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the PA system. Protecting the largest priority areas identified here is urgent and mandatory, while using
habitat restoration as a key activity to promote connectivity among smaller priority areas, especially in
the southern portion of this hotspot.

Introduction

Creating and managing strategic protected areas (PAs) is funda-
mental for biodiversity conservation. They are essential to reaching
nature-based solutions for adaptation to global changes (Maxwell
et al., 2020), maintaining wildlife populations (Geldmann et al.,
2013), and ensuring long-term maintenance of nature’s contribu-
tions to people (Diaz et al., 2018). Worryingly, despite the sustained
increase in numbers of PAs globally (Maxwell et al., 2020), histori-
cally PA allocation has not met scientific criteria, being influenced
by economic activities and opportunism (Margules and Pressey,
2000). This is particularly true in economically productive ecore-
gions (Prieto-Torres et al., 2022) such as the Cerrado hotspot
(Strassburg et al., 2017; Vieira et al., 2019). In this context, sci-
ence has developed systematic conservation planning protocols to
achieve resilient and effective PAs, based on objective criteria and
relevant information (Margules and Pressey, 2000; Di Minin et al.,
2014).

Habitat loss and fragmentation are the main causes of species
extinctions and declines, hampering population viability of most
threatened species (IPBES, 2019; Grande et al., 2020). Conservation
opportunities for efficient PAs exponentially decrease as habi-
tat fragmentation advances (Nori et al., 2013). The protection of
contiguous patches of natural ecosystems is necessary for the con-
servation of most key and threatened species, ecological processes,
and nature’s contributions to people (Diaz et al., 2018). Sadly, cur-
rent rates of conversion of the few remaining natural habitats in
deforestation hotspots, such as the Brazilian Cerrado, make this
unlikely.

The Brazilian Cerrado is the richest savanna in the world, with
high levels of endemism (Strassburg et al., 2017). However, this
biodiversity hotspot has recently suffered rampant natural habitat
loss due to a combination of low legal protection and increased
demand for commodities (Pacheco et al., 2021). Additionally, the
Cerrado is one of the eight deforestation frontiers undergoing high
rates of recent deforestation, with conversion now concentrated in
the northern portion of the region, where natural habitats persist as
large contiguous areas (Strassburg et al., 2017). Given the context,
efficient policy-making toward their conservation is imperative.

Herein, using the most comprehensive revised point-locality
database on endemic terrestrial vertebrates of the ecoregion to
date, we aimed (i) to determine priority areas for the conservation
of Cerrado endemic terrestrial vertebrates; (ii) to determine the
increase of habitat fragmentation of priority areas as the agricul-
tural frontier advances; and (iii) to estimate the loss of conservation
opportunities over time under current deforestation rates.

Material and Methods

The Cerrado is the second largest South American phytogeo-
graphical domain, dominated by upland savannas and grasslands
(Ab’Saber, 1998). Herein, we adopted the limits of the Cerrado
ecoregion as proposed by Dinerstein et al. (2017).

We compiled the most comprehensive revised point-locality
database on Cerrado endemic terrestrial vertebrates to date, com-
prising 13,790 unique records of 337 species, including 124
amphibian anurans, 66 lizards, 63 snakes, 45 birds, and 39 mam-
mals. These records are based on planned field surveys and revision
of vouchered specimens in scientific collections, complemented by
revised literature data.

From verified point-locality records we created normalized
heatmaps representing species distributions. Heatmaps are a sim-
ple extrapolation of species records, highlighting regions with a
high density of records and giving less weight to pixels towards
the edge of the buffered heat core. Compared to other commonly
used methods based on correlative extrapolations, and considering
the completeness of our database, heatmaps based only on point
records minimize potential commission errors as a consequence of
spurious projections. Finally, heatmaps avoid overlooking poten-
tially important areas around species records (e.g. decreasing the
effect of omission errors). We created heatmaps using the Kernel
Density Estimation tool, in QGIS 3.24 (QGIS Development Team,
2022), with a radius of 0.5° around points, and a resolution of
~20km? (0.041667°). We normalized the estimated heat values by
dividing the resulting raster file by its maximum value, therefore
obtaining a continuous output from zero to one for all species.

We used Zonation 4.0 (Moilanen et al., 2014) to locate prior-
ity areas for the 337 studied species. The software implements
hierarchical prioritization of areas based on the distribution of bio-
diversity features, considering predefined user input weights for
each feature. We ran prioritizations under the Core Area Zonation
(CAZ) rule. CAZ rule identifies high-priority areas as those pre-
senting a high occurrence level of a single rare or highly weighted
feature (Di Minin et al., 2014). This removal rule was selected given
that the input species are endemic to the Cerrado, and many are
restricted to small portions of the region. To select optimal areas
for expanding the PA network, we included existing PAs as a hier-
archical mask (Di Minin et al., 2014). We included all PA categories,
with strict and non-strict conservation goals, such as National and
State Parks, Ecological Stations, and private areas such as “APAs”
and “RPPNs”, in our analysis.

To emphasize the importance of small-ranged, threatened (VU,
EN, CR) or poorly known taxa (DD), we generated a simple index
including both categories. Our weighted index is the result of a mul-
tiplication of values from 1 to 3 (“widespread” =1, “partial” =2, and
“restricted” =3, see Nogueira et al., 2019) for range size, and val-
ues from 1 to 5 according to IUCN extinction risk categories (LC=1,
NT=2,VUand DD=3,EN=4and CR=5; IUCN, 2022). To avoid over-
estimating the importance of species not assessed by IUCN, and
those classified as DD within less than ten years after description,
these were weighted with the value “2” in the extinction risk ‘part’
of the index. This results in a higher weight than that of species in
“Least Concern” while not surpassing the weight of those still clas-
sified as DD ten years after description (e.g. higher weight=“3", see
above; Morais et al., 2013).

To penalize pixels covered by anthropic land uses, we included
reclassified binary land-use maps (obtained from MapBiomas,
2022; reclassification details in Appendix S1) as a negative variable
weighted as the sum of all positive variable weights. To assess how
priority areas shifted according to land use and land cover (LULC)
changes in the last decades, we repeated the analyses using land-
use scenarios from 1985 to 2020 (MapBiomas, 2022) in five years
intervals, considering also a pristine Cerrado scenario (e.g. without
LULC changes).

According to the Aichi Biodiversity Targets (CBD, 2010), PA net-
works should represent at least 17% of the world’s landmass (see
Target 11; CBD, 2010).In addition to the 17% target, we also mapped
a recently proposed target of 30% (post-2020 global biodiversity
framework, Woodley et al., 2019). Finally, to analyze the effect of
LULC changes and resulting fragmentation on priority areas over
time, we grouped priority areas (i.e. connected pixels) depend-
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Fig. 1. Priority areas for the conservation of Cerrado endemic terrestrial vertebrate species, in three distinct land-use scenarios (Pristine, 1985 and 2020) and two conservation

targets (top 17% and 30% of the ecoregion).

ing on their area (for additional details see the extended methods,
Appendix S2).

Results

Of the 337 analyzed species, 262 (77.4%) have been assessed
by IUCN. Of those, 39 (11.5%) are considered threatened, includ-
ing 17 Vulnerable, 15 Endangered, and seven Critically Endangered
(Appendix S3). Sixty-one species are considered Data Deficient,
of which 57 (93.4%) were described more than 10 years ago.
Amongst the 75 species not assessed by IUCN, 77% (N=58)
are restricted-range species, and the remaining 23% (N=17) are
partially-distributed species.

The current PA network covers 10.25% of the Cerrado and puta-
tively protects on average 21.47% of the distributions of endemic
terrestrial vertebrates. Four species are completely absent from the
system (Appendix S4). According to the prioritization, using the
most recent land-use map (2020 scenario), protecting an additional
6.75% of the region (~135,000 km?, i.e. 17% of the Cerrado) would
represent at least 10% of each distribution and increase the average
representation to 43.5%. In comparison, the protection of 30% of
top priority areas would increase this figure by an additional 12.7%,
representing at least 16.6% of each distribution and an average of
56.2% of mapped ranges. Detailed information on species represen-
tation in the current PA network and in each conservation target
can be found in the supplementary material (Appendix S4).

Despite the similar overall location of the top 17% and 30%
priority areas, in the pristine scenario the priority areas were rep-
resented only by patches of continuous land, while in the 1985 and
2020 scenarios top priority areas also comprise some sparsely dis-
tributed discontinuous areas (Fig. 1). While in the pristine scenario
continuous priority areas were spread across the Cerrado, in the
1985 and 2020 scenarios they were concentrated in the northern
portion of the region, while largely segregated priority areas were
mostly spread over the southern portion (Fig. 1). As for the patch
size analysis of the top 17% priority areas, opportunities to create,
expand and connect PAs in large continuous extensions of natu-
ral habitats were concentrated in Mato Grosso, Minas Gerais, Goias
and Tocantins states (Fig. 2; Box 1). On the other hand, patches
of medium to small priority areas are scattered throughout the
southern portion of the region (Fig. 2).

Box 1

In Mato Grosso, priorities are on a northward expansion of
the Chapada dos Guimaraes National Park, preferably aiming
for a connection with the APA Cabeceiras do Rio Cuiaba. Our
results also highlight the need to expand the Serra das Araras
Ecological Station, and to implement new protected areas on
the border and across the eastern portion of Rondénia state,
as well as connecting large extensions of indigenous lands in
the westernmost limits of the Cerrado (Fig. 2). In Minas Gerais
state, the focus should be given to the expansion and con-
nection of the Sempre Vivas National Park with Rio Preto and
Biribiri State Parks, as well as for the connection between the
Grao Mogol and Botumirim State Parks with the Acaua Eco-
logical Station. Our results also highlight an opportunity for
a great expansion around Serra do Cabral State Park, a mod-
erate expansion around Serra da Canastra National Park, and
the opportunity to create a large protected area in northwest-
ern Minas Gerais, near the small Sagarana State Park (Fig. 2).
In the northeastern portion of the Goias state, at the border
with Bahia, there is an opportunity to expand and connect the
protected areas located at the Serra Geral plateau. As for north-
ern Goias and southern Tocantins, large extensions of natural
habitat can be protected by the expansion of the Chapada dos
Veadeiros National Park, and the APA Minagu, aiming for con-
nections with APA Pouso Alto in the east, and with APA Lago
de Sao Salvador do Tocantins, Parana and Palmeirépolis in the
north (Fig. 2). Finally, for the northern portion of the Tocantins
state our results highlight the opportunity to expand the APA
Serra do Lageado; to expand the Arvores Fossilizadas Natu-
ral Monument aiding in the connection with the Chapada das
Mesas National Park in eastern Maranhao state, and for the
creation of a new protected area on the upper Tocantins river
valley at the municipality of Guarai. Notwithstanding, a large
priority area is located in the municipality of Loreto in east-
ern Maranhao state, and an eastward expansion of Urugui-Una
Ecological Station in Piaui state is also amongst the top 17%
large priority areas (Fig. 2).

The analyses of priority areas considering temporal series of
LULC changes revealed a clear negative effect of postponing conser-
vation action in the Cerrado. Opportunities to represent endemic
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terrestrial vertebrate distributions decreased with the conversion compare the prioritization outcomes of recent land-use changes
of natural habitats into anthropic uses (Table 1, Fig. 3). The average (from 17.3% to 12.2% in the 1985 and 2020 scenarios respectively,
species distribution representation in large areas decreased as we a difference of ~—5.1%). On the contrary, the representation of
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Table 1

Percentage of endemic terrestrial vertebrate distribution representation in priority
areas according to two targets of land protection in different scenarios of past land-
use in the Brazilian Cerrado.

Representation

Top 17% Top 30%
Pristine 48.60% 73.66%
1985 45.58% 63.46%
1990 45.01% 61.34%
1995 44.49% 59.97%
2000 44.10% 58.78%
2005 43.95% 57.87%
2010 43.75% 57.21%
2015 43.82% 56.90%
2020 43.30% 55.84%

species distributions in combined small and medium fragmented
priority areas increased over time (from 7.4% to 10.2% in the 1985
and 2020 scenarios respectively, a difference of ~+2.8%; Fig. 3).

Discussion

In agreement with previous studies (e.g. Prieto-Torres et al.,
2020, 2022), our findings suggest a suboptimal distribution of cur-
rent Cerrado PAs. Considering that this region was pointed long
ago as a biodiversity hotspot (Myers et al., 2000) and is currently
a deforestation frontier (Pacheco et al., 2021), strategic land-use
planning is a pending issue that should be urgently addressed
(Strassburg et al., 2017; Lemes et al., 2020). Otherwise, conserva-
tion opportunities will continue diminishing with the increase in
habitat loss and fragmentation in these highly diverse savannas
(Nori et al., 2013; Resende et al., 2019).

Herein we identified strategic areas to efficiently expand the
Cerrado PA network. Most importantly, relatively small increments
in the total protected area resulted in a significant increase in
species representation. The 17% land protection target was due in
2020 (CBD, 2010) and has not been achieved yet, therefore the pro-
tection of the Brazilian Cerrado lags far behind the new ambitious
target (30%; Woodley et al., 2019). By comparing priority areas
across different periods during the last decades, we pinpointed
that habitat loss and fragmentation are the most important factors
behind the rapid loss of conservation opportunities in the Cerrado
(see also Grande et al., 2020). While opportunities to increase the
representation of species distributions did not decrease sharply
over time, the top priority areas became smaller and fragmented as
time passed. As a consequence, opportunities to represent species
distributions in large priority areas (>1000 km?) are decreasing as
a result of the conversion of natural habitats into anthropic land
use. Noteworthy, the increase in small and medium priority areas
does not surpass the decrease of representation in larger ones, sug-
gesting that the protection of large priority areas in the Cerrado
should be more urgent than the protection of the smallest areas
that have remained after the northward shift in the deforestation
frontier (Betts et al., 2017; De Marco et al., 2020).

Habitat connectivity in the Cerrado has decreased sharply dur-
ing the last decades, mostly due to the loss of connecting fragments.
Unfortunately, connectivity is being lost faster than the loss of nat-
ural habitats and we are close to a lower threshold of remaining
habitats below which connectivity becomes severely compromised
(Grande et al.,2020). Considering the habitat requirements of many
of the species assessed here, large portions of connected natu-
ral environments are important to safeguard the maintenance of
ecological processes (Betts et al., 2017; Diaz et al., 2018). The
northern portion of the region encompasses the largest continu-
ous priority areas even in the most recent and pessimistic land-use
scenario. Worryingly, the Deforestation Front report (Pacheco et al.,
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2021) highlights the northern portion of the Cerrado as the most
impacted worldwide and forecasts a trend of persistent deforesta-
tion in the region. This evidence, coupled with our results, suggests
a clear trend of further reduction of conservation opportunities if
no actions are urgently taken to halt habitat loss in the Cerrado,
especially in its northern portion (Nori et al., 2013; Resende et al.,
2019). Although the small and isolated priority areas detected here
might not be adequate for some of our target species (see De Marco
et al., 2020), those located in the southern portion of the Cerrado
are the last remaining habitat for many endemic vertebrate species
studied herein and must not be overlooked.

Some regions of the northern portion of the Cerrado (e.g. Serra
Geral plateau) remained climatically stable during the Quaternary
climatic fluctuations (Werneck et al., 2012). This climatic stabil-
ity conferred a conservation uniqueness in light of global climate
change. Moreover, a study using a framework directed to halt veg-
etation loss combined with predictions of species distributions
under climate change scenarios highlights priority areas for plant
conservation in northern Cerrado (Monteiro et al., 2020), converg-
ing with our proposal, and others (e.g. Brum et al., 2019; Diniz-Filho
et al., 2020; Pacheco et al., 2021). For future scenarios, however,
the southern portion of the Cerrado is hypothesized to be climat-
ically stable (De Marco et al., 2020; Diniz-Filho et al., 2020). So,
the last remnants in the highly impacted southern portions should
be preserved and reconnected via restoration activities (Strassburg
etal.,2017).There is an opportunity to safeguard enough protection
for species while also increasing agricultural production without
impacting the remaining natural habitats in the Cerrado (Strassburg
et al.,, 2017). This greener scenariodnd zero deforestation approach
points also to the necessity of implementing restoration in critical
areas, mostly in the southern portion of the ecoregion. In this sense,
following our prioritization scheme and considering both the threat
of current deforestation in northern Cerrado and the outstanding
presence of discontinuous priority areas in the southern portion
of the region (Grande et al., 2020), we propose the urgent imple-
mentation of new PAs on the northern Cerrado as the last chance
to maintain naturally connected areas. In addition, the focus on
restoration approaches should be directed towards the southern
priority areas, especially those with the potential to be connected
to compose conservation mosaics.

In fact, small and fragmented areas in southern Cerrado may
serve as the backbone of larger conservation strategies focused on
landscape connectivity and widespread, threatened species. More-
over, as most of our target species are relatively small-ranged and
regionalized (Nogueiraetal.,2011; Azevedo et al., 2016), given that
creating large and continuous PAs is not a possibility, the question
of conserving southern Cerrado endemics, is more of a problem of
correctly locating PAs. Although small and highly fragmented, the
few remaining Cerrado areas in the south are still home to hun-
dreds of endemic vertebrate species studied herein. To lose more
habitat in these areas would lead to very high extinction rates in
the Cerrado, which would not be compensated by actions in the
more connected and extensive northern areas. In agreement with
previous biogeographical studies in the Cerrado, detecting com-
plex, regionalized, and significantly co-distributed allopatric biotas
(Nogueira et al., 2011; Azevedo et al., 2016), our priority areas
span different portions of the Cerrado. Thus, resulting conservation
strategies must adapt to each subregional land use context. In this
sense, it is imperative to halt deforestation in the entire Cerrado,
both in the highly fragmented south and in the current deforesta-
tion frontier in the north. Additionally, it would be essential to
guarantee the representation of most of the Cerrado vegetational
gradient as possible, since not only vascular plants (see Durigan
et al., 2003), but all endemic terrestrial vertebrate groups analyzed
here (e.g. Nogueira et al., 2011; Valdujo et al., 2012; Carmignotto
etal., 2022)include habitat specialists depending on different habi-
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tats covering the Cerrado ecoregion, from gallery forest to savannas,
woodlands, wetlands, and open grasslands.

The number of Data Deficient species and those not yet assessed
by IUCN highlights a major knowledge shortfall that might ham-
per accurate policy-making in Cerrado. This implies that research
investment aimed to fill knowledge gaps on these species could be
considered a strategic investment to reach accurate conservation
recommendations (Nori et al., 2018, 2020). Noteworthy more than
half of the Cerrado endemic terrestrial vertebrate species classi-
fied as DD are amphibians (Appendix S3). It has been shown that
most DD amphibians are facing a high extinction risk, especially in
Brazil (Morais et al., 2013). Efforts to reduce the proportion of DD
species on the IUCN redlist should be mandatory as this general
flon-threatenedcategory is often overlooked by both the scientific
community and decision-makers, leading to biased conservation
recommendations (Nori et al., 2018).

Recent studies focused on the conservation of ecosystem ser-
vices also highlight that time is critical for conserving the Brazilian
Cerrado (Resende et al., 2019). Projections of land-use conversion
under a business-as-usual scenario and forecasted extinctions in
the next 30 years are clear proof that not only conservation poli-
cies should be immediately directed towards the protection of the
Brazilian Cerrado, but also the whole cooperation of public and pri-
vate sectors is necessary to achieve meaningful conservation results
(Strassburg et al., 2017). If policy-making is not urgently focused on
protecting strategic remnants of the Cerrado hotspot, halting habi-
tat fragmentation, and using habitat restoration as a key activity
(see Strassburget al., 2017), the future of the diverse endemic fauna
of the central Brazilian savannas is clearly somber. However, the
only way to achieve it will be through a joint effort of researchers,
policy-makers, NGOs, and the private sector. In the era of delivery,
not promises (Loyola, 2022), “tomorrow” might be too late.
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