentially impacting their invertebrate communities. 
Veredas, gallery forests, and riverine ecosystems are critical 
habitats for various invertebrates, including damselfly spe-
cies (Machado and Bedê  2015; Vilela et  al.  2023), and serve 
as refuges for other invertebrates during the DS. These areas 
support higher biodiversity than the surrounding drier re-
gions (Araújo et al. 2024; Freire Jr. et al. 2024). In the Cerrado, 
endemic species of wetland ecosystems with restricted dis-
tribution and top predators with aquatic larvae are highly 
threatened by changes that render their habitats unsuitable. 
For instance, the only known specimens of the world's largest 
diving beetle were collected in this biome, but the species is 
now believed to be extinct (Hendrich et al. 2019). Nocturnal 
warming is likely to decrease the amount and duration of dew-
fall. Dew is an important water source for invertebrates with 
low vagility during the DS, such as honeybees and other polli-
nators (Joachimsmeier et al. 2012). Moreover, climate change 
affects above and belowground invertebrates differently, par-
ticularly species that live in leaf litter and are less tolerant of 
moisture loss and rising temperatures (Parr and Bishop 2022). 
In the case of soil invertebrates or those that lay eggs in the 
soil, increased environmental unpredictability and long peri-
ods of drought should select individuals with adaptations to 
these conditions, potentially leading to the extinction of pop-
ulations with less phenotypic plasticity (Martins et al. 2016).

These possible changes in community composition and struc-
ture may jeopardize the wide range of ecosystem services pro-
vided by invertebrates. Some physiognomies, such as campo 
de murundus (earthmound fields), are created by the action of 
social insects (Martin et  al.  2018). Invertebrates, particularly 
ants, are crucial for nutrient cycling in campos rupestres (rocky 
fields), as demonstrated in studies of various African savannas 
(Fernandes et al. 2024; Parr et al. 2016). Ecosystem engineering 
produced by wood-boring beetles and shelters created by gall-
inducers influence the community structure of invertebrates on 
plants (Pereira et al. 2024; Priest et al. 2021). Sources of liquid 
foods, such as extrafloral nectaries of plants and honeydew-
producing insects on vegetation, attract ants that facilitate or 
restrict the occurrence of herbivorous insects on plants (Oliveira 
and Freitas  2004). These communities are typically seasonal, 
following pulses of resource availability, and are affected by 
abiotic factors such as water availability (Calixto et  al.  2021). 
Cerrado's stable seasonal precipitation shaped adaptive strate-
gies, especially in endemic taxa; many species have univoltine 
life cycles, with a long larval stage and a short reproductive pe-
riod, which are generally associated with resources available in 
narrow phenological periods (Furtado 2004). In this sense, in-
vertebrate communities of the Cerrado are characterized by sea-
sonal cycles and synchrony between consumers and prey (Silva 
et al. 2011; Vilela et al. 2018). Changes in plant phenology should 
affect all trophic levels, including herbivorous insects and their 

natural enemies that depend on specific resources, such as in-
sects that eat young leaves (Furtado 2004; Muniz et al. 2012).

3.4   |   Amphibians and Reptiles

Amphibians and reptiles comprise the extant lineages of ecto-
thermic tetrapods, with anurans and squamates the most di-
verse groups within their classes. The Cerrado is home to an 
impressive diversity of those taxa, many of which have restricted 
distributions (Vieira-Alencar et al. 2024). Though sharing eco-
logical similarities, primarily related to size and thermal phys-
iology, differences in natural history, morphology, physiology, 
and behavior likely lead to varied responses to climate change 
(Deutsch et  al.  2008). Taxonomic diversity, phylogenetic dis-
tance, and specializations of the Cerrado's herpetofauna (Colli 
et al. 2002) indicate a broad range of responses to climate change 
(Winter et al. 2016). Amphibians possess moist, permeable skin, 
rely on cutaneous respiration, have non-amniotic eggs, and 
often undergo a larval stage (with eggs and tadpoles typically 
aquatic) (Duellman and Trueb 1994). So, the natural history of 
most species is closely tied to water availability and seasonal-
ity. Amphibians are the most threatened vertebrate class, and 
41% are globally at risk. Climate change has been responsible for 
39% of increased extinction risks in the past 20 years (Luedtke 
et al. 2023). Reptiles possess scaly, less permeable skin, rely on 
pulmonary respiration, and lay terrestrial amniotic eggs without 
a larval stage, making them generally less sensitive to humidity 
and water availability fluctuations. However, many species are 
diurnal and heliothermic, making them more vulnerable to ris-
ing air temperatures. Overall impacts of climate change on rep-
tiles remain less certain, but 21% are globally threatened (Cox 
et  al.  2022). About 5 amphibians and 11 reptiles (respectively 
2.5% and 4% of the richness of each group in the Cerrado) are 
officially threatened (ICMBio 2025).

As ectotherms, amphibians and reptiles rely heavily on environ-
mental temperatures for their physiological functions, making 
them more vulnerable to temperature fluctuations than endo-
therms (Deutsch et  al.  2008). Our understanding of thermal 
tolerances, water-conserving behaviors, and other ecophysiolog-
ical traits is still limited, and observational evidence of climate 
change impacts is scarce (Winter et al. 2016). Nonetheless, we 
can expect direct and indirect effects on the Cerrado's herpeto-
fauna, influencing individual organisms and entire communi-
ties, with consequences for ecosystems due to their vital roles in 
food chains. Direct impacts are likely to arise from temperature 
and water availability changes, while indirect effects may in-
volve shifts in food resources and habitat conditions.

Amphibians and reptiles typically cope with extreme climatic 
conditions by reducing or halting their activity to avoid expo-
sure to lethal temperatures. As temperatures rise, we anticipate 
significant impacts on their daily and seasonal activity pat-
terns due to their thermoregulatory needs. Projected warming 
in the Cerrado may extend the duration of temperatures near-
ing or exceeding the thermal tolerance limits of many species, 
particularly during the daytime. Diurnal species, like most 
lizards and Colubridae snakes, may be more affected by rising 
temperatures than crepuscular or nocturnal species, like most 
amphibians, Viperidae, Dipsadini, and Pseudoboini snakes. 
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Diurnal amphibians are rarer in the Cerrado compared to rain-
forest biomes (Ribeiro et  al.  2020). Similarly, terrestrial or ar-
boreal species, such as Teiidae, Polychrotidae, and Leiosauridae 
lizards, Colubridae snakes, and Hylidae treefrogs, may be more 
affected by warming temperatures than fossorial or cryptozoic 
species, like many Dipsadidae snake lineages, Amphisbaenidae 
worm lizards, and microhylid frogs. Fossorial or semi-fossorial 
amphibians and reptiles are common in the Cerrado, likely a 
consequence of the region's fire, rainfall, and temperature re-
gimes (Colli et al. 2002). Fossorial behavior and other reproduc-
tive specializations (as burrowed foam nests) may offer some 
protection against climate change. Predicting the full impact 
of climate change requires data on thermal tolerances and 
preferences. A study examining voluntary thermal maximum 
temperatures (VTMax) for 53 amphibians and reptiles from the 
Cerrado and Atlantic Forest found that lizards generally exhibit 
higher VTMax than amphibians and snakes (Díaz-Ricaurte 
et  al.  2022). Additionally, Atlantic Forest species had higher 
VTMax than those from the Cerrado, indicating that the herpe-
tofauna of the Cerrado may be more vulnerable to the projected 
temperature increases. Other studies have modeled the impact 
of climate change in the Cerrado, projecting deleterious effects 
on the suitability for viviparous lizards (Machado et al. 2023), 
psammophilous squamates (Oliveira et al. 2024), and a fossorial 
snake (Vasconcelos 2014).

Rainfall and temperature shape the phenology of herpeto-
fauna in the Cerrado. Most anurans reproduce during the WS 
in temporary water bodies within open areas (Vasconcellos 
and Colli  2009). As warming intensifies during the DS and 
BWS, many species may face challenging thermal conditions at 
the start of their reproductive cycles. However, reduced water 
availability is likely to have an even greater impact. Decreased 
rainfall and fewer rainy days are expected to shorten the repro-
ductive season and diminish population output, particularly for 
amphibians. Prolonged and explosive breeders will experience 
different impacts; prolonged breeders are more vulnerable to 
shorter seasons, while explosive breeders may have fewer re-
productive opportunities (Ribeiro et al. 2020; Ulloa et al. 2019). 
Additionally, higher temperatures and lower humidity could re-
duce the availability of temporary ponds critical for amphibian 
reproduction. Alves-Ferreira et al. (2022) tested the influence of 
life history and biogeographic characteristics on the response of 
Cerrado anurans to climate change. They found a potential re-
duction in geographic distribution for 70% of the species, with a 
stronger impact in species inhabiting higher-altitude areas and 
the western Cerrado (Alves-Ferreira et al. 2022).

Indirect effects, while harder to predict due to uncertain-
ties and synergistic interactions, can be equally significant 
(Blaustein et al. 2010). Changes in prey availability and habitat 
alterations are expected to be among the most impactful indi-
rect consequences of climate change. Most adult amphibians 
and squamates are predators, with amphibians, small lizards, 
Amphisbaenidae, and some snakes primarily feeding on inver-
tebrates, while most snakes prey on small vertebrates. Shifts 
in prey availability will likely affect biotic suitability for many 
species. Changes in landscape structure and vegetation com-
position in the Cerrado will also impact herpetofauna, partic-
ularly habitat specialists such as lizards found in rock outcrops, 
sandy soils, or forest patches (Colli et  al.  2002), as alterations 

in habitat availability or microclimatic conditions significantly 
affect these species. Despite uncertainties due to limited data, 
climate projections suggest severe shifts in habitat suitability, 
species distribution, richness, and phenology for Cerrado am-
phibians and reptiles in the coming decades.

3.5   |   Birds

Cerrado bird species exhibit distinct geographic distribution pat-
terns, ranging from endemics with restricted ranges to widely 
distributed species (Lopes and Silva 2024). The extent of a bird's 
range distribution partly reflects its tolerance to more extreme 
portions of the thermal gradient (i.e., generalist versus specialist 
species), which significantly influences its capacity to adapt to 
climate change (Cohen et al. 2023). Cerrado birds are facing in-
creasingly intense and warmer drought periods during DS and 
the BWS. Consequently, diurnal species must shorten their ac-
tivity duration or continue being active during higher tempera-
tures, likely leading to high thermoregulatory costs that can 
affect the fitness and survival of birds (Cunningham et al. 2013; 
McKechnie and Wolf 2010), although physiological changes in 
native species still lack empirical observations in the Cerrado. 
The rainfall reduction in the Cerrado already impacts species 
dependent on wetlands, such as Mergus octosetaceus due to the 
decrease in water-covered surfaces in natural habitats.

Adding to the physiological effects, regional climate change 
will likely interact synergistically with habitat loss, impacting 
the species distribution, potentially leading to a restructuring 
of bird assemblages (Pearce-Higgins et  al.  2015; Şekercioğlu 
et  al.  2012). Climate niche modeling and future greenhouse 
gas emissions scenarios indicate significant shifts in bird range 
sizes. In optimistic scenarios, widely distributed species are 
projected to maintain 34% to 85% of their current distributions 
(Borges and Loyola 2020). In contrast, pessimistic scenarios pre-
dict drastic reductions in range sizes for all species (Hidasi-Neto 
et  al.  2022). A study on 26 Cerrado bird species revealed that 
changes in range size vary depending on habitat specialization, 
with dispersal scenarios ranging from a 5% increase to an 80% 
decrease (Marini et  al.  2009b). Notably, the greatest potential 
losses in range size under full dispersal were anticipated for 
species dependent on grassland and forest habitats. Endemics 
could also experience losses of over half of their current dis-
tribution area by 2099, as predicted for Myiothlypis leucophrys 
(loss of 74%), Syndactyla dimidiata (−61%), Geositta poeciloptera 
(−68%), Taoniscus nanus (−59%), and Nothura minor (−57%), for 
example (Marini et al. 2009a ). In most cases involving endemic 
and rare species, the core shift in range size has been projected 
toward the southeastern Cerrado, where higher latitudes and 
elevation result in lower temperatures. However, these pre-
dicted shifts are concerning, as the southeastern region has one 
of the lowest proportions of remaining native vegetation in the 
Cerrado, coupled with a minimal representation of protected 
areas (Marini et al. 2009b).

Projections using individual species distribution models also 
suggest an increase in overall bird species richness in the north-
ern region and a reduction in the southern Cerrado (Hidasi-
Neto et  al.  2022). In both cases, community homogenization 
may occur due to local extensions and invasions (Kortz and 
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Magurran  2019). In general, endemic, rare species with re-
stricted range sizes, or those that occupy specific niches, are 
identified as the most sensitive to climate change in the Cerrado 
(Borges et  al.  2019; Borges and Loyola  2020; Hidasi-Neto 
et al. 2022). Borges and Loyola (2020) projected that four endem-
ics (Cercomacra ferdinandi, Paroaria baeri, Pyrrhura pfrimeri, 
and Synallaxis simoni) will be entirely outside refuge areas 
under future climate scenarios. On the other hand, the ability to 
disperse in highly anthropized landscapes can be a critical issue, 
exacerbated by factors like philopatric behavior, as known for 
Psittacidae (Vilaça et al. 2024). Thus, the establishment of new 
reserves that accommodate species in these projected conditions 
is crucial for the conservation of the Cerrado bird assemblage 
(Marini et al. 2009b).

3.6   |   Mammals

The most striking potential effect of climate change on the 
over 200 species of mammalian fauna of the Cerrado is biotic 
homogenization. Expected changes in rainfall and increased 
wildfires, combined with habitat loss, will likely reduce mam-
mal species richness, leading to local extinctions. Hidasi-Neto 
et  al.  (2019) anticipate that amidst this overarching decline, 
the Cerrado will exhibit nuanced patterns of phylogenetic 
overdispersion and clustering, alongside a pervasive trend of 
functional overdispersion within non-volant mammals. While 
some sites may experience a decline in diversity, the loss of 
specific species could lead to an increase in phylogenetic or 
functional divergence. Temporal and spatial shifts in species 
composition are anticipated, with heightened taxonomic turn-
over expected in the Northern Cerrado. Conversely, Southern 
Cerrado faces biotic homogenization, with mammalian com-
munities expected to become increasingly similar taxonomi-
cally, phylogenetically, and functionally. Rising temperatures 
and declining rainfall are anticipated to alter activity pat-
terns and niche overlap (temporal and spatial) among poten-
tially competing species or predator–prey pairs (Hofmann 
et al. 2016). These changes are likely to produce unpredictable 
effects on the interacting species.

Extinctions may arise from two mechanisms: severe declines in 
population sizes leading directly to extinction and range shifts 
wherein species vacate their historical distribution ranges. 
Climate change can disrupt the reproductive cycles and phe-
nology of Cerrado mammals. The anticipated decrease in pre-
cipitation during the BWS is expected to alter the phenology 
of plants and insects, with cascading effects across all trophic 
levels. Predicted changes in the distribution and abundance 
of plants may affect food availability for mammals (Losada 
et  al.  2024), leading to changes in feeding behavior (Habeck 
and Lindroth  2013). This can intensify competition for lim-
ited resources and ultimately influence population dynamics 
and assemblage (Magioli et  al.  2019). Mammalian reproduc-
tive patterns are intricately linked to the seasonal availability 
of food resources (Bronson  1989) because parturition ideally 
takes place during periods of favorable environmental con-
ditions, as the demands of lactation, a unique mammalian 
trait, impose significant costs on maternal time and energy 
(Speakman 2008). Indeed, female energetic requirements more 
than double during lactation across several lineages (Gittleman 

and Thompson  1988). Strikingly, the reproductive patterns of 
Cerrado mammals are greatly correlated with rainfall patterns. 
In didelphids, energetically demanding phases such as lactation 
and weaning are confined to periods of ample food availability 
coinciding with the WS (Lopes and Leiner 2015). Some species 
follow semelparous life cycles, typically linked to habitats exhib-
iting strong seasonality and predictability (Zangrandi and Vieira 
2023). Under climate change, the synchronization between re-
productive demands and food availability becomes increasingly 
precarious (Simmonds et  al.  2020). Shifts in precipitation pat-
terns and altered seasonality could disrupt the delicate balance 
between resource availability and reproductive cycles, threat-
ening the survival of species reliant on such synchronization 
(Dong and Anderson 2022). The inability to adapt reproduction 
to changing environmental conditions may elevate the extinc-
tion risk for marsupials and other species with similar ecological 
requirements. Several Cerrado frugivore bats exhibit seasonal 
bimodal polyestry with parturition and lactation concentrated 
during the WS, when fruit abundance and diversity are high-
est (Willig 1985). Regardless of environmental conditions, most 
bats are monotocous, so in the Cerrado, most females will gen-
erate at most two juveniles per year. The shortened duration of 
the WS may result in the loss of one of the yearly reproductive 
events, leading to a fast decline in population replacement rate 
(Racey 1982).

Climate change may drive species to adjust their ranges. Our pre-
dictions indicate that moisture-dependent vegetation types (e.g., 
gallery forests and veredas) will suffer from decreased river flow 
and soil moisture, especially in areas with significant rainfall 
declines. This may force species reliant on these habitats to go 
extinct or disperse to suboptimal sites. Small non-volant mam-
mals endemic to the Cerrado are projected to suffer losses due to 
a decline in suitable habitats (Evaldt et al. 2024). Similarly, while 
Cerrado bats may encounter suitable climate conditions approx-
imately 281 km southeast of their current ranges by 2050, failure 
to adapt to these new habitats could result in significant range 
contractions, with 36 species potentially losing over 80% of their 
distribution (Aguiar et al. 2016). The maned wolf, Chrysocyon 
brachyurus, a key mesocarnivore in the Cerrado, is projected to 
lose at least 33% of its range by 2050 (Torres et al. 2013).

The homogenization of the mammalian fauna across the 
Cerrado should trigger a cascade of effects, notably disrupting 
food chains and impacting ecosystem services. For example, 
mammals hold pivotal roles in seed dispersal and pollination 
(Wolowski et al. 2019), and top and mesopredators are known 
to regulate herbivory pressure on vegetation (Elmhagen 
et  al.  2010). Consequently, the loss or displacement of those 
species could profoundly affect the structure and composition 
of vegetation. Moreover, mammals significantly contribute to 
nutrient cycling through grazing, defecation, and decompo-
sition (Hobbs  1996). The absence of key species will disrupt 
essential processes, leading to imbalances in nutrient cycling 
and soil fertility. Mammal diversity in the Cerrado plays a 
crucial role in ecosystem services related to disease control, 
including disease surveillance, pest management, and carrion 
disposal (Vale et al. 2023). Climate-driven shifts in mammal 
assemblages are expected to have profound effects on the struc-
ture of the mammalian virome (Carlson et al. 2022). Increased 
cross-species viral transmission events are predicted, raising 
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the risk of zoonotic viruses emerging. High-risk zoonoses 
may find new hosts, increasing the likelihood of spillover into 
human populations (Carlson et  al.  2022). This heightened 
zoonotic transmission potential raises concerns about disease 
outbreaks in both humans and wildlife, exacerbating human-
wildlife conflicts.

3.7   |   Communities and Biotic Interactions

Despite limited research, growing evidence indicates that cli-
mate change is driving major shifts in ecological communi-
ties and biotic interactions in the Cerrado (Calixto et al. 2021; 
Franco et al.  2014; Vasconcelos et al.  2018; Vilela et al.  2018). 
Climate effects on community dynamics are scale-dependent 
(Bastazini et al. 2021). In the Cerrado, at broader spatial scales, 
recent projections suggest that communities tend to become 
more homogenized due to the loss of specialist species and the 
expansion of non-native generalist species, lowering the levels of 
β- and γ-diversity across the region (Hidasi-Neto et al. 2019). At 
more refined scales, climate change is also projected to restruc-
ture local communities (Vasconcelos et  al.  2018), further sug-
gesting a homogenization of species diversity across the region. 
This homogenization in species composition and lower levels 
of β-diversity are likely to simplify biotic interactions across 
space. However, most of our knowledge comes from predictive 
stacked individual species distribution models (e.g., Borges and 
Loyola 2020; Hidasi-Neto et al. 2019). Thus, the lack of proper 
and empirical assessment of ecological community data is evi-
dent, highlighting the need for thorough and explicit empirical 
community assessments.

Woody plant encroachment is an example of how regional 
climate change can drive high levels of species turnover and 
changes in vegetation structure in northern Cerrado (Rosan 
et al. 2019). This process leads not only to the loss of biodiver-
sity associated with open formations but also to the reduction 
of wetland areas (Gonçalves et al. 2021), significantly altering 
species composition and the set of biotic interactions across 
spatial scales in the region. However, our understanding of 
how biotic interactions are being restructured in the Cerrado 
in response to climate change remains highly limited. The 
available information is restricted to insect-plant interac-
tions and reveals substantial shifts in biotic relationships, 
underscoring a significant yet overlooked ecological reorga-
nization within the complex Cerrado ecosystems (Braga and 
Diniz 2022; Calixto et al. 2021; Vilela et al. 2018). Phenological 
changes have already affected mutualist and antagonist inter-
actions in ant–plant–herbivore interactions, a ubiquitous and 
widespread ecological interaction across the Cerrado (Calixto 
et  al.  2021; Vilela et  al.  2018). Future climate scenarios are 
also expected to adversely impact caterpillars and their tr-
itrophic interactions, particularly during the late DS (Braga 
and Diniz 2022).

Changes in population-level responses are predicted to alter 
ecological community composition, species richness, and pat-
terns of relative species abundance in other regions (Bastazini 
et al. 2021; Bergamin et al. 2024; Scheffers et al. 2016). Ultimately, 
these changes will reorganize the complex network of biotic in-
teractions due to new conditions in temporal (e.g., phenological 

matching) and spatial (e.g., range) overlaps of interacting species 
(Bartley et al. 2019). Positive and negative feedback loops may 
emerge, emphasizing the complex nature of climate change im-
pacts on higher levels of ecological organization.

4   |   Conclusion

The Cerrado is becoming hotter and drier due to large-scale 
climate shifts, such as the expansion of Hadley cells and the 
warming of the northern tropical Atlantic, combined with the 
widespread suppression of native vegetation driven by the ex-
pansion of Brazil's agricultural frontier. The most evident al-
terations are regional warming, higher vapor pressure deficit, 
rainfall volume drop, and lengthening of DS. Climate change 
already impacts terrestrial biodiversity in several ways, alter-
ing physiological processes and species' reproductive success. 
Thus, climate change is reshaping ecological populations and 
communities and their interactions, leading to biotic homoge-
nization across the region, with potentially concerning conse-
quences for ecosystem functioning. We emphasize that some 
of these impacts are interrelated with, or amplified by, other 
anthropogenic drivers, such as land-use changes. The lack of 
long-term biodiversity monitoring limits our ability to under-
stand and mitigate these impacts fully. We believe that the ef-
fectiveness of biodiversity conservation policies and climate 
mitigation/adaptation strategies in the Cerrado will depend 
on a transformative shift in current food production systems 
coupled with large-scale ecosystem restoration.

Author Contributions

Gabriel S. Hofmann: conceptualization (lead), investigation 
(equal), writing – original draft (lead), writing – review and edit-
ing (lead). Eliseu J. Weber: conceptualization (equal), writing – 
review and editing (equal). Vinicius Augusto Galvão Bastazini: 
writing – original draft (equal), writing – review and editing (equal). 
Davi R. Rossatto: writing – original draft (equal), writing – review 
and editing (equal). Augusto C. Franco: writing – original draft 
(equal), writing – review and editing (equal). Camille E. Granada: 
writing – original draft (equal), writing – review and editing (equal). 
Lucas A. Kaminski: writing – original draft (equal), writing – 
review and editing (equal). Flávio K. Ubaid: writing – original draft 
(equal), writing – review and editing (equal). Victor Leandro-Silva: 
writing – original draft (equal), writing – review and editing (equal). 
Márcio Borges-Martins: writing – original draft (equal), writing – 
review and editing (equal). Rafael C. Silva: writing – original draft 
(equal), writing – review and editing (equal). Manoel F. Cardoso: 
writing – original draft (equal), writing – review and editing (equal). 
Luiz F. B. Oliveira: writing – original draft (equal), writing – review 
and editing (equal). Francisco E. Aquino: writing – original draft 
(equal), writing – review and editing (equal). Maria J. R. Pereira: 
conceptualization (supporting), writing – original draft (equal), 
writing – review and editing (lead).

Acknowledgments

The Article Processing Charge for the publication of this research was 
funded by the Coordenação de Aperfeiçoamento de Pessoal de Nível 
Superior - Brasil (CAPES) (ROR identifier: 00x0ma614).

Conflicts of Interest

The authors declare no conflicts of interest.

 17577799, 2025, 5, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
cc.70022 by U

niversidade E
stadual Paulista, W

iley O
nline L

ibrary on [20/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



14 of 19 Wiley Interdisciplinary Reviews: Climate Change, 2025

Data Availability Statement

Data sharing is not applicable to this article as no new data were created 
or analyzed in this study.

Related WIREs Articles

A First Assessment of Greenhouse Gas Emissions From Agricultural 
Peatlands in Canada: Evaluation of Climate Change Mitigation Potential

References

Abeli, T., G. Rossi, R. Gentili, M. Gandini, A. Mondoni, and P. 
Cristofanelli. 2012. “Effect of the Extreme Summer Heat Waves on 
Isolated Populations of Two Orophitic Plants in the North Apennines 
(Italy).” Nordic Journal of Botany 30, no. 1: 109–115. https://​doi.​org/​10.​
1111/j.​1756-​1051.​2011.​01303.​x.

Aguiar, L. M. S., E. Bernard, V. Ribeiro, R. B. Machado, and G. Jones. 
2016. “Should I Stay or Should I Go? Climate Change Effects on the 
Future of Neotropical Savannah Bats.” Global Ecology and Conservation 
5: 22–33. https://​doi.​org/​10.​1016/j.​gecco.​2015.​11.​011.

Aguiar, L. M. S., R. B. Machado, R. D. Françoso, et al. 2015. “Cerrado 
terra incógnita do século 21.” Ciência Hoje 330: 33–37.

Alves-Ferreira, G., G. A. F. Giné, D. d. S. Fortunato, M. Solé, and N. 
M. Heming. 2022. “Projected Responses of Cerrado Anurans to Climate 
Change Are Mediated by Biogeographic Character.” Perspectives in 
Ecology and Conservation 20, no. 2: 126–131. https://​doi.​org/​10.​1016/j.​
pecon.​2021.​12.​001.

Anderegg, W. R. L., J. M. Kane, and L. D. L. Anderegg. 2013. 
“Consequences of Widespread Tree Mortality Triggered by Drought and 
Temperature Stress.” Nature Climate Change 3, no. 1: 30–36. https://​doi.​
org/​10.​1038/​nclim​ate1635.

Araújo, I., B. S. Marimon, M. C. Scalon, et  al. 2021. “Trees at the 
Amazonia-Cerrado Transition Are Approaching High Temperature 
Thresholds.” Environmental Research Letters 16, no. 3: 34047. https://​
doi.​org/​10.​1088/​1748-​9326/​abe3b9.

Araújo, W. S., L. T. Silveira, L. A. D. Falcão, et  al. 2024. “Impact of 
Vereda Dryness on the Insect Herbivore Diversity in Adjacent Cerrado 
Areas in Brazilian Protected Areas.” Nature Conservation Research 9, 
no. 2: 90–99. https://​doi.​org/​10.​24189/​​ncr.​2024.​016.

Bartley, T. J., K. S. McCann, C. Bieg, et al. 2019. “Food Web Rewiring 
in a Changing World.” Nature Ecology & Evolution 3, no. 3: 345–354. 
https://​doi.​org/​10.​1038/​s4155​9-​018-​0772-​3.

Bastazini, V. A. G., N. Galiana, H. Hillebrand, et al. 2021. “The Impact 
of Climate Warming on Species Diversity Across Scales: Lessons From 
Experimental Meta-Ecosystems.” Global Ecology and Biogeography 30, 
no. 7: 1545–1554. https://​doi.​org/​10.​1111/​geb.​13308​.

Battisti, A., M. Stastny, S. Netherer, et  al. 2005. “Expansion of 
Geographic Range in the Pine Processionary Moth Caused by Increased 
Winter Temperatures.” Ecological Applications 15, no. 6: 2084–2096. 
https://​doi.​org/​10.​1890/​04-​1903.

Behling, H., and H. Hooghiemstra. 2001. “Neotropical Savanna 
Environments in Space and Time: Late Quaternary Interhemispheric 
Comparisons.” In Interhemispheric Climate Linkages, edited by V. Markgraf, 
307–323. Elsevier. https://​doi.​org/​10.​1016/​B978-​01247​2670-​3/​50021​-​5.

Beirão, M. V., F. S. Neves, C. M. Penz, P. J. DeVries, and G. W. Fernandes. 
2017. “High Butterfly Beta Diversity Between Brazilian Cerrado and 
Cerrado–Caatinga Transition Zones.” Journal of Insect Conservation 21, 
no. 5–6: 849–860. https://​doi.​org/​10.​1007/​s1084​1-​017-​0024-​x.

Bellaver, J. M. F., M. d. S. Lima-Ribeiro, D. Hoffmann, and H. P. 
Romanowski. 2022. “Rare and Common Species Are Doomed by 
Climate Change? A Case Study With Neotropical Butterflies and Their 
Host Plants.” Journal of Insect Conservation 26, no. 4: 651–661. https://​
doi.​org/​10.​1007/​s1084​1-​022-​00407​-​1.

Bergamin, R. S., V. A. G. Bastazini, A. Esquivel-Muelbert, et al. 2024. 
“Elevational Shifts in Tree Community Composition in the Brazilian 
Atlantic Forest Related to Climate Change.” Journal of Vegetation 
Science 35, no. 4: e13289. https://​doi.​org/​10.​1111/​jvs.​13289​.

Blaustein, A. R., S. C. Walls, B. A. Bancroft, J. J. Lawler, C. L. Searle, 
and S. S. Gervasi. 2010. “Direct and Indirect Effects of Climate Change 
on Amphibian Populations.” Diversity 2, no. 2: 281–313. https://​doi.​org/​
10.​3390/​d2020281.

Borges, F. J. A., and R. Loyola. 2020. “Climate and Land-Use Change 
Refugia for Brazilian Cerrado Birds.” Perspectives in Ecology and 
Conservation 18, no. 2: 109–115. https://​doi.​org/​10.​1016/j.​pecon.​2020.​
04.​002.

Borges, F. J. A., B. R. Ribeiro, L. E. Lopes, and R. Loyola. 2019. “Bird 
Vulnerability to Climate and Land Use Changes in the Brazilian 
Cerrado.” Biological Conservation 236: 347–355. https://​doi.​org/​10.​
1016/j.​biocon.​2019.​05.​055.

Braga, L., and I. R. Diniz. 2022. “Trophic Interactions of Caterpillars 
in the Seasonal Environment of the Brazilian Cerrado and Their 
Importance in the Face of Climate Change.” In Caterpillars in the 
Middle: Tritrophic Interactions in a Changing World, edited by R. J. 
Marquis and S. Koptur, 485–508. Springer. https://​doi.​org/​10.​1007/​978-​
3-​030-​86688​-​4_​15.

Bronson, F. H. 1989. Mammalian Reproductive Biology. University of 
Chicago Press.

Brown, K. S., and D. R. Gifford. 2002. “Lepidoptera in the Cerrado 
Landscape and the Conservation of Vegetation, Soil, and Topographical 
Mosaics.” In The Cerrados of Brazil: Ecology and Natural History of a 
Neotropical Savanna, 201–222. Columbia University Press. https://​doi.​
org/​10.​7312/​oliv1​2042-​012.

Bucci, S. J., F. G. Scholz, G. Goldstein, et  al. 2008. “Water Relations 
and Hydraulic Architecture in Cerrado Trees: Adjustments to Seasonal 
Changes in Water Availability and Evaporative Demand.” Brazilian 
Journal of Plant Physiology 20, no. 3: 233–245. https://​doi.​org/​10.​1590/​
S1677​-​04202​00800​0300007.

Bueno, M. L., R. T. Pennington, K. G. Dexter, et  al. 2017. “Effects of 
Quaternary Climatic Fluctuations on the Distribution of Neotropical 
Savanna Tree Species.” Ecography 40, no. 3: 403–414. https://​doi.​org/​
10.​1111/​ecog.​01860​.

Calixto, E. S., L. R. Novaes, D. F. B. dos Santos, D. Lange, X. Moreira, and 
K. Del-Claro. 2021. “Climate Seasonality Drives Ant–Plant–Herbivore 
Interactions via Plant Phenology in an Extrafloral Nectary-Bearing 
Plant Community.” Journal of Ecology 109, no. 2: 639–651. https://​doi.​
org/​10.​1111/​1365-​2745.​13492​.

Campos, J. d. O., and H. M. L. Chaves. 2020. “Trends and Variabilities 
in the Historical Series of Monthly and Annual Precipitation in 
Cerrado Biome in the Period 1977-2010.” Revista Brasileira De 
Meteorologia 35, no. 1: 157–169. https://​doi.​org/​10.​1590/​0102-​77863​
51019​.

Carlson, C. J., G. F. Albery, C. Merow, et  al. 2022. “Climate Change 
Increases Cross-Species Viral Transmission Risk.” Nature 607, no. 7919: 
555–562. https://​doi.​org/​10.​1038/​s4158​6-​022-​04788​-​w.

Carvalho, N. S., S. M. B. Rocha, V. M. dos Santos, F. F. de Araujo, and 
A. S. de Araújo. 2018. “Soil Microbial Biomass Across a Gradient of 
Preserved Native Cerrado.” Floresta e Ambiente 25, no. 2: e20170536. 
https://​doi.​org/​10.​1590/​2179-​8087.​053617.

Cattelan, L. G., C. R. C. Mattos, M. B. Pamplona, and M. Hirota. 
2024. “Mapping Climatic Regions of the Cerrado: Patterns and Future 
Change.” International Journal of Climatology 44: 5857–5872. https://​
doi.​org/​10.​1002/​joc.​8670.

Chagas, V. B. P., P. L. B. Chaffe, and G. Blöschl. 2022. “Climate and 
Land Management Accelerate the Brazilian Water Cycle.” Nature 
Communications 13, no. 1: 5136. https://​doi.​org/​10.​1038/​s4146​7-​022-​
32580​-​x.

 17577799, 2025, 5, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
cc.70022 by U

niversidade E
stadual Paulista, W

iley O
nline L

ibrary on [20/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/wcc.925
https://doi.org/10.1002/wcc.925
https://doi.org/10.1111/j.1756-1051.2011.01303.x
https://doi.org/10.1111/j.1756-1051.2011.01303.x
https://doi.org/10.1016/j.gecco.2015.11.011
https://doi.org/10.1016/j.pecon.2021.12.001
https://doi.org/10.1016/j.pecon.2021.12.001
https://doi.org/10.1038/nclimate1635
https://doi.org/10.1038/nclimate1635
https://doi.org/10.1088/1748-9326/abe3b9
https://doi.org/10.1088/1748-9326/abe3b9
https://doi.org/10.24189/ncr.2024.016
https://doi.org/10.1038/s41559-018-0772-3
https://doi.org/10.1111/geb.13308
https://doi.org/10.1890/04-1903
https://doi.org/10.1016/B978-012472670-3/50021-5
https://doi.org/10.1007/s10841-017-0024-x
https://doi.org/10.1007/s10841-022-00407-1
https://doi.org/10.1007/s10841-022-00407-1
https://doi.org/10.1111/jvs.13289
https://doi.org/10.3390/d2020281
https://doi.org/10.3390/d2020281
https://doi.org/10.1016/j.pecon.2020.04.002
https://doi.org/10.1016/j.pecon.2020.04.002
https://doi.org/10.1016/j.biocon.2019.05.055
https://doi.org/10.1016/j.biocon.2019.05.055
https://doi.org/10.1007/978-3-030-86688-4_15
https://doi.org/10.1007/978-3-030-86688-4_15
https://doi.org/10.7312/oliv12042-012
https://doi.org/10.7312/oliv12042-012
https://doi.org/10.1590/S1677-04202008000300007
https://doi.org/10.1590/S1677-04202008000300007
https://doi.org/10.1111/ecog.01860
https://doi.org/10.1111/ecog.01860
https://doi.org/10.1111/1365-2745.13492
https://doi.org/10.1111/1365-2745.13492
https://doi.org/10.1590/0102-7786351019
https://doi.org/10.1590/0102-7786351019
https://doi.org/10.1038/s41586-022-04788-w
https://doi.org/10.1590/2179-8087.053617
https://doi.org/10.1002/joc.8670
https://doi.org/10.1002/joc.8670
https://doi.org/10.1038/s41467-022-32580-x
https://doi.org/10.1038/s41467-022-32580-x


15 of 19

Choi, J., S. W. Son, J. Lu, and S. K. Min. 2014. “Further Observational 
Evidence of Hadley Cell Widening in the Southern Hemisphere.” 
Geophysical Research Letters 41, no. 7: 2590–2597. https://​doi.​org/​10.​
1002/​2014G​L059426.

Christoffersen, B. O., N. Restrepo-Coupe, M. A. Arain, et  al. 2014. 
“Mechanisms of Water Supply and Vegetation Demand Govern the 
Seasonality and Magnitude of Evapotranspiration in Amazonia and 
Cerrado.” Agricultural and Forest Meteorology 191: 33–50. https://​doi.​
org/​10.​1016/j.​agrfo​rmet.​2014.​02.​008.

Cohen, J. M., D. Fink, and B. Zuckerberg. 2023. “Spatial and Seasonal 
Variation in Thermal Sensitivity Within North American Bird Species.” 
Proceedings of the Royal Society B: Biological Sciences 290, no. 2010: 
20231398. https://​doi.​org/​10.​1098/​rspb.​2023.​1398.

Colli, G. R., R. P. Bastos, and A. F. Araujo. 2002. “The Character and 
Dynamics of the Cerrado Herpetofauna.” In The Cerrados of Brazil: 
Ecology and Natural History of a Neotropical Savanna, edited by P. S. 
Oliveira and R. J. Marquis, 223–241. Columbia University Press. https://​
doi.​org/​10.​7312/​oliv1​2042-​013.

Costa, M. H., and G. F. Pires. 2010. “Effects of Amazon and Central 
Brazil Deforestation Scenarios on the Duration of the Dry Season in the 
Arc of Deforestation.” International Journal of Climatology 30, no. 13: 
1970–1979. https://​doi.​org/​10.​1002/​joc.​2048.

Cox, N., B. E. Young, P. Bowles, et al. 2022. “A Global Reptile Assessment 
Highlights Shared Conservation Needs of Tetrapods.” Nature 605, no. 
7909: 285–290. https://​doi.​org/​10.​1038/​s4158​6-​022-​04664​-​7.

Cunningham, S. J., A. C. Kruger, M. P. Nxumalo, and P. A. R. Hockey. 
2013. “Identifying Biologically Meaningful Hot-Weather Events Using 
Threshold Temperatures That Affect Life-History.” PLoS One 8, no. 12: 
e82492. https://​doi.​org/​10.​1371/​journ​al.​pone.​0082492.

Deutsch, C. A., J. J. Tewksbury, R. B. Huey, et  al. 2008. “Impacts 
of Climate Warming on Terrestrial Ectotherms Across Latitude.” 
Proceedings of the National Academy of Sciences 105, no. 18: 6668–6672. 
https://​doi.​org/​10.​1073/​pnas.​07094​72105​.

Devine, A. P., R. A. McDonald, T. Quaife, and I. M. D. Maclean. 
2017. “Determinants of Woody Encroachment and Cover in African 
Savannas.” Oecologia 183, no. 4: 939–951. https://​doi.​org/​10.​1007/​s0044​
2-​017-​3807-​6.

Díaz-Ricaurte, J. C., F. C. Serrano, and M. Martins. 2022. “VTMaxHerp: 
A Data Set of Voluntary Thermal Maximum Temperatures of 
Amphibians and Reptiles From Two Brazilian Hotspots.” Ecology 103, 
no. 3: e3602. https://​doi.​org/​10.​1002/​ecy.​3602.

Diniz, V. S. R., G. F. Braga-Pereira, and A. J. Santos. 2022. “Just Met 
and Already Threatened? A New Species of Paratrechalea Carico, 
2005 From the Brazilian Cerrado (Araneae: Trechaleidae), With New 
Distribution Records for the Genus.” Arachnology 19, no. 1: 348–357. 
https://​doi.​org/​10.​13156/​​arac.​2022.​19.​sp1.​348.

Dong, J., and L. J. Anderson. 2022. “Predicted Impacts of Global Change 
on Bottom-Up Trophic Interactions in the Plant-Ungulate-Wolf Food 
Chain in Boreal Forests.” Food Webs 33: e00253. https://​doi.​org/​10.​
1016/j.​fooweb.​2022.​e00253.

Duellman, W. E., and L. Trueb. 1994. Biology of Amphibians. Vol. 1. 1st 
ed. Johns Hopkins University Press.

Eaton, W. D., and O. Chassot. 2012. “Characterization of Soil Ecosystems 
in Costa Rica Using Microbial Community Metrics.” Tropical Ecology 
53, no. 2: 185–195.

Elmhagen, B., G. Ludwig, S. P. Rushton, P. Helle, and H. Lindén. 2010. 
“Top Predators, Mesopredators and Their Prey: Interference Ecosystems 
Along Bioclimatic Productivity Gradients.” Journal of Animal Ecology 
79, no. 4: 785–794. https://​doi.​org/​10.​1111/j.​1365-​2656.​2010.​01678.​x.

EMBRAPA. 2024. “Fauna do Bioma Cerrado.” https://​www.​embra​
pa.​br/​agenc​ia-​de-​infor​macao​-​tecno​logica/​temat​icas/​bioma​-​cerra​do/​
fauna​.

Espinoza, J. C., H. Segura, J. Ronchail, G. Drapeau, and O. Gutierrez-
Cori. 2016. “Evolution of Wet-Day and Dry-Day Frequency in the 
Western Amazon Basin: Relationship With Atmospheric Circulation 
and Impacts on Vegetation.” Water Resources Research 52, no. 11: 8546–
8560. https://​doi.​org/​10.​1002/​2016W​R019305.

Evaldt, B. H. C., Y. L. R. Leite, and A. C. Loss. 2024. “Climate Change 
Impact on Small Mammals From Two Neotropical Hotspots.” Biological 
Journal of the Linnean Society 143, no. 3: blea014. https://​doi.​org/​10.​
1093/​bioli​nnean/​​blae014.

Fernandes, T. V., C. L. Parr, R. I. Campos, F. S. Neves, and R. Solar. 2024. 
“Scavenging in Two Mountain Ecosystems: Distinctive Contribution of 
Ants in Grassland and Non-Ant Invertebrates in Forest.” Ecology 105, 
no. 8: e4365. https://​doi.​org/​10.​1002/​ecy.​4365.

Ferreira, R. B., M. R. Parreira, F. V. de Arruda, M. J. A. Falcão, V. 
de Freitas Mansano, and J. C. Nabout. 2022. “Combining Ecological 
Niche Models With Experimental Seed Germination to Estimate 
the Effect of Climate Change on the Distribution of Endangered 
Plant Species in the Brazilian Cerrado.” Environmental Monitoring 
and Assessment 194, no. 4: 283. https://​doi.​org/​10.​1007/​s1066​1-​022-​
09897​-​7.

Franco, A. C., and U. Lüttge. 2002. “Midday Depression in Savanna 
Trees: Coordinated Adjustments in Photochemical Efficiency, 
Photorespiration, CO2 Assimilation and Water Use Efficiency.” Oecologia 
131, no. 3: 356–365. https://​doi.​org/​10.​1007/​s0044​2-​002-​0903-​y.

Franco, A. C., D. R. Rossatto, L. de Carvalho Ramos Silva, and C. da 
Silva Ferreira. 2014. “Cerrado Vegetation and Global Change: The 
Role of Functional Types, Resource Availability and Disturbance in 
Regulating Plant Community Responses to Rising CO2 Levels and 
Climate Warming.” Theoretical and Experimental Plant Physiology 26, 
no. 1: 19–38. https://​doi.​org/​10.​1007/​s4062​6-​014-​0002-​6.

Freire, G. B., Jr., I. R. Diniz, D. M. Salcido, et  al. 2024. “Habitat 
Heterogeneity Shapes Multiple Diversity Dimensions of Fruit-Feeding 
Butterflies in an Environmental Gradient in the Brazilian Cerrado.” 
Forest Ecology and Management 558: 121747. https://​doi.​org/​10.​1016/j.​
foreco.​2024.​121747.

Furtado, E. 2004. “Almeidaia aidae Mielke & Casagrande: seus estágios 
imaturos e notas taxonômicas (Lepidoptera, Saturniidae, Arsenurinae, 
Almeidaiini).” Revista Brasileira de Zoologia 21, no. 3: 663–669. https://​
doi.​org/​10.​1590/​S0101​-​81752​00400​0300028.

Giambelluca, T. W., F. G. Scholz, S. J. Bucci, et  al. 2009. 
“Evapotranspiration and Energy Balance of Brazilian Savannas With 
Contrasting Tree Density.” Agricultural and Forest Meteorology 149, no. 
8: 1365–1376. https://​doi.​org/​10.​1016/j.​agrfo​rmet.​2009.​03.​006.

Gittleman, J. L., and S. D. Thompson. 1988. “Energy Allocation in 
Mammalian Reproduction.” American Zoologist 28, no. 3: 863–875. 
https://​doi.​org/​10.​1093/​icb/​28.3.​863.

Goldstein, G., F. C. Meinzer, S. J. Bucci, F. G. Scholz, A. C. Franco, and 
W. A. Hoffmann. 2008. “Water Economy of Neotropical Savanna Trees: 
Six Paradigms Revisited.” Tree Physiology 28, no. 3: 395–404. https://​
doi.​org/​10.​1093/​treep​hys/​28.3.​395.

Gonçalves, R. V. S., J. C. F. Cardoso, P. E. Oliveira, and D. C. Oliveira. 
2021. “Changes in the Cerrado Vegetation Structure: Insights From 
More Than Three Decades of Ecological Succession.” Web Ecology 21, 
no. 1: 55–64. https://​doi.​org/​10.​5194/​we-​21-​55-​2021.

Gonçalves, R. V. S., J. C. F. Cardoso, P. E. Oliveira, D. Raymundo, and 
D. C. de Oliveira. 2022. “The Role of Topography, Climate, Soil and the 
Surrounding Matrix in the Distribution of Veredas Wetlands in Central 
Brazil.” Wetlands Ecology and Management 30, no. 6: 1261–1279. https://​
doi.​org/​10.​1007/​s1127​3-​022-​09895​-​z.

Habeck, C. W., and R. L. Lindroth. 2013. “Influence of Global 
Atmospheric Change on the Feeding Behavior and Growth Performance 
of a Mammalian Herbivore, Microtus ochrogaster.” PLoS One 8, no. 8: 
e72717. https://​doi.​org/​10.​1371/​journ​al.​pone.​0072717.

 17577799, 2025, 5, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
cc.70022 by U

niversidade E
stadual Paulista, W

iley O
nline L

ibrary on [20/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/2014GL059426
https://doi.org/10.1002/2014GL059426
https://doi.org/10.1016/j.agrformet.2014.02.008
https://doi.org/10.1016/j.agrformet.2014.02.008
https://doi.org/10.1098/rspb.2023.1398
https://doi.org/10.7312/oliv12042-013
https://doi.org/10.7312/oliv12042-013
https://doi.org/10.1002/joc.2048
https://doi.org/10.1038/s41586-022-04664-7
https://doi.org/10.1371/journal.pone.0082492
https://doi.org/10.1073/pnas.0709472105
https://doi.org/10.1007/s00442-017-3807-6
https://doi.org/10.1007/s00442-017-3807-6
https://doi.org/10.1002/ecy.3602
https://doi.org/10.13156/arac.2022.19.sp1.348
https://doi.org/10.1016/j.fooweb.2022.e00253
https://doi.org/10.1016/j.fooweb.2022.e00253
https://doi.org/10.1111/j.1365-2656.2010.01678.x
https://www.embrapa.br/agencia-de-informacao-tecnologica/tematicas/bioma-cerrado/fauna
https://www.embrapa.br/agencia-de-informacao-tecnologica/tematicas/bioma-cerrado/fauna
https://www.embrapa.br/agencia-de-informacao-tecnologica/tematicas/bioma-cerrado/fauna
https://doi.org/10.1002/2016WR019305
https://doi.org/10.1093/biolinnean/blae014
https://doi.org/10.1093/biolinnean/blae014
https://doi.org/10.1002/ecy.4365
https://doi.org/10.1007/s10661-022-09897-7
https://doi.org/10.1007/s10661-022-09897-7
https://doi.org/10.1007/s00442-002-0903-y
https://doi.org/10.1007/s40626-014-0002-6
https://doi.org/10.1016/j.foreco.2024.121747
https://doi.org/10.1016/j.foreco.2024.121747
https://doi.org/10.1590/S0101-81752004000300028
https://doi.org/10.1590/S0101-81752004000300028
https://doi.org/10.1016/j.agrformet.2009.03.006
https://doi.org/10.1093/icb/28.3.863
https://doi.org/10.1093/treephys/28.3.395
https://doi.org/10.1093/treephys/28.3.395
https://doi.org/10.5194/we-21-55-2021
https://doi.org/10.1007/s11273-022-09895-z
https://doi.org/10.1007/s11273-022-09895-z
https://doi.org/10.1371/journal.pone.0072717


16 of 19 Wiley Interdisciplinary Reviews: Climate Change, 2025

Hendrich, L., M. Manuel, and M. Balke. 2019. “The Return of the 
Duke—Locality Data for Megadytes ducalis Sharp, 1882, the World's 
Largest Diving Beetle, With Notes on Related Species (Coleoptera: 
Dytiscidae).” Zootaxa 4586, no. 3: 517–535. https://​doi.​org/​10.​11646/​​
zoota​xa.​4586.3.​8.

Hidasi-Neto, J., N. M. A. Gomes, and N. S. Pinto. 2022. “Cerrado Native 
Vegetation Is a Refuge for Birds Under the Current Climate Change 
Trajectory.” Austral Ecology 47, no. 8: 1622–1635. https://​doi.​org/​10.​
1111/​aec.​13242​.

Hidasi-Neto, J., D. C. Joner, F. Resende, et al. 2019. “Climate Change 
Will Drive Mammal Species Loss and Biotic Homogenization in the 
Cerrado Biodiversity Hotspot.” Perspectives in Ecology and Conservation 
17, no. 2: 57–63. https://​doi.​org/​10.​1016/j.​pecon.​2019.​02.​001.

Hobbs, N. T. 1996. “Modification of Ecosystems by Ungulates.” Journal 
of Wildlife Management 60, no. 4: 695. https://​doi.​org/​10.​2307/​3802368.

Hoffmann, W. A., and R. B. Jackson. 2000. “Vegetation-Climate 
Feedbacks in the Conversion of Tropical Savanna to Grassland.” 
Journal of Climate 13, no. 9: 1593–1602. https://​doi.​org/​10.​1175/​1520-​
0442(2000)​013<​1593:​VCFIT​C>​2.0.​CO;​2.

Hofmann, G. S., M. F. Cardoso, R. J. V. Alves, et al. 2021. “The Brazilian 
Cerrado Is Becoming Hotter and Drier.” Global Change Biology 27, no. 
17: 4060–4073. https://​doi.​org/​10.​1111/​gcb.​15712​.

Hofmann, G. S., I. P. Coelho, V. A. G. Bastazini, J. L. P. Cordeiro, and 
L. F. B. de Oliveira. 2016. “Implications of Climatic Seasonality on 
Activity Patterns and Resource Use by Sympatric Peccaries in Northern 
Pantanal.” International Journal of Biometeorology 60: 421–433. https://​
doi.​org/​10.​1007/​s0048​4-​015-​1040-​8.

Hofmann, G. S., R. C. Silva, E. J. Weber, et  al. 2023. “Changes in 
Atmospheric Circulation and Evapotranspiration Are Reducing 
Rainfall in the Brazilian Cerrado.” Scientific Reports 13, no. 1: 11236. 
https://​doi.​org/​10.​1038/​s4159​8-​023-​38174​-​x.

Hollunder, R. K., M. L. Garbin, F. R. Scarano, et  al. 2024. “Vapor 
Pressure Deficit Drives the Mortality of Understorey Woody Plants 
During Drought Recovery in the Atlantic Forest.” Journal of Vegetation 
Science 35, no. 1: e13222. https://​doi.​org/​10.​1111/​jvs.​13222​.

ICMBio. 2025. “Biodiversity Extinction Risk Assessment System – 
SALVE.” https://​salve.​icmbio.​gov.​br.

INMET. 2024. “Normais Clilmatológicas do Brasil.” https://​portal.​
inmet.​gov.​br/​normais.

Jardim Botânico do Rio de Janeiro. 2024. “Flora e Funga do Brasil.” 
http://​flora​dobra​sil.​jbrj.​gov.​br.

Joachimsmeier, I., J. Pistorius, U. Heimbach, D. Schenke, and W. 
Kirchner. 2012. “Water Collection by Honey Bees–How Far Will Foragers 
Fly to Use Water Sources Like Guttation Drops? A First Distance Trial 
Using Cereals and Oilseed Rape.” Julius Kühn-Archiv 437: 82–86.

Klink, C. A., and R. B. Machado. 2005. “Conservation of the Brazilian 
Cerrado.” Conservation Biology 19, no. 3: 707–713. https://​doi.​org/​10.​
1111/j.​1523-​1739.​2005.​00702.​x.

Kortz, A. R., and A. E. Magurran. 2019. “Increases in Local Richness 
(α-Diversity) Following Invasion Are Offset by Biotic Homogenization 
in a Biodiversity Hotspot.” Biology Letters 15, no. 5: 20190133. https://​
doi.​org/​10.​1098/​rsbl.​2019.​0133.

Lau, W. K. M., and K. M. Kim. 2015. “Robust Hadley Circulation 
Changes and Increasing Global Dryness due to CO2 Warming From 
CMIP5 Model Projections.” Proceedings of the National Academy of 
Sciences of the United States of America 112, no. 12: 3630–3635. https://​
doi.​org/​10.​1073/​pnas.​14186​82112​.

Ledru, M.-P., G. Ceccantini, S. E. M. Gouveia, J. A. López-Sáez, L. C. 
R. Pessenda, and A. S. Ribeiro. 2006. “Millenial-Scale Climatic and 
Vegetation Changes in a Northern Cerrado (Northeast, Brazil) Since 
the Last Glacial Maximum.” Quaternary Science Reviews 25, no. 9–10: 
1110–1126. https://​doi.​org/​10.​1016/j.​quasc​irev.​2005.​10.​005.

Lemes, J. R. A., C. J. Callaghan, and L. A. Kaminski. 2020. “A New 
Species of Aricoris Westwood, 1851 (Lepidoptera: Riodinidae) From the 
Neotropical Cerrado Savanna.” Zootaxa 4786, no. 3: 409–416. https://​
doi.​org/​10.​11646/​​zoota​xa.​4786.3.​6.

Lewinsohn, T. M., A. V. L. Freitas, and P. I. Prado. 2005. “Conservation 
of Terrestrial Invertebrates and Their Habitats in Brazil.” Conservation 
Biology 19, no. 3: 640–645. https://​doi.​org/​10.​1111/j.​1523-​1739.​2005.​
00682.​x.

Liu, W., H. Chen, Q. Zou, and Y. Nie. 2021. “Divergent Root Water 
Uptake Depth and Coordinated Hydraulic Traits Among Typical Karst 
Plantations of Subtropical China: Implication for Plant Water Adaptation 
Under Precipitation Changes.” Agricultural Water Management 249: 
106798. https://​doi.​org/​10.​1016/j.​agwat.​2021.​106798.

Loarie, S. R., D. B. Lobell, G. P. Asner, Q. Mu, and C. B. Field. 2011. 
“Direct Impacts on Local Climate of Sugar-Cane Expansion in Brazil.” 
Nature Climate Change 1, no. 2: 105–109. https://​doi.​org/​10.​1038/​nclim​
ate1067.

Lopes, G. P., and N. O. Leiner. 2015. “Semelparity in a Population of 
Gracilinanus agilis (Didelphimorphia: Didelphidae) Inhabiting the 
Brazilian Cerrado.” Mammalian Biology 80, no. 1: 1–6. https://​doi.​org/​
10.​1016/j.​mambio.​2014.​08.​004.

Lopes, L. E., and J. M. C. Silva. 2024. “Biogeography and Evolution of 
the Cerrado Endemic Avifauna.” Journal of Biogeography 51, no. 11: 
2170–2183. https://​doi.​org/​10.​1111/​jbi.​14977​.

Lopes Ribeiro, F., M. Guevara, A. Vázquez-Lule, A. P. Cunha, M. Zeri, 
and R. Vargas. 2021. “The Impact of Drought on Soil Moisture Trends 
Across Brazilian Biomes.” Natural Hazards and Earth System Sciences 
21, no. 3: 879–892. https://​doi.​org/​10.​5194/​nhess​-​21-​879-​2021.

Loram-Lourenço, L., F. S. Farnese, R. D. F. B. Alves, et  al. 2022. 
“Variations in Bark Structural Properties Affect Both Water Loss and 
Carbon Economics in Neotropical Savanna Trees in the Cerrado Region 
of Brazil.” Journal of Ecology 110, no. 8: 1826–1843. https://​doi.​org/​10.​
1111/​1365-​2745.​13908​.

Losada, M., M. Suárez-Couselo, and M. Sobral. 2024. “Geographic 
Distribution of Mammal Diets.” Web Ecology 24, no. 2: 71–79. https://​
doi.​org/​10.​5194/​we-​24-​71-​2024.

Luedtke, J. A., J. Chanson, K. Neam, et al. 2023. “Ongoing Declines for 
the World's Amphibians in the Face of Emerging Threats.” Nature 622, 
no. 7982: 308–314. https://​doi.​org/​10.​1038/​s4158​6-​023-​06578​-​4.

Machado, A. B. M., and L. C. Bedê. 2015. “Two New Genera and 
Nine New Species of Damselflies From a Localized Area in Minas 
Gerais, Brazil (Odonata: Zygoptera).” International Journal of 
Odonatology 18, no. 4: 269–296. https://​doi.​org/​10.​1080/​13887​890.​
2015.​1072113.

Machado, L. P. C., G. H. O. Caetano, V. H. L. Cavalcante, D. B. Miles, and 
G. R. Colli. 2023. “Climate Change Shrinks Environmental Suitability 
for a Viviparous Neotropical Skink.” Conservation Science and Practice 
5, no. 4: e12895. https://​doi.​org/​10.​1111/​csp2.​12895​.

Machado, R., L. Loram-Lourenço, F. S. Farnese, et al. 2021. “Where Do 
Leaf Water Leaks Come From? Trade-Offs Underlying the Variability 
in Minimum Conductance Across Tropical Savanna Species With 
Contrasting Growth Strategies.” New Phytologist 229, no. 3: 1415–1430. 
https://​doi.​org/​10.​1111/​nph.​16941​.

Magioli, M., M. Z. Moreira, R. C. B. Fonseca, M. C. Ribeiro, M. G. 
Rodrigues, and K. M. P. M. De Barros Ferraz. 2019. “Human-Modified 
Landscapes Alter Mammal Resource and Habitat Use and Trophic 
Structure.” Proceedings of the National Academy of Sciences of the United 
States of America 116, no. 37: 18466–18472. https://​doi.​org/​10.​1073/​
pnas.​19043​84116​.

Marengo, J. A., J. C. Jimenez, J. C. Espinoza, A. P. Cunha, and L. E. O. 
Aragão. 2022. “Increased Climate Pressure on the Agricultural Frontier 
in the Eastern Amazonia–Cerrado Transition Zone.” Scientific Reports 
12, no. 1: 1–10. https://​doi.​org/​10.​1038/​s4159​8-​021-​04241​-​4.

 17577799, 2025, 5, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
cc.70022 by U

niversidade E
stadual Paulista, W

iley O
nline L

ibrary on [20/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.11646/zootaxa.4586.3.8
https://doi.org/10.11646/zootaxa.4586.3.8
https://doi.org/10.1111/aec.13242
https://doi.org/10.1111/aec.13242
https://doi.org/10.1016/j.pecon.2019.02.001
https://doi.org/10.2307/3802368
https://doi.org/10.1175/1520-0442(2000)013%3C1593:VCFITC%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(2000)013%3C1593:VCFITC%3E2.0.CO;2
https://doi.org/10.1111/gcb.15712
https://doi.org/10.1007/s00484-015-1040-8
https://doi.org/10.1007/s00484-015-1040-8
https://doi.org/10.1038/s41598-023-38174-x
https://doi.org/10.1111/jvs.13222
https://salve.icmbio.gov.br
https://portal.inmet.gov.br/normais
https://portal.inmet.gov.br/normais
http://floradobrasil.jbrj.gov.br
https://doi.org/10.1111/j.1523-1739.2005.00702.x
https://doi.org/10.1111/j.1523-1739.2005.00702.x
https://doi.org/10.1098/rsbl.2019.0133
https://doi.org/10.1098/rsbl.2019.0133
https://doi.org/10.1073/pnas.1418682112
https://doi.org/10.1073/pnas.1418682112
https://doi.org/10.1016/j.quascirev.2005.10.005
https://doi.org/10.11646/zootaxa.4786.3.6
https://doi.org/10.11646/zootaxa.4786.3.6
https://doi.org/10.1111/j.1523-1739.2005.00682.x
https://doi.org/10.1111/j.1523-1739.2005.00682.x
https://doi.org/10.1016/j.agwat.2021.106798
https://doi.org/10.1038/nclimate1067
https://doi.org/10.1038/nclimate1067
https://doi.org/10.1016/j.mambio.2014.08.004
https://doi.org/10.1016/j.mambio.2014.08.004
https://doi.org/10.1111/jbi.14977
https://doi.org/10.5194/nhess-21-879-2021
https://doi.org/10.1111/1365-2745.13908
https://doi.org/10.1111/1365-2745.13908
https://doi.org/10.5194/we-24-71-2024
https://doi.org/10.5194/we-24-71-2024
https://doi.org/10.1038/s41586-023-06578-4
https://doi.org/10.1080/13887890.2015.1072113
https://doi.org/10.1080/13887890.2015.1072113
https://doi.org/10.1111/csp2.12895
https://doi.org/10.1111/nph.16941
https://doi.org/10.1073/pnas.1904384116
https://doi.org/10.1073/pnas.1904384116
https://doi.org/10.1038/s41598-021-04241-4


17 of 19

Marini, M. Â., M. Barbet-Massin, L. E. Lopes, and F. Jiguet. 2009a. 
“Major Current and Future Gaps of Brazilian Reserves to Protect 
Neotropical Savanna Birds.” Biological Conservation 142, no. 12: 3039–
3050. https://​doi.​org/​10.​1016/j.​biocon.​2009.​08.​002.

Marini, M. Â., M. Barbet-Massin, L. E. Lopes, and F. Jiguet. 2009b. 
“Predicted Climate-Driven Bird Distribution Changes and Forecasted 
Conservation Conflicts in a Neotropical Savanna.” Conservation Biology 
23, no. 6: 1558–1567. https://​doi.​org/​10.​1111/j.​1523-​1739.​2009.​01258.​x.

Martin, S. J., R. R. Funch, P. R. Hanson, and E.-H. Yoo. 2018. “A Vast 
4000-Year-Old Spatial Pattern of Termite Mounds.” Current Biology 28, 
no. 22: R1292–R1293. https://​doi.​org/​10.​1016/j.​cub.​2018.​09.​061.

Martins, R. P., R. Tidon, and J. A. F. Diniz-Filho. 2016. “The 
Evolutionary Ecology of Interactive Synchronism: The Illusion of the 
Optimal Phenotype.” European Journal of Ecology 3, no. 2: 107–115. 
https://​doi.​org/​10.​1515/​eje-​2017-​0018.

Mattos, C. R. C., G. G. Mazzochini, B. F. Rius, et  al. 2023. “Rainfall 
and Topographic Position Determine Tree Embolism Resistance in 
Amazonia and Cerrado Sites.” Environmental Research Letters 18, no. 
11: 114009. https://​doi.​org/​10.​1088/​1748-​9326/​ad0064.

McKechnie, A. E., and B. O. Wolf. 2010. “Climate Change Increases the 
Likelihood of Catastrophic Avian Mortality Events During Extreme 
Heat Waves.” Biology Letters 6, no. 2: 253–256. https://​doi.​org/​10.​1098/​
rsbl.​2009.​0702.

Mistry, J. 1998. “Fire in the Cerrado (Savannas) of Brazil: An Ecological 
Review.” Progress in Physical Geography 22, no. 4: 425–448. https://​doi.​
org/​10.​1177/​03091​33398​02200401.

Muniz, D. G., A. V. L. Freitas, and P. S. Oliveira. 2012. “Phenological 
Relationships of Eunica Bechina (Lepidoptera: Nymphalidae) and 
Its Host Plant, Caryocar brasiliense (Caryocaraceae), in a Neotropical 
Savanna.” Studies on Neotropical Fauna and Environment 47, no. 2: 111–
118. https://​doi.​org/​10.​1080/​01650​521.​2012.​698932.

Nardoto, G. B., and M. M. d. C. Bustamante. 2003. “Effects of Fire on 
Soil Nitrogen Dynamics and Microbial Biomass in Savannas of Central 
Brazil.” Pesquisa Agropecuária Brasileira 38, no. 8: 955–962. https://​doi.​
org/​10.​1590/​S0100​-​204X2​00300​0800008.

Oliveira, A. F. M., S. T. Meirelles, and A. Salatino. 2003. “Epicuticular 
Waxes From Caatinga and Cerrado Species and Their Efficiency 
Against Water Loss.” Anais da Academia Brasileira de Ciências 75, no. 
4: 431–439. https://​doi.​org/​10.​1590/​S0001​-​37652​00300​0400003.

Oliveira, C. P., C. M. Oliveira, A. Specht, and M. R. Frizzas. 2021. 
“Seasonality and Distribution of Coleoptera Families (Arthropoda, 
Insecta) in the Cerrado of Central Brazil.” Revista Brasileira de Entomologia 
65, no. 3: e20210025. https://​doi.​org/​10.​1590/​1806-​9665-​rbent​-​2021-​0025.

Oliveira, J. S., D. J. Santana, D. L. Pantoja, K. Ceron, and T. B. Guedes. 
2024. “Climate Change in Open Environments: Revisiting the Current 
Distribution to Understand and Safeguard the Future of Psammophilous 
Squamates of the Diagonal of Open Formations of South America.” 
Journal of Arid Environments 220: 105117. https://​doi.​org/​10.​1016/j.​jarid​
env.​2023.​105117.

Oliveira, P. S., and A. V. L. Freitas. 2004. “Ant–Plant–Herbivore 
Interactions in the Neotropical Cerrado Savanna.” Naturwissenschaften 
91, no. 12: 557–570. https://​doi.​org/​10.​1007/​s0011​4-​004-​0585-​x.

Oliveira, R. S., L. Bezerra, E. A. Davidson, et  al. 2005. “Deep Root 
Function in Soil Water Dynamics in Cerrado Savannas of Central 
Brazil.” Functional Ecology 19: 274–581.

Ortega, G., P. A. Arias, J. C. Villegas, P. A. Marquet, and P. Nobre. 
2021. “Present-Day and Future Climate Over Central and South 
America According to CMIP5/CMIP6 Models.” International Journal 
of Climatology 41, no. 15: 6713–6735. https://​doi.​org/​10.​1002/​joc.​7221.

Parr, C. L., and T. R. Bishop. 2022. “The Response of Ants to Climate 
Change.” Global Change Biology 28, no. 10: 3188–3205. https://​doi.​org/​
10.​1111/​gcb.​16140​.

Parr, C. L., P. Eggleton, A. B. Davies, T. A. Evans, and S. Holdsworth. 
2016. “Suppression of Savanna Ants Alters Invertebrate Composition 
and Influences Key Ecosystem Processes.” Ecology 97, no. 6: 1611–1617. 
https://​doi.​org/​10.​1890/​15-​1713.​1.

Pearce-Higgins, J. W., S. M. Eglington, B. Martay, and D. E. Chamberlain. 
2015. “Drivers of Climate Change Impacts on Bird Communities.” 
Journal of Animal Ecology 84, no. 4: 943–954. https://​doi.​org/​10.​1111/​
1365-​2656.​12364​.

Pellegrini, A. F. A., J. B. Socolar, P. R. Elsen, and X. Giam. 2016. “Trade-
Offs Between Savanna Woody Plant Diversity and Carbon Storage in 
the Brazilian Cerrado.” Global Change Biology 22, no. 10: 3373–3382. 
https://​doi.​org/​10.​1111/​gcb.​13259​.

Pereira, C. C., G. W. Fernandes, and T. Cornelissen. 2024. “From Leaves 
to Whole Plants: Positive Effects of Shelter-Builders on Arthropod 
Communities Are Stronger in Dry Seasons.” Biotropica 56, no. 5: 
e13362. https://​doi.​org/​10.​1111/​btp.​13362​.

Pereira de Castro, A., M. R. S. Sartori da Silva, B. F. Quirino, M. M. 
da Cunha Bustamante, and R. H. Krüger. 2016. “Microbial Diversity 
in Cerrado Biome (Neotropical Savanna) Soils.” PLoS One 11, no. 2: 
e0148785. https://​doi.​org/​10.​1371/​journ​al.​pone.​0148785.

Perkins-Kirkpatrick, S., D. Barriopedro, R. Jha, et al. 2024. “Extreme 
Terrestrial Heat in 2023.” Nature Reviews Earth and Environment 5, no. 
4: 244–246. https://​doi.​org/​10.​1038/​s4301​7-​024-​00536​-​y.

Priest, G. V., F. Camarota, S. Powell, H. L. Vasconcelos, and R. J. 
Marquis. 2021. “Ecosystem Engineering in the Arboreal Realm: 
Heterogeneity of Wood-Boring Beetle Cavities and Their Use by Cavity-
Nesting Ants.” Oecologia 196, no. 2: 427–439. https://​doi.​org/​10.​1007/​
s0044​2-​021-​04934​-​7.

Racey, P. A. 1982. “Ecology of Bat Reproduction.” In Ecology of Bats, 
edited by T. H. Kunz, 57–104. Springer US. https://​doi.​org/​10.​1007/​978-​
1-​4613-​3421-​7_​2.

Reboita, M. S., T. Ambrizzi, B. A. Silva, R. F. Pinheiro, and R. P. da 
Rocha. 2019. “The South Atlantic Subtropical Anticyclone: Present 
and Future Climate.” Frontiers in Earth Science 7, no. February: 1–15. 
https://​doi.​org/​10.​3389/​feart.​2019.​00008​.

Ribeiro, J., G. R. Colli, and A. M. V. M. Soares. 2020. “The Anurofauna 
of a Vanishing Savanna: The Case of the Brazilian Cerrado.” Biodiversity 
and Conservation 29, no. 6: 1993–2015. https://​doi.​org/​10.​1007/​s1053​
1-​017-​1468-​8.

Rocha, S. M. B., J. E. L. Antunes, F. F. Araujo, L. W. Mendes, R. S. Sousa, and 
A. S. F. Araujo. 2019. “Soil Microbial C:N:P Ratio Across Physiognomies of 
Brazilian Cerrado Soil Microbial Biomass Across a Gradient of Preserved 
Native Cerrado.” Anais da Academia Brasileira de Ciências 91, no. 4: 
e20190049. https://​doi.​org/​10.​1590/​0001-​37652​01920​190049.

Rodrigues, A. A., M. N. Macedo, D. V. Silvério, et  al. 2022. “Cerrado 
Deforestation Threatens Regional Climate and Water Availability for 
Agriculture and Ecosystems.” Global Change Biology 28: 6807–6822. 
https://​doi.​org/​10.​1111/​gcb.​16386​.

Rosan, T. M., L. E. O. C. Aragão, I. Oliveras, et  al. 2019. “Extensive 
21st-Century Woody Encroachment in South America's Savanna.” 
Geophysical Research Letters 46, no. 12: 6594–6603. https://​doi.​org/​10.​
1029/​2019G​L082327.

Rossatto, D. R. 2013. “Seasonal Patterns of Leaf Production in 
Co-Occurring Trees With Contrasting Leaf Phenology: Time and 
Quantitative Divergences.” Plant Species Biology 28, no. 2: 138–145. 
https://​doi.​org/​10.​1111/j.​1442-​1984.​2012.​00373.​x.

Rossatto, D. R., and A. C. Franco. 2017. “Expanding Our Understanding 
of Leaf Functional Syndromes in Savanna Systems: The Role of Plant 
Growth Form.” Oecologia 183, no. 4: 953–962. https://​doi.​org/​10.​1007/​
s0044​2-​017-​3815-​6.

Rossatto, D. R., W. A. Hoffmann, and A. C. Franco. 2009. “Differences 
in Growth Patterns Between Co-Occurring Forest and Savanna Trees 

 17577799, 2025, 5, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
cc.70022 by U

niversidade E
stadual Paulista, W

iley O
nline L

ibrary on [20/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.biocon.2009.08.002
https://doi.org/10.1111/j.1523-1739.2009.01258.x
https://doi.org/10.1016/j.cub.2018.09.061
https://doi.org/10.1515/eje-2017-0018
https://doi.org/10.1088/1748-9326/ad0064
https://doi.org/10.1098/rsbl.2009.0702
https://doi.org/10.1098/rsbl.2009.0702
https://doi.org/10.1177/030913339802200401
https://doi.org/10.1177/030913339802200401
https://doi.org/10.1080/01650521.2012.698932
https://doi.org/10.1590/S0100-204X2003000800008
https://doi.org/10.1590/S0100-204X2003000800008
https://doi.org/10.1590/S0001-37652003000400003
https://doi.org/10.1590/1806-9665-rbent-2021-0025
https://doi.org/10.1016/j.jaridenv.2023.105117
https://doi.org/10.1016/j.jaridenv.2023.105117
https://doi.org/10.1007/s00114-004-0585-x
https://doi.org/10.1002/joc.7221
https://doi.org/10.1111/gcb.16140
https://doi.org/10.1111/gcb.16140
https://doi.org/10.1890/15-1713.1
https://doi.org/10.1111/1365-2656.12364
https://doi.org/10.1111/1365-2656.12364
https://doi.org/10.1111/gcb.13259
https://doi.org/10.1111/btp.13362
https://doi.org/10.1371/journal.pone.0148785
https://doi.org/10.1038/s43017-024-00536-y
https://doi.org/10.1007/s00442-021-04934-7
https://doi.org/10.1007/s00442-021-04934-7
https://doi.org/10.1007/978-1-4613-3421-7_2
https://doi.org/10.1007/978-1-4613-3421-7_2
https://doi.org/10.3389/feart.2019.00008
https://doi.org/10.1007/s10531-017-1468-8
https://doi.org/10.1007/s10531-017-1468-8
https://doi.org/10.1590/0001-3765201920190049
https://doi.org/10.1111/gcb.16386
https://doi.org/10.1029/2019GL082327
https://doi.org/10.1029/2019GL082327
https://doi.org/10.1111/j.1442-1984.2012.00373.x
https://doi.org/10.1007/s00442-017-3815-6
https://doi.org/10.1007/s00442-017-3815-6


18 of 19 Wiley Interdisciplinary Reviews: Climate Change, 2025

Affect the Forest–Savanna Boundary.” Functional Ecology 23, no. 4: 
689–698. https://​doi.​org/​10.​1111/j.​1365-​2435.​2009.​01568.​x.

Rossi, J. B., A. Ruhoff, A. S. Fleischmann, and L. Laipelt. 2023. “Drought 
Propagation in Brazilian Biomes Revealed by Remote Sensing.” Remote 
Sensing 15, no. 2: 454. https://​doi.​org/​10.​3390/​rs150​20454​.

Salmona, Y. B., E. A. T. Matricardi, D. L. Skole, et al. 2023. “A Worrying 
Future for River Flows in the Brazilian Cerrado Provoked by Land Use 
and Climate Changes.” Sustainability 15, no. 5: 4251. https://​doi.​org/​10.​
3390/​su150​54251​.

Salvador, R. B., D. C. Cavallari, and L. R. L. Simone. 2017. “Taxonomical 
Study on a Sample of Land and Freshwater Snails From Caves in 
Central Brazil, With Description of a New Species.” Zoosystematics and 
Evolution 93, no. 1: 135–141. https://​doi.​org/​10.​3897/​zse.​93.​10995​.

Scheffers, B. R., L. De Meester, T. C. L. Bridge, et al. 2016. “The Broad 
Footprint of Climate Change From Genes to Biomes to People.” Science 
354, no. 6313: aaf7671. https://​doi.​org/​10.​1126/​scien​ce.​aaf7671.

Şekercioğlu, Ç. H., R. B. Primack, and J. Wormworth. 2012. “The Effects 
of Climate Change on Tropical Birds.” Biological Conservation 148, no. 
1: 1–18. https://​doi.​org/​10.​1016/j.​biocon.​2011.​10.​019.

Silva, B. H. P., and D. R. Rossatto. 2022. “Leaves of Neotropical Savanna 
Tree Species Are More Heat-Tolerant Than Leaves of Semi-Deciduous 
Forest Species.” Theoretical and Experimental Plant Physiology 34, no. 
2: 227–237. https://​doi.​org/​10.​1007/​s4062​6-​022-​00244​-​2.

Silva, J. G., F. L. R. Filardi, M. R. V. Barbosa, et al. 2022. “Brazilian Flora 
2020: Leveraging the Power of a Collaborative Scientific Network.” 
Taxon 71, no. 1: 178–198. https://​doi.​org/​10.​1002/​tax.​12640​.

Silva, J. M. C., and M. P. D. Santos. 2005. “A importância relativa dos pro-
cessos biogeográficos na formação da avifauna do Cerrado e de outros 
biomas brasileiros.” In Cerrado: Ecologia, Biodiversidade e Conservação, 
edited by A. Scariot, J. M. Felfili, and J. C. S. Silva, 220–233. Ministério 
do Meio Ambiente.

Silva, N. A. P., M. R. Frizzas, and C. M. Oliveira. 2011. “Seasonality 
in Insect Abundance in the “Cerrado” of Goiás State, Brazil.” Revista 
Brasileira de Entomologia 55, no. 1: 79–87. https://​doi.​org/​10.​1590/​
S0085​-​56262​01100​0100013.

Simmonds, E. G., E. F. Cole, B. C. Sheldon, and T. Coulson. 2020. 
“Phenological Asynchrony: A Ticking Time-Bomb for Seemingly Stable 
Populations?” Ecology Letters 23, no. 12: 1766–1775. https://​doi.​org/​10.​
1111/​ele.​13603​.

Simon, M. F., and T. Pennington. 2012. “Evidence for Adaptation to 
Fire Regimes in the Tropical Savannas of the Brazilian Cerrado.” 
International Journal of Plant Sciences 173, no. 6: 711–723. https://​doi.​
org/​10.​1086/​665973.

Siqueira-Neto, M., G. V. Popin, M. C. Piccolo, et al. 2021. “Impacts of 
Land Use and Cropland Management on Soil Organic Matter and 
Greenhouse Gas Emissions in the Brazilian Cerrado.” European Journal 
of Soil Science 72, no. 3: 1431–1446. https://​doi.​org/​10.​1111/​ejss.​13059​.

Souza, J. P., N. M. J. Melo, E. G. Pereira, A. D. Halfeld, I. N. Gomes, and 
C. H. B. A. Prado. 2016. “Responses of Woody Cerrado Species to Rising 
Atmospheric CO2 Concentration and Water Stress: Gains and Losses.” 
Functional Plant Biology 43, no. 12: 1183–1193. https://​doi.​org/​10.​1071/​
FP16138.

Speakman, J. R. 2008. “The Physiological Costs of Reproduction in 
Small Mammals.” Philosophical Transactions of the Royal Society, B: 
Biological Sciences 363, no. 1490: 375–398. https://​doi.​org/​10.​1098/​rstb.​
2007.​2145.

Speights, C. J., J. P. Harmon, and B. T. Barton. 2017. “Contrasting the 
Potential Effects of Daytime Versus Nighttime Warming on Insects.” 
Current Opinion in Insect Science 23: 1–6. https://​doi.​org/​10.​1016/j.​cois.​
2017.​06.​005.

Spera, S. A., G. L. Galford, M. T. Coe, M. N. Macedo, and J. F. Mustard. 
2016. “Land-Use Change Affects Water Recycling in Brazil's Last 

Agricultural Frontier.” Global Change Biology 22, no. 10: 3405–3413. 
https://​doi.​org/​10.​1111/​gcb.​13298​.

Strassburg, B. B. N., T. Brooks, R. Feltran-Barbieri, et al. 2017. “Moment 
of Truth for the Cerrado Hotspot.” Nature Ecology & Evolution 1, no. 4: 
13–15. https://​doi.​org/​10.​1038/​s4155​9-​017-​0099.

Stríkis, N. M., P. F. S. M. Buarque, F. W. Cruz, et  al. 2024. “Modern 
Anthropogenic Drought in Central Brazil Unprecedented During Last 
700 Years.” Nature Communications 15, no. 1: 1728. https://​doi.​org/​10.​
1038/​s4146​7-​024-​45469​-​8.

Tabares, X., H. Zimmermann, E. Dietze, et al. 2020. “Vegetation State 
Changes in the Course of Shrub Encroachment in an African Savanna 
Since About 1850 CE and Their Potential Drivers.” Ecology and 
Evolution 10, no. 2: 962–979. https://​doi.​org/​10.​1002/​ece3.​5955.

Taccoen, A., C. Piedallu, I. Seynave, A. Gégout-Petit, and J.-C. Gégout. 
2022. “Climate Change-Induced Background Tree Mortality Is 
Exacerbated Towards the Warm Limits of the Species Ranges.” Annals 
of Forest Science 79, no. 1: 23. https://​doi.​org/​10.​1186/​s1359​5-​022-​
01142​-​y.

Torres, R., J. Pablo Jayat, and S. Pacheco. 2013. “Modelling 
Potential Impacts of Climate Change on the Bioclimatic Envelope 
and Conservation of the Maned Wolf (Chrysocyon brachyurus).” 
Mammalian Biology 78, no. 1: 41–49. https://​doi.​org/​10.​1016/j.​mam-
bio.​2012.​04.​008.

Ulloa, J. S., T. Aubin, D. Llusia, et  al. 2019. “Explosive Breeding in 
Tropical Anurans: Environmental Triggers, Community Composition 
and Acoustic Structure.” BMC Ecology 19, no. 1: 28. https://​doi.​org/​10.​
1186/​s1289​8-​019-​0243-​y.

Vale, M. M., M. V. Vieira, C. E. V. Grelle, et  al. 2023. “Ecosystem 
Services Delivered by Brazilian Mammals: Spatial and Taxonomic 
Patterns and Comprehensive List of Species.” Perspectives in Ecology 
and Conservation 21, no. 4: 302–310. https://​doi.​org/​10.​1016/j.​pecon.​
2023.​10.​003.

Valladares, F., E. Gianoli, and J. M. Gómez. 2007. “Ecological Limits to 
Plant Phenotypic Plasticity.” New Phytologist 176, no. 4: 749–763. https://​
doi.​org/​10.​1111/j.​1469-​8137.​2007.​02275.​x.

Vasconcellos, M. M., and G. R. Colli. 2009. “Factors Affecting the 
Population Dynamics of Two Toads (Anura: Bufonidae) in a Seasonal 
Neotropical Savanna.” Copeia 2009: 266–276.

Vasconcelos, T. S. 2014. “Tracking Climatically Suitable Areas for 
an Endemic Cerrado Snake Under Climate Change.” Natureza a 
Conservação 12, no. 1: 47–52. https://​doi.​org/​10.​4322/​natcon.​2014.​009.

Vasconcelos, T. S., B. T. M. do Nascimento, and V. H. M. Prado. 2018. 
“Expected Impacts of Climate Change Threaten the Anuran Diversity 
in the Brazilian Hotspots.” Ecology and Evolution 8, no. 16: 7894–7906. 
https://​doi.​org/​10.​1002/​ece3.​4357.

Vieira-Alencar, J. P. S., A. P. Carmignotto, R. J. Sawaya, L. F. Silveira, P. 
H. Valdujo, and C. de Campos Nogueira. 2024. “In Search of Generality: 
Revised Distribution Data and Regionalization of Cerrado Endemic 
Tetrapods.” Journal of Biogeography 51, no. 4: 618–631. https://​doi.​org/​
10.​1111/​jbi.​14773​.

Vilaça, S. T., J. Dalapicolla, R. Soares, N. M. R. Guedes, C. Y. Miyaki, 
and A. Aleixo. 2024. “Prioritizing Conservation Areas for the Hyacinth 
Macaw (Anodorhynchus hyacinthinus) in Brazil From Low-Coverage 
Genomic Data.” Evolutionary Applications 17, no. 11: e70039. https://​
doi.​org/​10.​1111/​eva.​70039​.

Vilela, A. A., V. T. S. Del Claro, H. M. Torezan-Silingardi, and K. Del-
Claro. 2018. “Climate Changes Affecting Biotic Interactions, Phenology, 
and Reproductive Success in a Savanna Community Over a 10-Year 
Period.” Arthropod-Plant Interactions 12, no. 2: 215–227. https://​doi.​org/​
10.​1007/​s1182​9-​017-​9572-​y.

Vilela, D. S., G. C. Jacques, and M. M. Souza. 2023. “A New Species of 
Minagrion Santos, 1965 (Odonata: Coenagrionidae) From the Cerrado 

 17577799, 2025, 5, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
cc.70022 by U

niversidade E
stadual Paulista, W

iley O
nline L

ibrary on [20/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/j.1365-2435.2009.01568.x
https://doi.org/10.3390/rs15020454
https://doi.org/10.3390/su15054251
https://doi.org/10.3390/su15054251
https://doi.org/10.3897/zse.93.10995
https://doi.org/10.1126/science.aaf7671
https://doi.org/10.1016/j.biocon.2011.10.019
https://doi.org/10.1007/s40626-022-00244-2
https://doi.org/10.1002/tax.12640
https://doi.org/10.1590/S0085-56262011000100013
https://doi.org/10.1590/S0085-56262011000100013
https://doi.org/10.1111/ele.13603
https://doi.org/10.1111/ele.13603
https://doi.org/10.1086/665973
https://doi.org/10.1086/665973
https://doi.org/10.1111/ejss.13059
https://doi.org/10.1071/FP16138
https://doi.org/10.1071/FP16138
https://doi.org/10.1098/rstb.2007.2145
https://doi.org/10.1098/rstb.2007.2145
https://doi.org/10.1016/j.cois.2017.06.005
https://doi.org/10.1016/j.cois.2017.06.005
https://doi.org/10.1111/gcb.13298
https://doi.org/10.1038/s41559-017-0099
https://doi.org/10.1038/s41467-024-45469-8
https://doi.org/10.1038/s41467-024-45469-8
https://doi.org/10.1002/ece3.5955
https://doi.org/10.1186/s13595-022-01142-y
https://doi.org/10.1186/s13595-022-01142-y
https://doi.org/10.1016/j.mambio.2012.04.008
https://doi.org/10.1016/j.mambio.2012.04.008
https://doi.org/10.1186/s12898-019-0243-y
https://doi.org/10.1186/s12898-019-0243-y
https://doi.org/10.1016/j.pecon.2023.10.003
https://doi.org/10.1016/j.pecon.2023.10.003
https://doi.org/10.1111/j.1469-8137.2007.02275.x
https://doi.org/10.1111/j.1469-8137.2007.02275.x
https://doi.org/10.4322/natcon.2014.009
https://doi.org/10.1002/ece3.4357
https://doi.org/10.1111/jbi.14773
https://doi.org/10.1111/jbi.14773
https://doi.org/10.1111/eva.70039
https://doi.org/10.1111/eva.70039
https://doi.org/10.1007/s11829-017-9572-y
https://doi.org/10.1007/s11829-017-9572-y


19 of 19

of Northern Minas Gerais State, Brazil.” Zootaxa 5374, no. 2: 255–262. 
https://​doi.​org/​10.​11646/​​zoota​xa.​5374.2.​6.

Werkmeister, G. A., D. R. Galbraith, M. C. Silva, et al. 2024. “Impacts 
of Higher Daytime Temperatures on Viable Pollen and Fruit Production 
in Common Cerrado Tree Byrsonima pachyphylla (Malpighiaceae).” 
Biotropica 56, no. 5: e13359. https://​doi.​org/​10.​1111/​btp.​13359​.

Wigley, B. J., C. Coetsee, E. C. February, S. Dobelmann, and S. I. 
Higgins. 2024. “Will Trees or Grasses Profit From Changing Rainfall 
Regimes in Savannas?” New Phytologist 241, no. 6: 2379–2394. https://​
doi.​org/​10.​1111/​nph.​19538​.

Willig, M. R. 1985. “Reproductive Patterns of Bats From Caatingas and 
Cerrado Biomes in Northeast Brazil.” Journal of Mammalogy 66, no. 4: 
668–681. https://​doi.​org/​10.​2307/​1380793.

Winter, M., W. Fiedler, W. M. Hochachka, A. Koehncke, S. Meiri, and 
I. De la Riva. 2016. “Patterns and Biases in Climate Change Research 
on Amphibians and Reptiles: A Systematic Review.” Royal Society Open 
Science 3, no. 9: 160158. https://​doi.​org/​10.​1098/​rsos.​160158.

Wolowski, M., K. Agostini, A. R. Rech, et al. 2019. “Relatório temático 
Sobre Polinização, Polinizadores e Produção de Alimentos no Brasil.” 
Editora Cubo. https://​doi.​org/​10.​4322/​978-​85-​60064​-​83-​0.

Zangrandi, P. L., and E. M. Vieira. 2023. “Semelparous Reproductive 
Strategy in New World Marsupials.” In American and Australasian 
Marsupials: An Evolutionary, Biogeographical, and Ecological Approach, 
903–930. Springer International Publishing.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Table  S1: Identification and loca-
tion of weather stations from the National Institute of Meteorology 
(INMET) used to calculate the mean values presented in Figure  2. 
Monthly data from the most recent two climate normals for all these 
meteorological stations are published and freely available on the 
INMET website (https://​portal.​inmet.​gov.​br/​normals). Where: WMO is 
World Meteorological Organization; Mean Temp. is Mean Temperature; 
Max. Temp. is Maximum Temperature; Min. Temp. is Minimum 
Temperature; Evapor. is evaporation obtained with Piche evaporimeter. 
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