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1 | INTRODUCTION

The planet is facing an unprecedented rate of biodiversity
anthropogenic

loss driven by

| Robert J. Smith?

Abstract

Land clearance is a key driver of biodiversity loss. This is a particular challenge
in the Brazilian Cerrado, the world's most biodiverse savanna biome and a
region experiencing a rapid expansion of agriculture. To inform habitat conser-
vation and restoration actions, we used the Red List of Ecosystems (RLE)
framework to identify threatened ecosystems within the Cerrado. This biome
is divided into 20 ecoregions, and we subdivided each ecoregion into forest,
savanna, grassland, and wetland ecosystems. We used remote sensing data
from 1985 to 2020 to measure and predict the distribution of each ecosystem
and assess its risk of collapse based on Criterion A2b (reduction in geographic
distribution over any 50-year period), Criterion Bl (limited extent of occur-
rence), and Criterion B2 (limited area of occupancy). Of the 80 ecosystems
comprising the Cerrado, we assessed 12 as Endangered and 43 as Vulnerable.
Most of these threatened ecosystems were identified under Criterion A2b,
while Criterion B identified a smaller subset of spatially restricted ecosystems,
particularly wetlands, underscoring the importance of applying more than one
criterion in the assessment process. By using the Red List of Ecosystems as an
international standard, we provide the first globally comparable analysis of the
state of the Cerrado, showing that nearly three-quarters of the region's ecosys-
tems are at risk of collapse. This information provides a baseline to inform
local policy and practice, helping to conserve biodiversity and maintain ecosys-
tem services within this globally important region.
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et al., 2023). Addressing this will depend on aligning bio-
diversity conservation with economic growth, as the pri-
mary driver of habitat loss is increasing food production,
especially from livestock (Machovina et al., 2015).

actions  (Portner
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Conservation action is urgently needed to mitigate this
crisis and should be informed by monitoring data on spe-
cies and habitat loss. The International Union for Conser-
vation of Nature (IUCN) developed the Red List of
Threatened Species as the global standard for identifying
endangered species and guiding conservation efforts
(Chen et al., 2020). This serves as a standardized tool for
assessing the global risk of species extinction (Alaniz
et al., 2019; Uribe et al., 2020). Building on the Red List
of Threatened Species, the Red List of Ecosystems (RLE)
was developed to assess biodiversity at a higher level
(Keith et al., 2013). The RLE provides a global framework
for assessing and monitoring the conservation status of
ecosystems, grounded in large-scale ecological processes
and key species interactions. Its main role is to identify
threatened ecosystems that are in urgent need of protec-
tion or restoration, leading to more informed decision-
making in conservation planning and natural resource
use (Bland et al., 2017; Etter et al., 2020). To achieve this,
the RLE identifies criteria related to the risk of ecosystem
collapse, which can occur through irreversible loss of bio-
diversity, ecological functions, or ecosystem services, as
well as through significant loss of area or substantial
alterations of the abiotic environment (Keith et al., 2013).

Since its inception in 2008, RLE assessments have been
carried out in more than 100 countries (Bland et al., 2019).
They span a wide range of ecosystems, from forests in
China (Chen et al., 2020), tropical glaciers in Venezuela
(Ferrer-Paris et al., 2024), mangroves in Myanmar (Lee
et al., 2024), to savannas in South Africa (Skowno &
Monyeki, 2021). However, savanna systems, despite being
among the most biodiverse and globally threatened ecosys-
tems, remain critically underrepresented in conservation
agendas and policies (Williams et al., 2022). There is an
urgent need for research on this neglected biome to better
understand its risk of ecosystem collapse and inform con-
servation action. Here, we apply the RLE to assess the vul-
nerability risk and conservation status of the Brazilian
tropical savanna, also known as the Cerrado. It is the most
biologically diverse savanna in the world and a global hot-
spot, with 12,000 species of plants, of which 36% are
endemic (Klink & Machado, 2005; Mittermeier et al., 2004),
and new species are being discovered every year
(Albuquerque et al., 2025; Reynel, 2024). It is the second-
largest biome in South America, occupying approximately
2 million km® and covering 24% of Brazil's territory
(Strassburg et al., 2017).

The Cerrado is also globally important for its agricul-
tural production, playing a major part in making Brazil
one of the world's leading soybean producers (Nepstad
et al., 2019). This expansion of cropland, combined with
livestock farming, is a major contributor to the country's
economic growth (Klink & Machado, 2005). It is also the
primary threat to Cerrado's ecosystems, leading to

persistently high rates of natural habitat loss, in contrast
to declining rates in Brazil's other biomes (Klink &
Machado, 2005). This has been exacerbated by leakage
from anti-deforestation conservation measures in the
Amazon, leading to the displacement of soy and cattle pro-
duction and deforestation activities toward the Cerrado
(Moffette & Gibbs, 2021). This impact also reflects how
conservation in the Cerrado has been under-resourced by
the Brazilian government and the international commu-
nity, compared to the Amazon and the Atlantic Forest
(Lahsen et al., 2016). This is evidenced by the fact that
only 8.3% of Cerrado's territory has protected area status,
compared to 15% nationally (Frangoso et al., 2015).

For these reasons, a RLE assessment is key to identi-
fying potentially threatened ecosystems in the Cerrado
that need more conservation and restoration investment.
In this study, we used data on vegetation types and ecore-
gions to assess the Red List status of these ecosystems in
Brazil based on their: (i) rate of vegetation cover loss and
deforestation (RLE Criterion A), and (ii) current geo-
graphic distribution (RLE Criterion B). Through this, we
identify which ecosystems within this globally important
biome are at risk of collapse and compare our results
with previous studies.

2 | MATERIALS AND METHODS

2.1 | Categorization

The IUCN RLE tool is underpinned by five criteria. The
first two criteria relate to spatial features: Criterion A is
based on declining distributions and Criterion B is based
on restricted distributions. The second two relate to func-
tional features: Criterion C is based on degradation of
abiotic processes and Criterion D is based on decline
of biotic processes. Finally, Criterion E uses spatial
and/or functional data in predictive models derived from
ecosystem dynamics to assess risk of ecosystem collapse.
Based on the criteria assessment, each ecosystem is given
an assessment indicating the risk level: Least Concern
(LC), Near Threatened (NT), Vulnerable (VU), Endan-
gered (EN), Critically Endangered (CR), and Collapsed
(CO). An additional two categories indicate poor data
availability and whether an assessment has taken place:
Data Deficient (DD) and Not Evaluated (NE).

2.2 | Study area

A biome is a large collection of ecosystems that have rela-
tively uniform climate conditions, such as similar rainfall
and temperature patterns, and share similarities in domi-
nant fauna and flora (Osborne, 2000). Biomes can be
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FIGURE 1 Ecoregions of the Cerrado, Brazil.

subdivided into ecoregions, which are defined as the geo-
graphically delimited assembly of natural communities
that share similar environmental conditions, in which
ecological interactions are critical to their long-term sur-
vival (Sano et al., 2019). Ecosystems within an ecoregion
must be more similar or at least less variable between
themselves than ecosystems outside the ecoregion
(Omernik & Bailey, 1997). Brazil contains six biomes: the
Amazon, Atlantic Forest, Caatinga, Cerrado, Pampa, and
Pantanal (Instituto Nacional de Pesquisas Espaciais
[INPE], 2020). The Cerrado is divided into 20 ecoregions,
delineated by integrating biophysical layers such as relief,
climate, soils, geology, geomorphology, and vegetation
physiognomy, to group areas with similar environmental
characteristics (INPE, 2020; Sano et al., 2019; Figure 1).
In each Cerrado ecoregion, terrestrial ecosystems can
be grouped into four broad categories: forests, savannas,
grasslands, and wetlands (MapBiomas, 2022). Cerrado's
forests are characterized predominantly by their tree spe-
cies and canopy structure (Ribeiro & Walter, 2008) and
can be subdivided into riparian woodland, gallery forest,
open-canopy dry forest, and cerraddo, a closed canopy
dry forest (Sawyer et al., 2018). The trees typically have
twisted branches, thick bark, and leaves, an adaptation to
the dry season and the natural fires of the biome (Sawyer

A journal of the Society for Consenvation Biology

Cerrado Ecoregions

I Alto Parnaiba
Alto Sao Francisco
Araguaia Tocantins
Bananal
Basaltos do Parana
B Bico do Papagaio
Il Centro-norte Piauiense
I Chapada dos Parecis
Chapadao do Sao Francisco
I Complexo Bodoquena
I Costeiro
Depressao Carstica do Sao Francisco
I Depressdo Cuiabana
I Floresta de Cocais
B Jequitinhonha
Paracatu
Parana Guimaraes
J Parnagua
500 1000 km Planalto Central
I Vio do Parana

et al., 2018). Cerrado grasslands are predominantly her-
baceous, although some physiognomies include scattered
shrubs, subshrubs, and occasional small trees (Ribeiro &
Walter, 2008). Cerrado wetlands include seasonally or
permanently waterlogged ecosystems, such as wet grass-
lands, veredas (palm swamps), palm groves, wet forests,
and swamp gallery forests (Durigan et al., 2022). Cerra-
do's savanna ecosystems are composed of shrub-
herbaceous and arboreal strata and include open wood-
lands and palm groves sensu stricto (Sawyer et al., 2018).
In this paper, we use “savanna ecosystem” to denote this
vegetation type within the Cerrado biome. All RLE ana-
lyses use this ecosystem-level classification and “biome”
is used only for the regional context.

2.3 | RLE assessment

Because the RLE explicitly encourages the use of spatial
units that are both ecologically meaningful and useful for
management and decision-making (Bland et al., 2017;
Keith et al., 2022), it was important to adopt a scale con-
sistent with national conservation planning. In Brazil,
ecoregions have been widely adopted in conservation
planning since the early 2000s, originally delineated by
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IBAMA/MMA in partnership with WWF and TNC fol-
lowing Dinerstein et al. (1995), and later refined for
national biodiversity priority setting (Arruda et al., 2008).
The delineation is grounded in biophysical principles, inte-
grating climate, geomorphology, soils, and vegetation
physiognomies, and aligning with the official Cerrado
biome boundary (Bezerra, 2018; Sano et al., 2019). In this
framework, similarity among ecosystems within an ecore-
gion refers to shared abiotic conditions (e.g., precipitation,
geomorphology, and soils), rather than structural or floris-
tic similarity among vegetation types. Although adjacent
ecoregions share borders, polygons are non-overlapping
and were designed to minimize within-unit heterogeneity
while maximizing between-unit differences. This frame-
work has been used in several ecological and spatial plan-
ning studies (da Silva Arruda et al., 2024; Ferragutti
et al, 2025; Schiiller & Bustamante, 2022; Silva
et al., 2021). Each Cerrado ecoregion contains four major
vegetation types: forest, savanna, grassland, and wetland.
Thus, our analysis was based on 80 ecosystems in total.
We used three datasets to map these ecosystems: (1) the
Cerrado biome boundary and (2) the Cerrado ecoregion
boundaries, both digitized from a 1:250,000-scale map pro-
duced by the National Institute for Space Research
(INPE, 2020); and (3) 30 m resolution land-cover raster
layers derived from satellite imagery for 1985, 1990, 1995,
2000, 2005, 2010, 2015, and 2020 (MapBiomas, 2022). The
MapBiomas land-cover dataset provides annual raster layers
classified into 25 categories, including natural vegetation
types (forest, savanna, grassland, wetland) and anthropo-
genic uses (pasture, cropland, urban areas, mining, and
other non-vegetated classes) (MapBiomas, 2022). For this
study, we used these classifications to calculate changes in
the total area of natural vegetation over time, without reclas-
sifying or analyzing specific land-cover transitions. There-
fore, vegetation loss in our analysis represents a reduction in
the mapped extent of each natural ecosystem over time.
Using these datasets, we generated GIS layers for the
80 ecosystems at five-year intervals from 1985 to 2020.
We then used this spatial data to assess each ecosystem
under Criteria A and B of the IUCN RLE methodology,
as described below. When an ecosystem met the thresh-
olds for more than one criterion, we assigned it the high-
est resulting threat category. Due to the lack of suitable
abiotic and biotic data, assessments under Criteria C, D,
and E were not possible. However, RLE evaluations are
not required to include all the criteria (Keith et al., 2013).

2.3.1 | Criterion A

Criterion A is based on an ecosystem's reduction in geo-
graphic distribution and can be assessed based on the

previous 50 years (subcriterion 1), the future 50 years
(subcriterion 2a), a 50-year period that can include the
past, present, and future (subcriterion 2b), and a histori-
cal reduction, since approximately 1750 (subcriterion 3).
As our dataset showed the distribution of each ecosystem
over 1985-2020, we applied subcriterion 2b, measuring
rates of reduction for the 35-year period and modeling
rates of reduction for the subsequent 15 years. We calcu-
lated the area of each ecosystem at each time point using
the Raster Layer Unique Values Report tool in QGIS (ver-
sion 3.24). To project change between 2020 and 2035, we
first calculated the Absolute Rate of Decline (ARD) and
the Proportional Rate of Decline (PRD) for each ecosys-
tem between 1985 and 2020 (Keith et al., 2013; Rodriguez
et al., 2011) using the following equations:

Area;, — Areap

Absolute rate of decline=—————
Year,, — Yeary

1
Area Year) —Year;
Proportional rate of decline =100 x (1 — <7t2) e 1>>
Arean

We then determined whether the ARD or the PRD
provided a more accurate representation of change for
each ecosystem by comparing predicted and observed
declines between 1985 and 2020. We calibrated both the
ARD and PRD projection models using 2000 as the ref-
erence year and selected the rate that minimized the
deviation from the observed area in that year (Chen
et al., 2020). Using this rate, along with the shape of the
trajectory across the time series, we identified the best-
fitting model. The selected approach was then applied to
project ecosystem coverage in 2035 and calculate the
percentage of vegetation loss for each ecosystem
between 1985 and 2035. Following the IUCN RLE cri-
teria, ecosystems were classified as Vulnerable if vegeta-
tion loss was >20% and <50%, Endangered if >50%
and < 80%, and Critically Endangered if >80% (Keith
et al., 2013).

2.3.2 | Criterion B

Criterion B is based on an ecosystem's geographic distri-
bution (Keith et al., 2013) and can be assessed based on
its extent of occurrence (EOQ; subcriterion 1), area of
occupancy (AOO; subcriterion 2), or the number
of highly threatened locations (subcriterion 3). We
applied subcriteria B1 and B2 for all 80 ecosystems; sub-
criterion B3 was not applicable. For subcriterion B1, we
calculated each ecosystem's EOO every 5 years between
1985 and 2020, defined as the area of the minimum
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convex polygon enclosing all patches of that ecosystem
(Keith et al., 2013). We converted the raster maps to vec-
tor layers using the QGIS Polygonise tool, and all patches
belonging to each ecosystem class were selected. We then
generated the minimum convex polygon using the Mini-
mum Bounding Geometry tool in QGIS and measured its
area, which was taken as the EOO value. Based on this
area and whether it declined continuously between 1985
and 2020, ecosystems were classified as Vulnerable if
EOO was >20,000 km” and < 50,000 km?, Endangered if
>2000 km? and < 20,000 km?, and Critically Endangered
if <2000 km? following IUCN RLE criteria (Keith
et al., 2013).

For subcriterion B2, we calculated each ecosystem's
AQO every 5 years between 1985 and 2020 (Rodriguez
et al., 2011). We created 10 x 10 km grid cells over each
ecosystem's extent and calculated AOO in R following
the updated RLE guidelines, rather than excluding all
cells with <1% ecosystem coverage (IUCN, 2024).
Instead, cells containing the smallest ecosystem area
were sequentially removed until the cumulative excluded
area reached, but did not exceed, 1% of the total ecosys-
tem area. Because MapBiomas Collection 6 was no longer
available, these calculations were repeated using Collec-
tion 10 (MapBiomas, 2025). Based on the resulting AOO
value and whether it declined continuously between 1985
and 2020 (Keith et al., 2013), ecosystems were classified
as Vulnerable if their AOO was >20 and <50, Endan-
gered if >2 and < 20, and Critically Endangered if <2.

A journal of the Society for Consenvation Biology

3 | RESULTS

In 1985, approximately 56% of the Brazilian Cerrado was
covered by savanna, 26% by forest, 14% by grassland, and
4% by wetland. Differences in the proportional composi-
tion of vegetation types across ecoregions are shown in
Figure S1. By 2020, total natural vegetation coverage had
declined by 20%, with forests and grasslands each decreas-
ing by 21%, savannas by 20%, and wetlands by 10%
(Figure 2). Temporal trajectories of the four major ecosys-
tem types across the Cerrado are shown in Figure S2.

This habitat loss, combined with the naturally limited
extent of some ecosystems, resulted in 55 of the 80 Cerrado
ecosystems being classified as threatened (Table 1). None
were identified as Critically Endangered, but 12 were
Endangered and 43 were Vulnerable. Most threatened eco-
systems were identified under Criterion A2b, with 48 clas-
sified as Vulnerable or Endangered, followed by 12 under
Criterion B1 and 8 under Criterion B2. Across all ecosys-
tems, the PRD produced lower error for the 1985-2020
period than the ARD. Therefore, PRD was used to project
ecosystem coverage for 2035 (Figure 3, Table S1).

The three criteria highlighted distinct vegetation types
as threatened, although 12 ecosystems met thresholds
under more than one criterion (Table 1; Table S2). Under
Criterion A, 14 forest, 12 wetland, 11 savanna, and
11 grassland ecosystems were classified as threatened,
spanning 19 ecoregions. Under Criterion B1, three ecosys-
tems of each vegetation type (forest, savanna, grassland,

(o)}
o

N
o

FIGURE 2 Proportional loss of
natural area (%) between 1985 and
2035 across vegetation types in the

Loss of natural area (%) 1985-2035
N
o

Cerrado. Boxplots show the

distribution of natural area loss for 0

1

forest, savanna, grassland, and

wetland formations across Forest

20 ecoregions.

Savénnah Grass Wetvland

Vegetation type
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TABLE 1

Ecoregions and threat status for each ecosystem in the Cerrado according to the International Union for Conservation of

Nature (IUCN) Red List of Ecosystems criteria (A2b, B1, B2). Following Red List guidelines, the overall threat status of each ecoregion was

determined by the highest level of risk recorded across the evaluated criteria and ecosystem tV?es. Vulnerable (‘VU) is shown in yellow;
. . U
endz.mgered (EN) is shown in orange. Icons represent the four ecosystems: 'PA_‘[ &I = forest, ‘\{ = grassland, g} = wetland,

? = savannah.
- -

Ecoregion name A2b B1 B2 Combined

Al Panialba 180 = 0 |3 |1 = 0| G 0 = 0| 2 0 = | B
Alto St Francisco ol | omn = o | 5 ool o | o =t |
Aragusa Tocanins e RN e RN
Bananl = o | 5 |00 2 ot | o0 = o | 0 = o
Basalto o8| 0 | G o8y 2 0 | G 08 0| B |08y |
Bic o Ppaga o | 2 | B | |
Centro Norte Piauense b AR M ANAE Y AN : Y AN AR
Chapada dos Parecis @gﬁ%@gﬁ%@gﬁ %@iﬁ\\_’l%‘}.
Chapadao Sao Francisco Mzg N1 %‘* @g N %‘* (A =\ %‘* A ="\ %‘*
Compless Bodoques = o | 5 92 o B o = o | B = o B
Cosi 2 O = B = o =
Depressio Cérstica So Francisco || | W | &b [etn/e® | ¢ [ &y |68 =7 ¢ | &4 [e8 =°| ¢ | &
Depressio Cuiabana @gﬁ_ﬁ%@gﬂ_’(%@gﬁ_‘l %@gﬁ_‘l%
Floresta de Cocais AN AL N EANAE Y kAR AR Y AN Y
et | B 2 B ok B |
Paracat RN e R RN e
Parand Guimaracs = o [ 0= o | B 0 o 8 o ok |
Pamagud 907 0| 95 80 O | 680 | G 080 o |
Pl Cen o |55 e = o | e = o e = |
Vi do arand o o | 55 o0 ok 55 o0 = o 0 |

and wetland) were assessed as threatened across three
ecoregions. Under Criterion B2, two ecosystems of each
vegetation type were classified as threatened, distributed
across two ecoregions. When combining Criteria A and B,
16 forest, 13 grassland, 13 wetland, and 13 savanna ecosys-
tems were classified as threatened (Table 1).

Threatened forest, savanna, and grassland ecosystems
are concentrated in the central and southern Cerrado
(Figure 4a-c), whereas threatened wetlands are primarily
found in the north (Figure 4d). The ecoregions with the
highest number of threatened ecosystems occur in
the central Cerrado, with Basalto, Complexo da

Bodoquena, Costeiro, Depressdo Carstica do Sdo Francisco,
Paracatu, Parana Guimaries, and VAo do Parani, each con-
taining four threatened ecosystems (Figure 4e).

4 | DISCUSSION

4.1 | Conservation status of the Cerrado
ecoregions

The Cerrado is one of 36 global biodiversity hotspots
because of its high levels of species richness and
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FIGURE 3 Temporal trends in natural area (1985-2035) across Cerrado ecoregions. Each panel shows changes in the natural area

(km?) of the four main vegetation formations (forest, savanna, grassland, and wetland) from 1985 to 2020 (solid lines) and projected to 2035
(dashed red line).
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FIGURE 4 Ecoregions containing threatened ecosystems. (a) Forests, (b) savannas, (c) grasslands, and (d) wetlands show the threat
status of each ecosystem type across ecoregions according to the International Union for Conservation of Nature (IUCN) Red List of
Ecosystems criteria. Colors correspond to the highest threat category recorded for that ecosystem within each ecoregion

(yellow = Vulnerable; orange = Endangered). (e) Number of threatened ecosystem types within each ecoregion (from 0 to 4).

endemism, and of habitat loss, much of which is driven
by global demand for soybeans and beef (Strassburg
et al., 2017). This habitat loss continues, as we found that
20% of natural vegetation in Brazil was cleared between
1985 and 2020 (Figure 2). Savanna ecosystems had the
highest area of vegetation loss, as expected given
the greater coverage in the Cerrado (Figure S2). However,
in terms of percentage loss, forests, grasslands, and
savannas all lost approximately 20% of their coverage,
with wetlands being less affected (Figure 2). Much of this
loss occurred legally, as Brazil's Forest Code allows land-
owners to clear up to 80% of their properties, leaving
approximately 40 million hectares of land at risk of future
conversion (Soares-Filho et al., 2014). Protected areas and
other effective area-based conservation measures
(OECMs) could help mitigate this loss, yet only 8.7% of
the biome is currently protected (Pacheco et al., 2018).
This is despite the Brazilian government's commitment
to protect 17% of the Cerrado by 2020, a shortfall of

approximately 20 million hectares (Larsen et al., 2015).
Without achieving this last target, in 2022 Brazil signed
the Kunming-Montreal Global Biodiversity Framework
(GBF) of the UN Convention on Biological Diversity,
which commits to protect 30% by 2030.

The GBF uses headline indicators to track progress and
guide action (Convention on Biological Diversity, 2022a).
The RLE is one of the official headline indicators used to
assess achievement of the GBF's goals and targets, particu-
larly those related to maintaining and restoring biodiversity,
encompassing ecosystems, species, and genetic diversity
(Goal A), as well as the targets for ecosystem protection and
restoration (Convention on Biological Diversity, 2022b).
Our map (Figure 4), combined with other socio-economic
data, can help identify important biodiversity areas (Botts
et al., 2020; Jones et al., 2022), for spatial planning (Target
1), set priorities for restoration (Target 2) (Etter et al., 2020),
and guide the expansion of protection and OECMs (Target
3) (Botts et al., 2020; Etter et al., 2020; Keith et al., 2024). In
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the Cerrado, where substantial conversion remains legally
permissible under the Forest Code, achieving the “30 x 30”
target will require more than creating new protected areas.
OECMs, incentives on private lands, restoration, and con-
nectivity will be essential to reduce future loss and secure
ecological corridors. As a GBF headline indicator, repeating
the RLE assessment also offers a basis for national reporting
and progress tracking.

The link between threat status and conservation pri-
orities is less straightforward for the 12 ecosystems classi-
fied as Endangered. For example, some ecosystems were
classified as threatened under subcriterion B2 because of
their restricted area of occupancy, even when they were
not among those with the highest recent rates of vegeta-
tion loss. In some instances, protection levels for these
ecosystems are relatively high, with the Bananal and
Costeiro ecoregions having 46.3% and 38.3% protected
area coverage, respectively (Sano et al., 2019). However,
most of the ecosystems have lower coverage (Sano
et al., 2019) and are threatened by high levels of anthro-
pogenic loss, especially forests, savannas, and grasslands.
Thus, the ecosystems that meet Criterion A2b due to
ongoing habitat loss and Criterion B due to limited distri-
bution should probably be considered priorities for con-
servation action.

Looking at the pattern of results is also important for
interpreting the 43 ecosystems classified as Vulnerable.
In particular, they show that, across three ecoregions
(Basalto, Paracatu, and Parana Guimaries), all four eco-
systems are threatened under Criterion A2b. This level of
threat, driven by habitat loss, is concerning and reflects
the fact that this region forms part of Brazil's ‘new agri-
cultural frontier’, with agricultural production expanding
from the southern and southeastern portions to the
northern parts of the biome (Lemes et al., 2020). Land-
use change in the Cerrado reflects not only biophysical
suitability but also evolving political and economic incen-
tives. Since the 1980s, federal credit programs
(e.g., PRODECER) and infrastructure investments have
promoted agricultural expansion into central Brazil, par-
ticularly in the “MATOPIBA” region (Garrett
et al., 2018). We also found that the most threatened eco-
systems are concentrated in this region, consistent with
previous studies (Schiiler & Bustamante, 2022). Reforms
to the Forest Code in 2012 further legalized high levels of
conversion, allowing up to 80% clearing in private lands
(Soares-Filho et al., 2014). These policy shifts coincide
with the acceleration of vegetation loss observed in our
time series. This same region was highlighted in previous
studies, mainly due to government incentives for agricul-
ture and soy expansion credits since the early 2000s
(Araujo et al.,, 2019; de Souza et al., 2020). Alongside
domestic policies, international supply-chain and trade

A journal of the Society for Conservation Biology

mechanisms also shaped patterns of loss and protection.
For instance, a voluntary zero-deforestation agreement
adopted by major soy traders in 2006, the Amazon Soy
Moratorium, curbed deforestation in Amazonia but dis-
placed soy expansion toward the Cerrado (Gibbs
et al., 2015; Moffette & Gibbs, 2021).

This pattern of agricultural expansion also explains
why only one ecoregion, Parnagud, did not contain any
threatened ecosystems. This is partly because of its rela-
tively high protected area coverage, which at 20.7%
makes it one of only four ecoregions with over 17% of its
area legally protected (INPE, 2020; Sano et al., 2019). In
addition, research has shown that farmers in these
regions adhere more closely to the New Forest Code
(Sano et al., 2019). Nonetheless, even these ecoregions
experienced a decline in vegetation cover, and so might
be expected to contain threatened ecosystems in the
future once levels of vegetation clearance meet the RLE
thresholds.

4.2 | RLE methodology
The RLE methodology is widely used around the world
and there are always trade-offs when applying a global
standard to a specific region, particularly in terms of data
requirements and the generalisability of the criteria. A
crucial first step in the RLE process is identifying an
appropriate ecosystem map. The IUCN recommends
using a map based on their ecosystem typology, while
also emphasizing the importance of aligning with
national policy frameworks (Keith et al., 2015). For
Brazil, this is relatively straightforward because the Cer-
rado ecoregion map provides a spatial framework
designed to support conservation planning and other
environmental  decision-making  processes  (Sano
et al., 2019). However, these ecoregions are relatively
broad, so we further divided them into forest, savanna,
grassland, and wetland ecosystems based on the national
land cover map. This approach allows for a detailed
assessment of ecosystems based on their specific ecologi-
cal characteristics and regional context, aligning with
both global standards and local policy requirements.
These ecosystem datasets are open-access and provide
annual land cover data since 1985, which we used to con-
duct an RLE assessment based on Criteria A and B
(MapBiomas, 2022). No equivalent data exist to enable an
evaluation based on Criteria C, D, and E across all eco-
systems, although previous research suggests this would
be feasible if ambitious (Burns et al., 2015; Sievers
et al., 2020).

This does not mean, however, that the data used to
assess Criterion A and Criterion B were not without
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limitations. For Criterion A, the main challenge was
assessing the savanna ecosystems, which account for 56%
of the remaining native vegetation in the Cerrado.
Detecting savanna loss through remote sensing is particu-
larly difficult because these ecosystems span a wide gradi-
ent of tree densities relative to forests or grasslands and
display greater variation in phenological patterns
(de Souza et al., 2021). It should also be noted that some
of the savannas have been severely impacted by cattle
grazing, which is not detectable from the available
remote sensing datasets and is therefore only identifiable
by applying Criterion C, D, or E (Moffette &
Gibbs, 2021). Although our assessment focused on total
natural area loss, future studies could use the MapBiomas
transition matrices to examine shifts between natural
vegetation types (e.g., savanna to grassland) and to
explore the potential influence of changing climate and
fire regimes on these transitions.

For Criterion B, subcriterion Bl needed to be treated
with caution. This is because our ecosystem classification
was based on patches of the same vegetation type within
the same ecoregion, so the minimum convex polygons
that contained all the ecosystem fragments tended to be
approximately the same size as the associated ecoregion
(Table S1). As a result, threatened ecosystems under Cri-
terion Bl were generally found in small ecoregions.
Although subcriterion B2 was expected to capture finer-
scale variation within ecoregions, in our analysis it also
identified all ecosystem types as threatened within the
same ecoregions, suggesting that this pattern may also
reflect ecoregion size.

Previous assessments of threatened ecosystems in the
Cerrado focused on habitat loss, protected area coverage,
and environmental compliance with the New Forest
Code (Sano et al., 2019). Our RLE results complement
these findings but differ notably for ecosystems with a
high proportion of protected areas. For example, Bananal
was considered less threatened by Sano et al. (2019)
because its protected area coverage is 40.6%, whereas our
RLE assessment classified it as Vulnerable under Crite-
rion A. While Sano et al.'s framework provides valuable
information on protection and compliance, our RLE
analysis offers a complementary perspective by focusing
on the ecological risk of collapse, derived directly from
the rate and extent of vegetation loss. This shift in
emphasis highlights where ecosystems are most vulnera-
ble, regardless of current management effectiveness. By
operating at a finer spatial scale and subdividing each
ecoregion into forests, savannas, grasslands, and wet-
lands, we identified which specific ecosystem types are
undergoing the most rapid conversion. This approach

captures localized patterns of degradation that broader
national assessments may overlook, providing a more
detailed picture of the spatial heterogeneity of risk across
the biome.

Across other savanna systems, assessments of biodiver-
sity state show patterns consistent with those observed in
the Cerrado. Many other studies have shown alarming
outcomes of the rapid devastation of savannas worldwide
(Mustin et al., 2017; Mwangi & Ostrom, 2009; Vargas
et al., 2015; Woinarski et al., 2011). In Colombia, the Lla-
nos piedmont savannas were classified as Critically
Endangered after losing 86% of their original extent, with
agricultural and livestock expansion identified as a princi-
pal driver of the geographic reduction (Criterion A) (Etter
et al., 2017). In South Africa, a national assessment found
many savanna ecosystems to be threatened under Crite-
rion A (long-term reduction), while Criterion B identified
those with fragmented or restricted distributions
(Skowno & Monyeki, 2021). This pattern is similar to our
results, in which A2b drives most listings and B2 identifies
spatially restricted and small-extent ecosystems. At the
planning level, African case studies show that RLE catego-
ries were used to design and manage protected and con-
served areas in savanna-dominated landscapes (Botts
et al., 2020; Keith et al., 2024), highlighting the potential
for similar risk-based approaches to guide conservation
strategies in the Cerrado.

The RLE methodology is a valuable tool for assessing
ecosystem risks and guiding conservation efforts, and we
found it could also be successfully applied to the Cerrado.
This is important because the Cerrado is being degraded at
an alarming rate, and our results have identified a number
of ecosystems at risk of collapse due to land clearance
and/or their small extent. Our study highlights the benefits
of using this standardized approach to compare patterns
across ecoregions, identifying patterns of vegetation loss
and understanding the threatening processes. In particu-
lar, it highlights the complex relationship between pro-
tected area coverage and ecosystem threat status in an
agricultural frontier, where there are plenty of opportuni-
ties to clear natural vegetation outside protected areas.
The next crucial step is to implement interventions that
mitigate these threats, using RLE data to guide the estab-
lishment of new conservation target actions. We also rec-
ommend that Brazil should adopt global best practice and
use the RLE to underpin ecosystem conservation and res-
toration policies more broadly, developing indicators of
ecosystem threat, enhancing infrastructure policy, and
integrating RLE into legislation, land-use planning, and
protected area management (Bland et al., 2019; Keith
et al., 2015; Skowno & Monyeki, 2021).
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