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Abstract

Aim: Understanding where and why species diversity is geographically concentrated
remains a challenge in biogeography and macroevolution. This is true for the Cerrado,
the most biodiverse tropical savanna in the world, which has experienced profound
biodiversity loss. Previous studies have focused on a single metric (species composi-
tion), neglecting the fact that ‘species’ within the biome are often composed of cryptic
species. In order to identify biodiversity hotspots more robustly and across multiple
dimensions we integrate functional, spatial and new phylogeographic data for the
Cerrado lizard fauna by (a) mapping the spatial patterns of species and phylogenetic
diversity; and (b) using endemism measures to identify areas of unique diversity. We
then quantify the extent to which existing protected areas represent the diversity.
Location: Brazilian savanna (Cerrado).

Methods: We generated species distribution models using distribution records for all
Cerrado lizard species. These, combined with mitochondrial DNA phylogenies and
natural history data, allowed us to map species richness, phylogenetic and functional
diversity and phylogenetic and weighted endemism. Phylogenetic endemism maps
were then cross-referenced against protected areas to calculate the amount of evolu-
tionary history preserved within these areas.

Results: The central region of the Cerrado, a vast and climatically stable plateau,
stands out as important under all biodiversity metrics. Including evolutionary rela-
tionships in biodiversity assessment, we detected four regional hotspots with high
concentration of spatially restricted evolutionary diversity. Protected areas cover
only 10% of the Cerrado area and hold 11.64% of the summed phylogenetic end-
emism of all lizards in the biome.

Main Conclusions: We highlighted both stable (Chapada dos Veadeiros and Serra do
Espinhaco plateaus) and environmentally heterogenous regions (Araguaia and Tocantins

valleys) as hotspots of evolutionary diversity. The creation and/or manipulation of
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1 | INTRODUCTION

Describing patterns and explaining which processes shaped
the unique South American tropical biodiversity have intrigued
naturalists for centuries (Bates, 1862; Prance, 1982; Wallace,
1853). There are numerous ways to measure biodiversity, going
from estimating the number of species in a determined area
(species richness—Gaston, 2000) to looking for concentration
of spatially restricted species or community assemblages (ende-
mism—Myers, 2003; Myers, Mittermeier, Mittermeier, Fonseca,
& Kent, 2000). However, species are not independent units, and
will share many biological attributes as the result of the evo-
lutionary processes of diversification (Agapow, 2005; Mace,
Gittleman, & Purvis, 2003; Vane-Wright, Humphries, & Williams,
1991). Thus, incorporating different sources of biological infor-
mation such as species traits, phylogenetic relationships and
natural history, can provide new insights on how biodiversity
was shaped at the landscape scale. Phylogenetic diversity (PD;
Faith, 1992) is a widely used measure to represent the evolu-
tionary diversity of a given area, calculated from a phylogenetic
tree (Carvalho et al., 2017; Pollock et al., 2015; Rosauer et al.,
2016). PD has special importance for conservation when it is
spatially restricted (phylogenetic endemism [PE]), indicating

areas for conservation are essential for the conservation and survival of the rich and

endemic lizard fauna of the Cerrado.

biodiversity, Cerrado, conservation, diversity metrics, phyloendemism, richness

geographic concentration of evolutionarily unique biodiversity
(Rosauer, Laffan, Crisp, Donnellan, & Cook, 2009). Measuring
PE at phylogeographic scales also provides more robust esti-
mation when taxonomy is in flux (Rosauer et al., 2009). Finally,
incorporating functional diversity (FD), a measure of the func-
tional trait variation in a community, such as foraging mode and
habitat-use traits, can provide insights on the community-wide
diversity of adaptations, which is a proxy of how the organisms
might interact with the ecosystem (Petchey & Gaston, 2002;
Tilman, 2001).

The use of a wide range of methods to estimate important
areas for the maintenance of biodiversity is especially important
in complex environments. The Cerrado is the most biodiverse sa-
vanna in the world (da Silva & Bates, 2002). It originally spanned
nearly 2,000,000 km?, covering 22% of Brazil's territory (Oliveira
& Marquis, 2002). It is distributed primarily across the Central
Brazilian Plateau, a complex landscape of alternating ancient pla-
teaus and younger inter-plateau depressions, reflecting different
edaphic factors and plant physiognomies occurring together locally,
usually given to explain the high levels of species richness and en-
demism (Figure 1a) (Colli, Bastos, & Araujo, 2002; Nogueira, Ribeiro,
Costa, & Colli, 2011; Ratter, Bridgewater, & Ribeiro, 2003; Silva,
1995; Valdujo, Carnaval, & Graham, 2013). Plateaus reach up to
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1,676m at Chapada dos Veadeiros National Park (de Carvalho Junior,
Guimaréaes, de Souza Martins, & Gomes, 2015), are largely covered by
savanna vegetation, and are inferred to have experienced relatively
high climatic stability at millennial time-scales (Figure 1b) (Burbridge,
Mayle, & Killeen, 2004; Werneck, Nogueira, Colli, Sites, & Costa,
2012). Depressions were carved by the headwaters of three large
river basins—Tocantins-Araguaia, Sdo Francisco, and Parand—and
are covered by a mosaic of savannas and gallery forests which have
shifted during Quaternary climatic cycles (Silva, 1995). Hypotheses
about the mechanisms that have promoted high biodiversity in the
Cerrado suggest that this hybrid geological history contributed to
the assembly of older lineages on plateaus and younger lineages in
depressions, called the ‘plateau/depression hypothesis’ (reviewed in
Werneck, 2011).

Lizards are good models for biogeographical studies, occurring
in various types of environments, and representing fossorial, terres-
trial, saxicolous, aquatic and arboreal lifestyles (Pianka & Vitt, 2003).
Their sensitivity to climatic variation, short generation times and rel-
atively limited mobility make lizards good models for ecological and
evolutionary studies, including identifying areas with high endemism
(Camargo, Sinervo, & Sites, 2010; Pianka & Vitt, 2003; Roll et al.,
2017). The Cerrado lizard fauna is characterized by high diversity
and many endemic species (Colli et al., 2002; Nogueira et al., 2011),
and mapping of this diversity has focused on species composition
(Costa, Nogueira, Machado, & Colli, 2007), and recovered coinci-
dent regional patterns with anurans and snakes (Azevedo, Valdujo, &
Nogueira, 2016). These species-level analyses show that the central
portion of the Cerrado (in the Central Brazilian plateau) concentrates
the highest diversity, with additional biogeographic units over an-
cient plateaus. Nevertheless, these studies only measured one attri-
bute of diversity, and have not considered other important elements.
Recent studies of Cerrado lizards have shown that single ‘species’
often display strong phylogeographic structure; in fact, many rep-
resent species complexes, show high and unprecedented diversity
unknown in previous studies (Domingos, Colli, Lemmon, Lemmon,
& Beheregaray, 2017; Fonseca et al., 2018; Giugliano, Nogueira,
Valdujo, Collevatti, & Colli, 2013; Guarnizo et al., 2016; Recoder et
al., 2014; Werneck, Gamble, Colli, Rodrigues, & Sites, 2012). The
high numbers of cryptic species in the Cerrado and the consequent
taxonomic uncertainty potentially hide diversity patterns and ham-
per explanations about the main determinants of lizard diversity.

Previous studies that incorporated functional or phylogenetic
diversity did not identify critical regions for the maintenance of this
diversity (Batalha, Cianciaruso, & Motta-Junior, 2010; Carvalho,
Cianciaruso, Trindade-Filho, Sagnori, & Loyola, 2010; Hidasi-Neto,
Loyola, & Cianciaruso, 2013). The use of diversity metrics indepen-
dent of named taxa, and combining these diversity measures to un-
derstand biodiversity distribution patterns is expected to subsidize
conservation initiatives (Pollock et al., 2015; Tucker, Davies, Cadotte,
& Pearse, 2018) when erosion of genetic diversity happens as a dis-
tinct segment of wide-ranging species complexes is lost in areas
where the alpha taxonomy is unreliable or incomplete (Isaac, Mallet,

& Mace, 2004). Cerrado has experienced dramatic biodiversity loss,
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mainly from the fragmentation and conversion of natural areas
for livestock and agriculture, introduction of exotic species and
climate change (Butchart et al., 2010; Dirzo & Raven, 2003). Less
than 47% of natural vegetation remains intact (Beuchle et al., 2015;
Brannstrom et al., 2008), and projected plant extinction is extremely
high (Strassburg et al., 2017). Although the Cerrado is considered
a global biodiversity hotspot (Myers et al., 2000), Brazilian conser-
vation policies often neglect non-forest ecosystems (Marris, 2005;
Overbeck et al., 2015). Indeed, less than 8% of this biome is pro-
tected, compared with 46% of the Amazon rainforest (Soares-Filho
et al., 2014). Therefore, mapping concentrations of diversity for
Cerrado taxa, including intraspecific diversity, is particularly import-
ant for understanding the correlates of biodiversity patterns, and for
prioritizing conservation efforts at local and regional scales (Faith,
Reid, & Hunter, 2004; Moritz, 2002).

In this study we integrate functional, spatial and new phyloge-
netic and phylogeographic data, to provide a multidimensional per-
spective on Cerrado lizard diversity by: (a) mapping spatial patterns
of species and phylogenetic diversity for the lizard communities;
and (b) identifying areas with unique diversity using endemism mea-
sures. In accordance with findings in rainforest systems (Carnaval et
al., 2014; Rosauer, Catullo, VanDerWal, Moussalli, & Moritz, 2015),
and the ‘plateau/depression’ hypothesis, we expect lizard endemism
in particular to be higher in older and more climatically stable areas,
including the central Brazilian plateau, and depicting a stronger cor-
relation with endemism than diversity since more widespread taxa
could expand their range to relatively unstable areas. Moreover, we
overlay areas of unique evolutionary biodiversity with the current
protected areas network of the biome to identify potential areas that

need urgent conservation.

2 | MATERIALS AND METHODS
2.1 | Data

Based on recent literature (see complete list on Data S1) and data
published on the Redlist of Brazilian Reptiles (ICMBio, 2018), we
updated Nogueira, Colli, Costa, and Machado (2010) Cerrado's
lizard species list. Four new species (Bachia didactyla De Freitas,
Strussmann, De Carvalho, Kawashita-Ribeiro, and Mott (2011);
Bachia geralista Teixeira Jr et al. (2013); and Vanzosaura multis-
cutata and V. savanicola Recoder et al., 2014) were added based on
the species list provided from the Brazilian Herpetological Society
(Costa & Bérnils, 2018). Since the publication of Nogueira et al.
(2010), new data available on literature (ICMBio, 2018 and refer-
ence list on Data S2) improved knowledge of species taxonomy
and distribution areas, and we exclude questionable distribution
points of some species from Cerrado's distribution. Details of the
species excluded can be found on the Data S1. This selection re-
sulted in a list of Cerrado lizard species including 66 taxa, used
for the functional and species richness analyses. For the func-

tional component, we compiled natural history information from
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the literature, seeking traits known to be important in lizard ecol-
ogy, such as body size, diel activity, habitat use and reproduction,
to represent the functional differences among communities (see
more details and the complete list in Data S1).

Since mitochondrial data are the most widely available molecular
data for Cerrado species, we used different mitochondrial markers
for phylogenetic analyses, obtained from phylogeography and pop-
ulation genetics papers where the species were widely distributed
within the Cerrado. Previous studies based on multilocus Cerrado
lizard datasets have shown overall congruency between mito-
chondrial and nuclear data (Domingos et al., 2014, 2017; Werneck,
Gamble, et al., 2012). Because we aimed to represent the total dis-
tribution of every species, we excluded species for which genetic
sampling was restricted to small parts of their geographic ranges.
With this constraint, the data for our phylogenetic analyses (phylo-
genetic diversity and endemism) included 26 of the 66 Cerrado spe-
cies with a well sampled geographic mtDNA dataset. Roughly half
of this data were sequences downloaded from Genbank, while the
other half were newly generated mtDNA data for many taxa (Table
S2). These data were further supplemented by all available mtDNA
data for congeneric species that occurred in adjacent areas (50 spe-
cies), to avoid effects of the limited spatial coverage on endemism
calculations (Rosauer et al., 2016, 2009). In some cases, these were
Cerrado species with limited mtDNA data for the more inclusive
analyses (as Polychrus marmoratus, Salvator duseni and a few species
of Tropidurus); see Data S2 for the complete list.

2.2 | Species and lineage distribution models

We generated species distribution models (SDM) using the avail-
able records for the entire distribution of each species, values
for 19 bioclimatic variables obtained from Worldclim version 1.4
(Hijmans, Cameron, & Parra, 2006) at 2.5 min resolution and a
Python 2.7 script (available at github.com/DanRosauer/phylo-
spatial) to automate data preparation and modelling in ArcGIS
10 (ESRI, 2011) and MaxEnt v3.3 predictive modelling approach
(Phillips, Dudik, & Schapire, 2012). We retained all bioclimatic
variables, even if correlated, following Elith et al. (2011), allow-
ing MaxEnt to determine the required predictors for each model.
Background points were limited to a 3-degree radius (Rosauer et
al., 2015, 2016) around the location records to avoid overpredic-
tion to non-continuous areas but still gather enough information
for the surrounding regions of the species’ locations, improving
the discrimination of suitable habitat within each species and em-
phasizing the extent of occurrence. Predicted distributions were
clipped to the Cerrado biome (IBGE, 2004). For each SDM we
took the median of 25 bootstrap replicates. In order to capture
the spatial structure of intraspecific diversity, where genetic data
revealed multiple lineages within a species (cryptic species), we
fitted lineage distribution models (LDMs) following the method
described in Rosauer et al. (2015, 2016). In locations where a

SDM predicts the occurrence of a species, the LDM estimates the

relative probability that each of the known lineages occurs there,
based on habitat connectivity to known locations of the lineage.
We thus extrapolated the distribution of each lineage beyond lo-
cations of sequenced samples, partitioning the SDM into a sepa-

rate model for each main lineage.

2.3 | Measures of diversity

We initially estimated metrics of the three main components of
biodiversity, namely species richness, functional and phylogenetic
diversity; and later focused on elements geographically restricted
to small areas using endemism measures. Diversity and endemism
layers were produced at the SDM grid resolution (2.5 min) and
extent. SDMs are sometimes combined to map diversity by first
thresholding models to translate suitability into predicted presence
and absence, but this may introduce systematic biases (Calabrese,
Certain, Kraan, & Dormann, 2014), and discards information about
relative suitability. Instead, we summed the suitability scores di-
rectly (Bush, Nipperess, Theischinger, Turak, & Hughes, 2014,
Calabrese et al., 2014) so that a low suitability score for a grid cell
makes a small contribution, for example to richness or FD in the
cell, or the range size of a species. We thus estimated species rich-
ness (SR) by summing the SDM values of all Cerrado lizard species.
To infer FD, we generated a UPGMA distance dendrogram (cluster)
with Gower distances, using the R package ‘ade4’ (Dray & Dufour,
2007). This was necessary because our traits include both categori-
cal and continuous data (Pavoine, Gasc, Bonsall, & Mason, 2013),
representing the functional relationships between species (see
Data S1). With many distance measures and clustering techniques
available, UPGMA is consider a robust method in a biogeographical
framework (Kreft & Jetz, 2010; Petchey & Gaston, 2002). We then
combined the UPGMA tree with the SDM predictions to visualize
the spatial distribution of FD, summing the lengths of branches
linking the species occurring in each cell, weighted by the species’
SDM value. Finally, we calculated PD separately for each genus
using its lineage tree and the corresponding LDM predictions. We
then summed the PD scores across taxa (all genera). We assessed
the residuals relating species richness and phylogenetic diversity,
to evaluate the component of PD not explained by SR.

Weighted Endemism (WE; Crisp, Laffan, Linder, & Monro, 2001)
is the proportion of the range of each species lineages predicted to
occur in each grid cell, summed for all species. It was calculated as
species richness, but with the local occurrence (SDM prediction) di-
vided by the sum of SDM predictions for all cells (the species total
range) (Rosauer et al., 2015). PE (Rosauer et al., 2009, 2015) combines
both WE and PD, highlighting the areas where a substantial compo-
nent of phylogenetic variation is restricted to a small area. PE calcula-
tion is similar to WE, but multiplies the length of each branch on the
tree by the proportion of its range occurring in a cell. We calculated
PD and PE separately for each genus, and then summed across all
genera. We also identified the genus that most contributed to our

result in each grid cell and assessed the residuals relating WE and PE.
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2.4 | Spatial patterns of diversity

We evaluated the spatial patterns revealed by the biodiversity
measures by first looking for areas with high values of species
richness, functional and phylogenetic diversity. Then, we explic-
itly assessed the relationship between PE and weighted endemism
(WE) with climatic stable areas performing a linear regression with
Cerrado climatic stable areas determined by Werneck, Nogueira et
al. 2012. Secondly, to analyse how our results could inform conser-
vation decisions, we focused on PE results, given that this meas-
ure, when applied to comparative phylogeographic data, is robust
to taxonomic resolution (Rosauer et al., 2018). We intersected the
combined PE map with shapes of protected areas in Brazil (MMA
website, 2017) to calculate the amount of evolutionary history
within currently protected areas. We followed the terminology
adopted by the Brazilian government in relation to conservation sta-
tus, adapted from IUCN categories (Figure $3.3 in Data S3), where
Strict Use units do not allow human activities and Sustainable Use
units allow restricted human interference while maintaining diver-
sity. Indigenous lands (FUNAI, 2017) are not considered protected
areas in Brazil, but we included them in our analysis to evaluate
their importance for biodiversity conservation. We calculated the
area of each protected unit, their PE values and how much of their

areas were inside each PE hotspot.

3 | RESULTS
3.1 | Diversity measures across dimensions

The diversity analyses for richness, PD and FD found similar geo-
graphic patterns and all highlighted the central area of Cerrado as a
region of high diversity (Figure 2). This area is characterized by a vast
plateau (known as chapada and referred to here as the Chapada dos
Veadeiros region); this feature resulted from the collision between
the Congo and Sao Francisco cratons in the Neoproterozoic, in the
core area of the Brazilian Shield (de Carvalho Junior et al., 2015). The
high values for PD (Figure 2-PD) are more scattered and also high-
light as important other plateau region in the southwest (Chapada
dos Guimardes region—highlighted with a star in Figure 2-PD), in
the vicinity of the Pantanal, a large wetland area situated in the de-
pression of the Paraguay River, on the southwestern border of the
Cerrado.

The distribution of standardized residuals from the regression of
SR with PD (Figure 3a) reveals greater PD in the south of the biome
compared to species richness, in a west-to-east pattern, in contrast
to a lower level of PD than SR in the north. This points to the spe-
cies in the southern Cerrado being phylogenetically disparate, since
this region is not detected with such emphasis in the PE results (see
below). By contrast, in the north region, including the central pla-
teau, species richness’ greater value could potentially indicate that

the species assemblages in that area come from a smaller subtree,
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due to a more recent local radiation or selection for conserved traits
that suit the local environment.

3.2 | FD diversity and endemism

We found three distinct areas with high endemism (Figure 2-WE):
The Cerrado core area Chapada dos Veadeiros, again presented
high values for FD and PD and appears to be important for en-
demism. The Tocantins Valley Region, situated in the northeast
part of the biome, adjacent to Tocantins River Valley; and the
Serra do Espinhaco region, an isolated mountain range located at
the southeast boundary of the Cerrado, adjacent to the Atlantic
Forest and Caatinga. These three regions were also highlighted for
PE, indicating concentrations of spatially restricted evolutionary
diversity, and are highlighted on the PE map (Figure 2-PE, where
the Tocantins valley region is marked 1, Chapada dos Veadeiros re-
gion marked 3 and Serra do Espinhaco region marked 4), with the
addition of another area, with more importance for PE than WE.
The Araguaia valley region (marked 2 on Figure 2-PE) is character-
ized by a vegetation mosaic, incorporating elements from Cerrado
and Amazon forest, and also includes the Caiap6é mountain range
and its contact with the Araguaia valley. The standardized residuals
from the regression between PE versus WE, though small, relative
to the range of the PE values, highlight excess PE scores in the
southwestern region (Figure 3b), indicating a considerable number
of unique evolutionary lineages in that area. The linear regression
showed a positive and significant correlation between climatic
stable areas in both PE and WE (adjusted R-squared 0.2072 and
p value > .05).

The four PE hotspots together cover 5.52% of the Cerrado area,
holding 11.29% of all range-weighted diversity (PE sum; Table 1). The
Tocantins valley and Serra do Espinhaco regions showed the highest
PE values, collectively representing 11% of the diversity in just 5.5%
of the land area (Table 1). These patterns are driven by the same
genera independent of the area: Phyllopezus, a phylogenetically di-
verse genus, and Tropidurus, with many described species (Table 1;
Data S3).

3.3 | Protected areas

Protected areas, including strict protection and sustainable use, cover
only 10% of the Cerrado area and contain 11.64% of the summed PE
of all lizards in the biome (Data S3). When indigenous lands are in-
cluded, protected areas cover 14% and 16.85% of the PE respectively
(Data S3). By overlapping protected areas with the four hotspots high-
lighted by the PE analysis we note that much of this diversity is not
protected; the PE value inside protected areas in the four hotspots
represents 1.23% of the total Cerrado area (Table 2). Chapada dos
Veadeiros region is the only exception, with a considerable proportion
of its PE (72%) occurring within protected areas. Most of this area

(68%) is composed of sustainable use lands, but an important strict
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protection area, the Chapada dos Veadeiros National Park (Data S3),
is also located here. For the other PE hotspots, the scenario changes:

on the Serra do Espinhaco region only 28% is within protected areas

(Table 2). Indigenous lands gain importance in the Tocantins valley and
Araguaia valley region, representing 14% and 12% of PE respectively
(Table 2).
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percentage of the Cerrado; c) Protected valley
areas (including Strict and Sustainable :
Use) inside the hotspot region; and d) Tropidurus - 0.027
genus with the highest summed PE in each Norops 0.012
hotspot. Numbers refer to areas marked Others 0.023
on Figure 2 2Araguaia  28,648.39 1.405 017773 2.651 281.84651 0.014 Phyllopezus 0.111
valley
Tropidurus ~ 0.031
Norops 0.009
Others 0.026
3 Chapada 20,985.42 1.029 0.12555 1.872 15,070.6141 0.739  Tropidurus  0.049
dos
Veadeiros
Phyllopezus 0.036
Norops 0.015
Others 0.024
4 Serra do 27913.56 1.369 0.20822 3.105 7,890.34064 0.387 Phyllopezus 0.108
Espinhaco
Tropidurus ~ 0.080
Cercosaura  0.005
Others 0.014
TOTAL % for 5.52 11.29 1.23
Cerrado

Abbreviation: PE, phylogenetic endemism.

TABLE 2 Area(km? and percentage of different conservation areas (Strict [St] and Sustainable Use [Su], and Indigenous lands [Indg])

inside the PE hotspot region for the Cerrado

Strict use Sustaintable use St + Su Indigeneous land St + Su +Indg
Hotspot name Area % Area % Area % Area % Area %
Tocantins valley 107.50 0.31 1759.92 5.03 1867.42 5.34 4,931.64 14.09 6,799.05 19.43
Araguaia valley 110.49 0.39 171.35 0.60 281.85 0.98 3,533.14 12.33 3,814.98 13.32
Chapada dos 743.72 3.54 14,326.90 68.27 15,070.61 71.81 347.62 1.66 15,418.23 73.47
Veadeiros
Serra do Espinhaco 3,838.44 13.75 4,051.90 14.52 7,890.34 28.27 0.00 0.00 7,890.34 28.27

Abbreviation: PE, phylogenetic endemism.

4 | DISCUSSION

4.1 | Biodiversity patterns

All dimensions of lizard diversity in the Cerrado coincide on the
Brazilian Central plateau (Colli, 2005), an ancient and stable area high-
lighted as important for biodiversity conservation in other analyses
and taxa (Nogueira et al., 2011; Simon & Proenca, 2000). Ab'Saber
(1983) hypothesized that this spatially continuous plateau has formed
a single large Cerrado refugium during the Late Pleistocene. This is

related to the positive relationship between the area with higher PE

values and climatic stable regions. Stable areas are known to act as
biotic refugia during climatic fluctuations and are associated with
high species richness and endemism (Carnaval et al., 2014; Gamble,
Colli, Rodrigues, Werneck, & Simons, 2012; Keppel et al., 2012), even
for organisms with such different ecological requirements as anu-
rans and squamates (Azevedo et al., 2016). A previous study which
observed the general squamate richness showed a slightly different
pattern from this study, with high diversity in the southwest portion
of the biome (Costa et al., 2007). This difference could be related to
the inclusion of snakes and amphisbaenians in the study by Costa et
al. (2007). For Cerrado endemic terrestrial vertebrates as a group, the

richness pattern is similar to our result (Diniz-Filho et al., 2008).
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It is expected that similar geographic patterns for the three
diversity measures are observed as some correlation between
these metrics (Pavoine et al., 2013). However, by adding each
measure we add multidimensionality of ecological diversity
among species, related to the performance and accumulation
of temporal niches changes, and supporting the maintenance of
ecosystem services (Cadotte, Carscadden, & Mirotchnick, 2011;
Carvalho et al., 2010; Tucker et al., 2018). The emphasis given in
the PD results in the Chapada dos Guimardes region, located on
the edge of the central plateau (Ab'Saber, 2006), and reveals new
areas with high diversity values that would not be evident with-
out the inclusion of phylogenetic history (Faith, 1992; Rosauer
et al.,, 2016), when based on dense intraspecific sampling and
species/population delimitation methods. This region seems to
be important not only for the diversification of Cerrado lizard
lineages, but also for amphibians (Prado, Haddad, & Zamudio,
2012).

The observed high values of not just the stable areas, but also of
the more heterogeneous valley regions in our PE results, emphasize
again the importance of including evolutionary relationships—which
alone identify extensive cryptic diversity—when visualizing fine-
scale species distribution patterns (Barratt et al., 2017; Carnaval et
al., 2014; Rosauer et al., 2016). This is not the first time that a dy-
namic relationship between the Cerrados’ plateaus and valleys have
been considered as key processes in lizard community diversifica-
tion (Fonseca et al., 2018; Nogueira et al., 2011; Santos, Nogueira,
Giugliano, & Colli, 2014). Such landscape dynamics results in a va-
riety of vegetation mosaics as well as geographical, ecological and
physiological barriers and filters (Brown Jr. & Gifford, 2002; Silva,
1997), and have influenced the patterns of diversity we observe
today, and the many shared patterns among organisms with dif-
ferent requirements. This is the case, for example, for the Central
Plateau area, Serra do Espinhaco, a region already known as a cen-
tre of endemism for many taxa (Azevedo et al., 2016; Echternacht,
Trové, Oliveira, & Pirani, 2011; Giulietti & Pirani, 1987; Silva, 1997;
da Silva & Bates, 2002; Simon & Proenca, 2000; Valdujo, Silvano,
Colli, & Martins, 2012), and the Araguaia river valley for birds (Silva,
1997; da Silva & Bates, 2002). However, additional analyses are nec-
essary to relate stability to the diversity patterns in order to make
more informed conclusions.

The strong influence of two genera on the PE values across
all hotspots is related to their overall high diversity, but at dif-
ferent taxonomic scales. Tropidurus represents a species-rich
radiation in the Cerrado and adjacent Neotropical biomes (de
Carvalho, de Britto, & Fernandes, 2013). In contrast, the low-va-
gility Phyllopezus pollicaris gecko well known for its deep and spa-
tially fine-grained phylogeographic diversity which, coupled with
a conservative morphology, indicates that current taxonomy does
not adequately reflect phylogenetic diversity (Gamble et al., 2012;
Werneck, Gamble, et al., 2012). These features make these gen-
era excellent systems for further investigating historical biogeo-
graphic processes, and how they shaped the current distribution

of biodiversity in the Cerrado.

Careful examination of the maps (Figure 2) reveals some areas
with extremely low values for all metrics. The extreme north and
south regions may represent sampling gaps, where the number of
studies is still low. However, we adopted SDMs to minimize the ef-
fect of sampling gaps and our methods for WE and PE also incorpo-
rate uncertainty in occurrences of species and lineages (Rosauer et
al., 2016). The north area borders with Caatinga, a dry forest biome,
and the south with Campos Sulinos, an open grassland biome. Both
are known for low number of synthesis studies when compared to
Cerrado, Amazonia and Atlantic Forest (this scenario is starting to
change-Guedes, Sawaya, & Nogueira, 2014; Mesquita, Costa, Garda,
& Delfim, 2017) and could be influencing the low values on these re-
gions, but further investigation is necessary. Hence, we believe that
the areas highlighted on the map are very conservative. For example,
our modelling approaches cannot represent small-ranged species
or genetic lineages, many of which have not yet been discovered;
thus, further surveys targeting poorly sampled regions and based
on dense geographic sampling and molecular phylogeographic anal-
yses are important for science-based conservation planning in these
regions.

4.2 | Conservation of phyloendemic diversity

Although a low percentage of Strict Protection areas compared to
Sustainable Use areas are located inside the four PE hotspots, few
studies have compared their effectiveness for biodiversity con-
servation (Carranza, Balmford, Kapos, & Manica, 2014; Fonseca
et al., 2018; Francoso et al., 2015; Oliveira et al., 2017). However,
given that Sustainable Use allows local land-use changes, Strict
Protection areas are the only regions that fully protect all biodi-
versity. Strict Protection areas comprise 13% of Serra do Espinhago
region, but less than 5% of the other high-PE areas. After years
of successive size reductions, in 2017, the Chapada dos Veadeiros
National Park, was expanded to 240,000 hectares (Brazil federal
Decree 05/06, 2017), representing an improvement for the con-
servation of this region.

In the regions of Tocantins and Araguaia valleys, Strict
Protection areas cover 6% and 1% respectively, so that the
creation of new protected areas (especially in the Strict
Protection category) is necessary to maintain the high phy-
lo-endemism values of both hotspots. Indigenous lands cover
important areas of these valleys and should help maintain spe-
cies diversity, since they often experience low deforestation
rates (Carranza et al., 2014; Soares-Filho et al., 2010). Around
37% of the human-dominated land in the world is estimated to
be of Indigenous Peoples’ territories, mostly in intact places
(Garnett et al., 2018). In Brazil, 13.8% of the entire territory is
designated as indigenous lands, but 98% of this is concentrated
in Amazonia, leaving 2% for the rest of Brazil (SocioAmbiental,
2014). The maintenance of these regions, in addition to its
undeniable importance for the languages, culture, traditions

and heritage of the Indigenous Peoples, is also essential for
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biodiversity conservation (Altman & Kerins, 2012; Schwartzman
& Zimmerman, 2005).

Programmes that combine conservation and sustainable land
use to enhance cultural and economic benefits for local communi-
ties are a good alternative for the creation of new protected areas.
The Extractive Reserves (Reservas Extrativistas) and Sustainable
Development Reserves (Reservas de Desenvolvimento Sustentavel) are
part of the sustainable use protected areas system and follow this
premise, and are considered innovative in protected area systems
in general, but only one such reserve is inside our hotspots (Reserva
de Desenvolvimento Sustentdvel Nascentes Geraizeiras, on the Serra do
Espinhago hotspot—see Data S3). Another example is the indigenous
protected areas program (Department of the Environment, 2013),
implemented by the Australian Government, where Indigenous
People use their knowledge of the environment and partnerships
with conservation and commercial organizations, to conserve and
recognize the biodiversity of indigenous lands, and foster inter-
actions between Indigenous owners, government and scientists
(Altman & Kerins, 2012; Moritz, Ens, Potter, & Catullo, 2013).

4.3 | What to do now?

Our study has highlighted both stable areas (plateaus) as well as het-
erogenous environments (valleys) as concentrations of lizards' evo-
lutionary diversity, thus serving as important areas of conservation.
Studies of genetic diversity in response to current and paleo-envi-
ronmental factors will increase our understanding of the processes
that drive patterns of lizard diversity, and why certain areas were
identified as high in PE, as demonstrated here. Likewise, further stud-
ies could encompass more taxonomic groups to confirm our findings,
and/or add new insights for species with different requirements.

The creation of new areas or/and manipulation of current areas
for conservation is essential for the survival of the Cerrado, and
given high deforestation rates, these additions should be adopted
as soon as possible. While agriculture and livestock farming in the
Cerrado generate undeniable socioeconomic benefits, the challenge
is to show the importance that biodiversity plays in the functioning
of ecosystems (Klink & Machado, 2005; Overbeck et al., 2015). In
this way, areas with high values of diversity underlined in our paper
could help in the selection of priority areas to focus conservation ef-
forts. However, there is a big gap between science and public agen-
cies, and an urgent need of better mechanisms to integrate academic
research with policy/management is necessary.

This is the first study that integrates species, functional and
phylogenetic diversity measures focused on the lizard fauna in the
Cerrado biome, which is a global biodiversity hotspot (Myers et al.,
2000). Our main contributions to the knowledge on Cerrado biodi-
versity and conservation are 1) the use of a refined population-level
and phylogeographic datasets to improve phylogenetic diversity
estimates, and 2) the mapping of the distribution of this diversity
in order to assess conservation priorities. This is especially true for

the rich herpetofauna, where the high cryptic diversity can impede

9
ENE e

robust macroecological inferences. We highlight that the use of pop-
ulation-level datasets, mostly generated for other purposes, can be
important conservation tools by helping to refine species limits and

overcome taxonomic shortfalls that preclude large-scale inferences.
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