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Abstract

The campo rupestre sensu lato is among the most species-rich vegetation in the world,
harbouring a high proportion of endemic species. We aimed to identify the processes that
could generate a high level of phylogenetic diversity (PD) in campo rupestre for woody
species and point out biodiversity hotspot areas which may provide additional informa-
tion for conservation planning. We compiled a database of 2049 woody species from 185
community inventories. We calculated the evolutionary history using species richness
(SR), PD, mean pairwise phylogenetic distance between species (MPD), the mean near-
est taxon distance (MNTD) and their equivalents standardised (ses.PDss, ses.MPD, ses.
MNTD), evolutionary distinctiveness (ED), and biogeographically weighted evolutionary
distinctiveness (BED). Cloud dwarf-forests had the highest SR, PD, MPD and ses.MPD
and lowest MNTD, while rupestrian cerrado presented the highest ses.PD and ses.MNTD.
All areas are important for conservation, but the intersections between the hotspots should
receive special attention in future conservation actions. The grids identified as hotspots by
three or more metrics were localized mainly in Espinhaco Range in Minas Gerais State
and a further expansion of protected areas is required. Moreover, the intersections between
the hotspots obtained by mean ED and ses.PD are concentrated in the rocky dwarf forest
and rupestrian cerrado, with considerable conservation gaps. The degree of protection of
campo rupestre was low with unprotected areas comprising 56% of the species. Our results
show an urgent need for increasing protected areas of campo rupestre in order to avoid the
loss of valuable, endemic species with unique evolutionary history.
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Introduction

The campo rupestre sensu lato has outstanding species richness and endemism and is
among the most species-rich vegetation in the world (Fernandes et al. 2014; Silveira
et al. 2016; Morellato and Silveira 2018). Approximately 40% of its species are endemic
with varying degrees of rarity and life strategies (BFG 2015). The concept proposed
by Silveira et al. (2016) defines campo rupestre sensu lato (campo rupestre) as a mon-
tane, grassy-shrubby, fire-prone vegetation mosaic with rocky outcroups of quartzite,
sandstone or ironstone (i.e., banded ironstone formation, such as itabirites and cuirasses
locally known as canga) along with sandy, stony, and waterlogged grasslands. Patches
of transitional vegetation such as cerrado, gallery forests, and relictual hilltop forests
(forest island or capdes) are also within the campo rupestre. The campo rupestre core
area stretches along the highlands of eastern Brazil (Hughes et al. 2013; Silveira et al.
2016; Neves et al. 2018), but disjunction areas also occur along several mountain ranges
in central-western Brazil (Zappi et al. 2011; Mews et al. 2014) and the Amazon Forest
(Silveira et al. 2016). Because of the high number of species with narrow distributions
and the uneven floristic data that exist for the campo rupestre, each area is unique and
potentially important for conservation (Rapini et al. 2002; Ribeiro et al. 2012; Zappi
et al. 2017; Morellato and Silveira 2018; Mucina 2018).

Species diversity and patterns of endemism of campo rupestre have been severely
affected by a strong human impact that has been intensifying in recent years, resulting in
growing numbers of extinction and threatened species (see Fernandes et al. 2018); the
importance of these species continues to increase for biodiversity preservation and sci-
entific studies. An important and probably most effective way of protecting biodiversity
is establishing protected areas. By setting up areas free from serious human disturbance,
protection areas aim to ensure that biodiversity is well protected at all levels, including
genes, species, phylogeny, and function. However, few protected areas have been cre-
ated to protect this ecosystem (Silveira et al. 2016), and it is common that species and
sites in need of protection fall outside the coverage of conservation areas (Oliveira et al.
2017).

The importance of campo rupestre has been emphasized for planning global con-
servation of biodiversity because of its singularity in terms of biodiversity, endemism,
and threats (Jacobi et al. 2007; Fernandes et al. 2014; Morellato and Silveira 2018).
Thus, many studies have argued about the ecology, composition, and diversity of this
megadiverse group of flora in recent years (Echternacht et al. 2011; Bitencourt and
Rapini 2013; Le Stradic et al. 2015; Silveira et al. 2016; Morellato and Silveira 2018).
Although these features are extremely important in identifying key biodiversity regions,
they focus on only taxonomic diversity. However, basing conservation priorities on spe-
cies richness (SR) may not be the best strategy to conserve the diversity of life, since it
considers all species as equal and ignores unique evolutionary status (Faith et al. 2010).

A valuable strategy to measure the evolutionary history of conservation interest is to
use phylogenetic diversity sensu stricto (PD). Areas of high importance for conserva-
tion, which were not identified by traditional metrics based on species richness alone,
emerge clearly from analyses based on phylogenetic methods (Mishler et al. 2014). The
PD metric is a simple and widely applied measure of biodiversity that attempts to cap-
ture the historical dimension of evolutionary processes that are responsible for present-
day patterns of biodiversity, not only based on the topology of phylogenetic trees but
also the length of their branches (Faith 1992).
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Phylogenetic diversity and correlated metrics have wide applications in various fields
and have been performed for biodiversity conservation applications, where the goal is pres-
ervation of evolutionary history and feature diversity (Rodrigues and Gaston 2002; Fer-
rier et al. 2007; Forest et al. 2007; Devictor et al. 2010; Zappi et al. 2017). Other indices
have been developed that combine both evolutionary and spatial features to elucidate the
distribution patterns of biodiversity and identify hotspots (Soutullo et al. 2005; Isaac et al.
2007; Rosauer et al. 2009; Cadotte and Davies 2010; Cadotte et al. 2010), for example
evolutionary distinctiveness (ED) (Isaac et al. 2007) and biogeographically weighted evo-
lutionary distinctiveness (BED) (Cadotte and Davies 2010). Evolutionary distinctiveness
enables us to prioritise species according to their phylogenetic isolation and may capture
rare features important for ecosystem services (Redding et al. 2010). Therefore, groups
of species with high ED scores may have increased functional importance (Cadotte et al.
2008; Redding et al. 2010). Thus, it is possible to assume that species characterised by high
ED scores (evolutionarily isolated species) are species potentially more distinct genetically
than moderate- or low-ranked species, and there is less redundancy in the genetic informa-
tion they contain (Redding et al. 2010). Further modifications to the ED approach have
been proposed, allowing it to also include abundance information to generate a metric of
abundance-weighted ED that can be used to prioritise populations, species, habitats, and
biogeographical regions (Cadotte and Davies 2010; Collen et al. 2011).

Biodiversity hotspot (areas of high diversity and/or endemism) assessments and gap
analyses are urgently required to enhance the efficiency of the nature reserve network in
Brazil and to provide valuable insights that might improve its management, especially for
the conservation of rupestrian woody vegetation. Proponents of the concept suggest that
focusing conservation efforts on biodiversity hotspots is the most efficient way to use lim-
ited resources to protect the most or rarest species (Myers et al. 2000; Myers 2003). In a
recent study, Zappi et al. (2017) analysed the floristic and phylogenetic diversity in campo
rupestre across Espinhaco Range. These authors found significant differences in floris-
tic diversity and phylogenetic structure across a range of study sites encompassing open
vegetation and forest on quartzite and on ironstone substrates, commonly termed canga.
However, our study approaches a comprehensive data on woody species distribution, cov-
ering other rupestrian environments in different parts of the continent. Attempts to address
this knowledge gap could be of importance for effective conservation policies and ecosys-
tem management. Then, we focus on analyses of the evolutionary diversity of rupestrian
woody plant communities across Brazil, measuring phylogenetic diversity and other com-
monly employed metrics of phylogenetic diversity and evolutionary distinctiveness. Con-
sequently, maximising the preservation of areas with high values for PD and ED will also
tend to maximise the preservation of feature diversity (Cadotte et al. 2010; Redding et al.
2010) and give a richer understanding of the processes that influence community assembly
(Webb et al. 2002; Cavender-Bares et al. 2009) of rupestrian woody plant communities.

We aimed to identify the processes that could generate a high level of phylogenetic diver-
sity in campo rupestre. The knowledge of the biodiversity of campo rupestre and the distribu-
tion range of species will improve our comprehension of the risks of phylogenetic diversity
loss and adding information about local threats would enable us to refine the definition of
campo rupestre hotspots. Our aims were (i) to evaluate the importance of abiotic factors in
shaping rupestrian woody plant communities, (ii) to analyse phylogenetic diversity and evo-
lutionary distinctiveness across campo rupestre, (iii) to identify the effectiveness of protected
areas in conserving these hotspots, and (iv) to assess conservation gaps in campo rupestre.
We aim to provide a solid support for promoting conservation of rupestrian woody plant bio-
diversity that can be used as a biological layer from which priority areas can be identified to
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drive practices for political, social, and economic considerations in this rare and neglected
ecosystem.

Materials and methods
Study area

Our study area was the rupestrian woody plant communities of Brazil. We evaluated 2049 spe-
cies from 185 sites and 23,957 species records within a latitude range of 25°10'S to 03°20'S
and longitude range of 63°41'W to 37°20'W (Fig. 1). Our data cover two thermic zones (tropi-
cal and equatorial) distributed across four biomes (Atlantic Forest, Amazon Forest, Caatinga,
and Cerrado). The 185 sites occur in four different vegetation types, 76 in rupestrian cerrado,
42 in rupestrian grassland, 40 in cloud dwarf-forest, and 27 in rocky dwarf-forest.

The campo rupestre sensu stricto (see Silveira et al. 2016) (here referred as rupestrian
grasslands) are old-growth grassland (i.e., ancient ecosystems characterised by high her-
baceous species richness, high endemism, and unique species compositions; Vasconcelos
2011). The woody species are scattered in rupestrian landscape or in capdes (grouping of
woody species). They establish on quartzite, sandstone, or ironstone (i.e., banded iron for-
mations, such as itabirites in the case of cangas) (Fernandes 2016).

The rupestrian cerrado represents an open to shrubby rupestrian grassland, in which
many woody species of cerrado sensu stricto (savanna) are found on deeper soils (Ribeiro
and Walter 2008; Pinto et al. 2009). In the steep slopes and escarpments along the plateau
borders, shallow soils under strong erosion are covered by unusual savanna formation with
a rupestrian character (Schaefer et al. 2016a, b).

The cloud dwarf-forest is a forest rich in epiphytes usually located at altitudes higher
than 1000 m on deep soils (Schaefer et al. 2016a). These dwarf forests are transitional with
shrubby candeias (Eremanthus sp.) and soils with better water retention (Schaefer et al.
2016b). Soils are rich in organic matter at the surfaces, but are very poor in nutrients (Ber-
toncello et al. 2011). However, the rocky dwarf-forest (rocky forest) is a forest type found
in areas under stress conditions promoted locally by shallow, sandy and generally mineral-
poor characteristics (Oliveira-Filho 2017). The sites are found mainly within the Cerrado
biome, in northern (Tocantins state), western (Mato Grosso state) and northeastern (Piaui
state) Brazil (Oliveira-Filho 2017).

The climatic regime for all areas is seasonally dry (Alvares et al. 2013), and the leaf
flush varies among deciduous, semideciduous and evergreen (found above 1000 m of alti-
tude in the Atlantic Forest; Oliveira-Filho 2015). The mean annual temperature varies from
14 to 26 °C, and the mean annual precipitation ranges from 701 to 2432 mm.

Dataset

We extracted a floristic dataset from the NeoTropTree (NTT) database (Oliveira-Filho
2017), described as rupestrian vegetation. The NTT consists of checklists of woody, free-
standing (i.e., lianas excluded) plant species, compiled for geo-referenced sites, extending
from southern Florida (U.S.A.) and Mexico to Patagonia. The NTT currently holds 7485
sites/checklists; 20,642 woody plant species; and 920,129 occurrence records. NTT site
is defined by a single vegetation type contained within a circular area with a 5-km radius.
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Fig. 1 Geographic distribution of the rupestrian vegetation in South America extracted from NeotropTree
database and used in this study. The circles correspond to the vegetation type, cloud dwarf-forest: green cir-
cles, rupestrian grassland: red circles, rupestrian cerrado: blue circles, rocky forest: orange circles. Dashed
lines represent Brazilian state borders. (Color figure online)

Occurrence records without an indicator or evidence of vegetation type, or sites with very
incomplete species lists, are not included in NTT.

The NTT database also contains geoedaphic and climatic variables for each site.
These variables include: 11 BIOCLIM variables (Hijmans et al. 2005); potential
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evapotranspiration (mm) and aridity index (Zomer et al. 2008); mean duration (days) and
severity (days) of both water deficit and water excess periods; days of frost; surface rocki-
ness (% surface); soil texture class (% volume) of size fraction (sand); salinity class (ECe in
dS-m-1); total saturation of bases (%) (soil fertility); water storage soil (Harmonized World
Soil Database v1.2; available at http://www.fao.org/soils-portal/soil-survey/soil-maps-and-
databases/harmonized-world-soil-databasev12/en/); soil drainage classes (Santos et al.
2013); and hyperseasonality index (produced by the combination of soil drainage classes,
mean annual precipitation, and indices of water deficit and excess).

Analysis of phylogenetic diversity

A phylogenetic tree of the whole species pool was generated using Phylomatic in Phylo-
com 4.2 (Webb et al. 2008) and the megatree R20160415.new (Gastauer and Meira-Neto
2017), based primarily on the APG IV phylogenetic classification of angiosperms (Angio-
sperm Phylogeny Group 2016). Given this stochasticity, the strong effect of tree ferns and
gymnosperms on phylogenetic diversity metrics (they are subtended by very long phylo-
genetic branches), and the inexpressive richness of these groups, we excluded them from
phylogenetic diversity calculations.

We calculated the evolutionary history present in communities using six metrics. (i) The
most widely used phylogenetic metric is Faith’s phylogenetic diversity (PD, Faith 1992),
which is defined as the sum of the branch lengths of a phylogenetic tree connecting all
species in the target assemblage. (ii) We also calculated the mean pairwise phylogenetic
distance (MPD) between species in each vegetation types (cloud dwarf-forest, cerrado
rupestrian, rocky dwarf-forest, and rupestrian grassland; Webb 2000; Webb et al. 2002)
and (iii) the mean nearest taxon distance (MNTD; Webb 2000; Webb et al. 2002), which
is the mean phylogenetic distance from each taxon to its closest relative in the commu-
nity. To remove the influence of SR, we calculated the (iv) standardised effect size (ses)
based on a null model for each community (Swenson 2014). These standardisations were
accomplished by randomly drawing the same number of species from the phylogeny as
present in the community; repeating 10,000 times; calculating PD, MPD, and MNTD for
each randomisation; taking the difference between the observed values of PD, MPD, and
MNTD and the mean of the random values; and dividing these differences by the stand-
ard deviation across the randomisations. The ses.MPD and ses.MNTD are equivalent to
—1 times the net relatedness index (NRI) and the nearest taxon index (NTI), respectively
(Webb et al. 2002). Positive ses values indicate phylogenetic overdispersion, whereas nega-
tive values indicate clustering (Webb et al. 2002).

We also extracted evolutionary distinctiveness scores (ED) from the phylogenies to
describe species uniqueness (Isaac et al. 2007). Evolutionary distinctiveness is a measure
of how much unique evolutionary history a species contributes to a phylogenetic tree. Spe-
cies with no extant close relatives have high values of ED, whereas species with closely
related extant species have low values. A community with high ED thus has more evo-
lutionarily unique species (Edwards et al. 2017). Some additional weighted indices have
been proposed, and these bring important extra information to help predict, understand,
and avoid loss of evolutionary history (Veron et al. 2016). Biogeographically weighted
evolutionary distinctiveness (BED) (Cadotte and Davies 2010) allows us to identify places
where phylogenetic diversity may be highly concentrated and weights diversity as a func-
tion of range size and evolutionary distinctiveness (sensu Isaac et al. 2007) such that phy-
logenetic branch lengths are inversely weighted in proportion to the descendant species’
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number of populations or range sizes. Thus, species with high evolutionary distinctiveness
and greater rarity receive more weight (Rosauer et al. 2009; Cadotte and Davies 2010).
Higher weights are assigned to more geographically restricted species because species with
small ranges, on average, have a higher probability of extinction than their more widely
distributed congeners (Gaston 2003; Jones et al. 2003). Such range-weighted metrics are
also beginning to be used for assessments of biological diversity. We utilized the BEDy as
the summation of the BED values of all species in a site; thus, sites with species that are
narrowly distributed will have higher BED. than sites with widely distributed species.

Identifying biodiversity hotspots

We compared the maps using six metrics (SR, PD, ses.PD, ED, proportion high ED10%
and BED) to identify locations with high diversity. Any given 50 km X 50 km grid cell was
marked as a hotspot if the value for a given index was in the top (20%) of its range. We pro-
duced maps of the overlapping between the hotspots in order to illustrate the grid cells with
multi-metric hotspots. For each metric, we calculated the observed proportion of hotspots
that were protected.

Finally, to identify the degree of biodiversity protection throughout the campo rupestre,
we calculated the percentage of IUCN threatened species and the proportion of hotspot
sites by SR, PD, ED, and BED inside and outside protected areas (PA). We conducted an
assessment of the conservation status of campo rupestre by overlaying the distribution of
our 185 sites on to the coverage of protected areas across Brazil. We used conservation
units from the Cadastro Nacional de Unidades de Conservagdo (Ministério do Meio Ambi-
ente — Brazil, www.mapas.mma.gov.br).

Data assessment and analysis

Values for PD, MPD, MNTD, ses.PD, ses.MPD, and ses.MNTD were compared between
the four vegetation types (cloud dwarf-forest, rupestrian cerrado, rocky dwarf—forest, and
rupestrian grassland) using F-tests and Tukey HSD. The species accumulation curve was
performed according to Hsieh and Chao (2016), where the hill numbers constitute a family
of diversity indexes that incorporate relative abundance and phylogenetic diversity. From
this analysis, it is possible to compare the data of different communities in time and space,
since the samples are standardised to the same size (number of individuals). The curves are
generated with 95% confidence intervals obtained by the bootstrap method, which facili-
tates the comparison of several communities of extrapolated samples. For accumulation
curves of phylogenetic diversity, we used the iINEXTPD package (Hsieh and Chao 2016) in
R Statistical Environment (R Development Core Team 2017).

We constructed linear models, using generalised least squares (GLS) method to test the
relationship between the phylogenetic metrics and climatic and soil variables. We assessed
correlations amongst explanatory variables, and for each statistical model, we included the
uncorrelated variables that had the most explanatory power. We included latitude and lon-
gitude variables as proxies for climatic variation that may not have been captured by the
measured climatic and soil variables; this allowed us to account for spatial autocorrelation.
We ensured that all variance inflation factors (VIFs) were less than five for each explana-
tory variable (Quinn and Keough 2002). We used the Akaike information criterion (AIC)
to compare models. All analyses were conducted in the R 3.2.3 Statistical Environment
(R Core Team 2017; available at http://www.r-project.org/) using ‘picante’ (Kembel et al.
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Table 1 Sampling and tree

. . Vegetation type No. of sites Number of angio-
commu.mty. across‘rupestrl.an sperm species per
vegetation in Brazil, showing site
values of species richness (SR)

Rupestrian grassland 42 709 (69-203)
Rupestrian cerrado 76 632 (40-186)
Cloud dwarf forest 40 1138 (81-313)
Rocky dwarf forest 27 812 (48-170)
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Fig.2 Relationship between (a) phylogenetic diversity sensu stricto and species richness, and between (b)
mean nearest taxon distance and species richness

2015), ‘vegan’ (Oksanen et al. 2016), ‘car’ (Fox et al. 2014), and ‘nlme’ (Pinheiro et al.
2016) packages. We generated maps of diversity patterns using ArcGIS 10.0 (ESRI, Red-
lands, CA, USA).

Results

Cloud dwarf-forest had the highest SR, with 1138 woody plant species, whereas the lowest
SR was found in the rupestrian cerrado (632). Rupestrian grassland and rocky dwarf-forest
showed intermediate values of SR (709 and 812, respectively; Table 1). Across all sites, SR
strongly positively correlated with PD (1*=0.98, P <0.001; Fig. 2a), whereas MNTD had a
negative correlation (r2 =0.77, P<0.001; Fig. 2b).

We observe similar patterns for phylogenetic diversity sensu stricto PD as we found for
SR. The highest values were found for communities in cloud dwarf-forest (10,037 Ma),
while the lowest values were found for communities in rupestrian cerrado (6522 Ma). The
intermediate values were found in rocky dwarf forest (7813 Ma) and rupestrian grassland
(7459 Ma; Fig. 3a), as observed in the rarefaction curve (Fig. S1). The MNTD showed
an opposite result to that found for PD and SR, as expected when there are more species
of the same clades. The highest value was found for the rupestrian cerrado communities
(102 Ma), while the cloud dwarf-forest had the lowest value (87 Ma; Fig. 3b). For the
standardised metrics (ses.PD and ses.MNTD), the highest values were also found in the
rupestrian cerrado (1.13 and 0.256, respectively; Fig. 3c, d), and the lowest values were
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found in rupestrian grassland (—3.11 and —2.38, respectively). Mean pairwise distance
(MPD) and its standardised equivalent (ses.MPD) were strongly correlated with each other
(r=0.93, P<0.000; Fig. S2). Values of MPD and ses.MPD were significantly higher in
cloud dwarf-forest than in other vegetation types (Fig. 3e).

The best model for all metrics was the full model, including soil and climatic variables
(Table 2). For all metrics except SR, the pure climatic model explained the data better than
a model with just soil data. The best climatic model for SR included the same climatic var-
iables as the model for PD (SR value was strongly positively correlated with PD) (Fig. 2;
Table 2).

Data on protected areas

We found that important areas for rupestrian woody plant conservation had different spa-
tial patterns for the phylogenetic diversity and correlated metrics (Fig. 4). Species richness
and PD had similar patterns of distribution (Fig. 4a, b). Grids where occurs predominantly
rocky dwarf-forest and rupestrian cerrado showed the highest ses.PD and mean ED val-
ues (Fig. 4c, d). In contrast, when considering the proportion of top 10% high-ED species
in each grid cell, top ED species are most prevalent on the Espinhaco Range (Fig. 4e).
There is a general trend for areas with higher species richness to also contain more top 10%
ED species (Fig. 4a, €). The BED metric is more unevenly dispersed, with high values in
Espinhago Range, central-western Brazil and the Amazon Forest (Fig. 4f).

All of the areas identified as hotspots by three or more metrics were in south of the
Espinhago Range in Minas Gerais, including the region of the Iron Quadrangle and Serra
do Cipd, and other regions as Serra da Canastra and part of the Chapada Diamantina in
northern Espinhaco. The greatest overlap between pairs of metrics were for mean ED and
ses.PD in rocky dwarf forest and cerrado rupestrian (Fig. 5). However, there were no cells
identified as hotspots by all five metrics.

The degree of protection of campo rupestre was low and uneven across the four veg-
etation types. It was possible to verify that areas located in rupestrian cerrado and rocky
dwarf-forest deserve more effective conservation efforts in comparison with other vegeta-
tion types (Figs. S3, 5). Unprotected areas comprise 56% of the woody species.

The hotspots area and the protected area show a low level of coincidence (Figs. 5, 6).
Both ED and BED rupestrian woody plant hotspots were under-protected, with only a few
hotspots protected. Numerous species with high ED and BED scores were not found in any
protected area. For rupestrian woody plants, 25 (83.33%) and 24 species (80%) from the
top 30 BED and ED species, respectively, were not found in any protected area.

Discussion

We found that different metrics of diversity identified different hotspots areas in the campo
rupestre, which may provide additional information for conservation planning. These hot-
spots areas that are high conservation priorities in campo rupestre can be used to inform
conservation actions to expand the current network of protected areas. We also emphasized
that the soil and climatic conditions are very different between areas of rupestrian vegeta-
tion and have a strong effect on the distribution of plant species richness and phylogenetic
diversity of rupestrian woody plant communities.
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Fig.3 Variation in phylogenetic diversity (PD), the mean pairwise phylogenetic distance between species
(MPD), the mean nearest taxon distance (MNTD), and their equivalents standardised for species richness
(ses.PDss, ses.MPD, ses. MNTD). Letters in boxplots indicate significant differences among mean values
(Tukey’s HSD; P <0.05)

Our results suggest soil (e.g., rockiness) as an important environmental filter since it
is the best explanatory variable for variation in SR and PD. Sites of campo rupestre with
highest phylogenetic diversity sensu stricto (PD) were found within the cloud dwarf-forest.
One explanation might be related to the particular environmental and ecological conditions
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Fig.4 Spatial distribution of tree biodiversity components across 50 x50 km equal area grids; a species
richness, b phylogenetic diversity, ¢ ses.PD, d average Evolutionary Distinctiveness, e proportions give the
prevalence of top 10% species in a grid, f biogeographically weighted evolutionary distinctiveness. Black
lines represent the limits of Brazilian Biomes
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Fig.5 Geographic distribution of hotspots identified by a species richness, b phylogenetic diversity, ¢ ses.
PD, d average Evolutionary Distinctiveness, e Proportions give the prevalence of top 10% species in a grid,
f Biogeographically weighted evolutionary distinctiveness and g overlaps of hotspots among the diversity
metrics for campo rupestre h areas in green are Brazilian protected area while black lines represent the lim-
its of Brazilian Biomes. (Color figure online)

of cloud dwarf-forest, which are communities located in areas with cloud cover for most
of the year and a lower index of rockiness that may be floristically influenced by adja-
cent Atlantic forest due to spatial and environmental proximity (Neves et al. 2018; Bueno
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Fig.6 Proportion of protection for each hotspot: species richness (SR), phylogenetic diversity (PD), ses.
PD, evolutionary distinctiveness (ED), biogeographically weighted evolutionary distinctiveness (BED) and
TUCN species inside and outside of protected areas

et al. unpublished data), increasing the phylogenetic diversity. However, lower MNTD val-
ues were found in cloud dwarf-forest, correlating negatively with SR and PD. We suggest
that much of the high species diversity values found in cloud dwarf-forest may be due to
recently radiated large genera such as Guatteria, (Erkens et al. 2007), Trichilia (Koenen
et al. 2015), and Inga (Richardson et al. 2001). Therefore, low MNTD would be explained
by the presence of short phylogenetic branches separating the nearest taxa in these diverse
communities (Coronado et al. 2015).

Variation in environmental conditions across the geographically disjunct distribu-
tion of campo rupestre also seems to be the main factor leading to variation of ses.
PD, ses.MNTD, and ses.MPD in woody plant communities. The pattern of reduction
in ses.PD with increasing altitude may be related to variation in abiotic factors, such
as lower temperatures and shallower soils as well as soil water storage, which hinders
the establishment of species (Zhang et al. 2016). The highest ses.PD and ses. MNTD
values found in the rupestrian cerrado woody plant community may be explained by
the accumulation of lineages over many millions of years, which comprises a mosaic of
species of multiple biogeographic origins (Simon et al. 2009). These highest values also
may be favoured by a wide altitudinal. Rupestrian cerrado exhibits an altitudinal distri-
bution between the two forest formations (cloud dwarf-forest and rocky dwarf-forest)
and rupestrian grassland, thereby providing a connection zone to woody species in the
altitudinal gradient in campo rupestre and sharing species with all the vegetation types
of the campo rupestre (Bueno et al. unpublished data). Rocky dwarf-forest also shows
high ses.PD and ses. MNTD values. We suggest that higher values are attributed to the
spread distribution (Amazon and Cerrado biome) may be influenced by other communi-
ties. The lowest values of ses.PD and ses.MNTD were found in potentially more limit-
ing environments, as rupestrian grassland, with highest rockiness and more restricted
distribution. These lowest values found in rupestrian grassland is unsurprising given
their lower woody species richness. Rupestrian grassland is characterised by high herba-
ceous species richness (Alves et al. 2010; Le Stradic et al. 2015; Mota et al. 2018), indi-
cated that future studies of phylogenetic diversity with herbaceous strata across campo
rupestre may help contribute to the identification of new hotspots areas. In addition, it
is important to highlight which rupestrian grassland and cloud dwarf forest core area
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stretches along Espinhaco Range and their occurrence on iron-rich substrates of enor-
mous mining interest means that they are amongst the most threatened vegetation types
in Brazil (Jacobi et al. 2007; Monteiro et al. 2018).

Mean pairwise distance (MPD) and its standardized equivalent (ses.MPD) are strongly
correlated with each other, suggesting that each habitat has similar MPD to that expected
given the number of species. Both MPD and ses.MPD are strongly influenced by branch
lengths at the deepest nodes of the phylogeny, and as a result, these metrics are often
strongly driven by how evenly taxa are divided amongst major clades (Swenson 2014). The
higher MPD in cloud dwarf-forest suggests that the woody species recorded are distributed
across a wider range of clades than those recorded in other vegetation types. In addition,
the fact that ses. MNTD is lower in cloud dwarf-forest than in rupestrian cerrado and rocky
dwarf-forest suggests that there is a broader representation of clades in forest habitats, but
with many closely related species coexisting.

While communities in the cloud dwarf-forest have the greatest tree SR and PD in the
Espinhaco Range (core area of campo rupestre), the rupestrian cerrado and rocky dwarf-
forest show much higher phylogenetic diversity than expected given their species richness
(ses.PD), suggesting that the disjunct areas in campo rupestre also have same value for
conservation. Therefore, without the randomisation approach applied here, high cumulative
score areas would simply be a reflection of high species richness areas (Safi et al. 2013).
Higher ses.PD values found in rupestrian cerrado reflects accumulated lineage diversity
with many deep phylogenetic branches for communities relative to their SR (Swenson
2009; Rezende et al. 2017); thus, PD and ses.PD may provide the most straightforward,
interpretable means to evaluate lineage diversity in communities (Coronado et al. 2015).

We also identified hotspots using evolutionary distinctiveness (ED) and biogeographi-
cally weighted evolutionary distinctiveness (BED), which would also be useful for campo
rupestre conservation planning. Grids where occurs predominantly rocky dwarf-forest and
rupestrian cerrado showed the highest mean ED values. Relict species tend to have higher
ED scores, implying that they are more phylogenetically specialised than those that radi-
ated recently. In contrast, when considering the proportion of top 10% high-ED species in
each grid cell, top ED species are most prevalent on the Espinhaco Range. Regions with
high current prevalence of top ED species are those where evolutionarily distinct species
have originated, or immigrated to, and remained; these may be considered as “cradles” and
“museums” of diversity (Jetz et al. 2014). These regions with high concentrations of range-
restricted species, such as mountains (e.g., Espinhaco range), have generally been pur-
ported to represent refugia that indicate long-term climatic stability and where we might
expect to see ancient or relictual lineages (Fjeldsa and Lovett 1997; Sandell et al. 2011;
Bueno et al. 2017). Even if such sites are not species richness hotspots, they may require
nature reserves and funds because of their importance in maintaining future evolutionary
potentials and local ecosystem services (Quan et al. 2017).

Preferentially conserving the most distinct (highest ED) species leads to more of the
tree of life persisting into the future and proportional PD gain increases, as fewer species
are given protection (Jetz et al. 2014). Species with small range sizes, compared with those
that are widely distributed, are probably much more vulnerable, since their habitats may
vanish with global climate change (Cadotte and Davies 2010). These regions therefore rep-
resent an invaluable resource for the conservation of campo rupestre.

Biogeographically weighted evolutionary distinctiveness (Cadotte and Davies 2010)
weights diversity as a function of range size and evolutionary distinctiveness (sensu Isaac
et al. 2007), such that phylogenetic branch lengths are inversely weighted in proportion
to the descendant species’ number of populations or range sizes. Thus, species with high
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evolutionary distinctiveness and greater rarity receive more weight (Rosauer et al. 2009;
Cadotte and Davies 2010). Higher weights are assigned to more geographically restricted
species because species with small ranges, on average, have a higher probability of extinc-
tion than their more widely distributed congeners (Gaston 2003; Jones et al. 2003). More-
over, because of their small ranges and their evolutionary distinctness, they are highly
relevant for conservation (Delic et al. 2017). Rare species represent a large proportion of
unique feature diversity which will potentially help to maintain ecosystems that are resil-
ient to threats, such as climate change (Mouillot et al. 2013). By capturing rarity and evolu-
tionary history, BED species may thus be key species for the preservation of option values
(Veron et al. 2016). Where conservation resources are limited, ED and BED are useful
means for understanding biogeographic patterns and subsequent setting of biodiversity
conservation priorities (Cadotte and Davies 2010; Huang et al. 2011).

We must emphasize that it is necessary to define a clear and agreed objective before
choosing relevant metrics for a specific problem (Xu et al. 2017). The intersections between
the hotspots obtained by all indices are very important for biodiversity protection because
all the values of the indices were highest in these hotspots (Xu et al. 2017); as obvious start
would therefore be to focus resources on these zones of overlap (Cadotte and Davies 2016).
However, no area was identified as a hotspot by all metrics. The grids identified as hotspots
by three or more metrics (mainly SR, PD, BED and prop. ED 10%) were in south of the
Espinhago Range in Minas Gerais, including the region of the Iron Quadrangle and Serra
do Cip6, and the Chapada Diamantina in northern Espinhago, and thus these areas should
be prioritised in future conservation actions. However, hotspots that are only identified by
one or several indicators are also extremally important, because different indices empha-
size different aspects, including species richness, geographic range and phylogeny (Huang
et al. 2011). Grids with high mean ED woody plant species and ses.PD are concentrated in
the rocky dwarf forest and rupestrian cerrado located mainly in central Brazil, however, the
coverage of nature reserves is low, with larger gap areas and without protected areas. Thus,
such areas also require attention in conservation planning.

Each of the metrics used for the woody plant community in campo rupestre represents
a different aspect of biodiversity. Despite their wide appeal and clearly articulated impor-
tance, hotspots are unlikely to provide a panacea for the current biodiversity crisis, because
there is no single metric that can capture all aspects of diversity that we might value (Cad-
otte and Davies 2016). Moreover, our indices are only a few of the vast number of diversity
metrics that could be applied to our data (e.g., Gotelli and Colwell 2001; Rosauer et al.
2009; Schleuter et al. 2010; Anderson and Crist 2011; Cadotte and Davies 2016). For
example, we have identified critical regions or hotspots for campo rupestre, but we did not
identify hotspot for threatened species. Monteiro et al. (2018) applied systematic conserva-
tion planning to indicate places with greatest conservation values necessary to secure the
proper protection of threatened plant species within the southern Espinhago Range. The
degradation of these habitats, overexploitation of natural resources (e.g., mining) and cli-
mate change are the most significant of natural threats to biodiversity in the region, causing
extensive damage to ecosystems, fauna and flora.

Brazilian PAs, however, are apparently not protecting most endemic species and lin-
eages (Oliveira et al. 2017). Recently, Oliveira et al. (2017) found that aside from the
Amazon, all Brazilian biomes have a PA coverage well below the 17% recommended by
the Convention of Biological Diversity, thus reinforcing the need for new PAs. Currently
protected areas performed poorly in terms of protecting species, phylogenetic diversity,
and also in protecting threatened species, especially when we consider rupestrian cerrado
and rocky dwarf-forest with larger gap areas and without protected areas in Brazil. This is
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particularly worrisome given that endemic species and lineages are more susceptible to
extinction in the face of degradation of habitat and climate change.

Conclusion

We identified areas of high phylogenetic diversity of woody plant communities in campo
rupestre across Brazil to drive conservation areas that optimise the preservation of the evo-
lutionary history of this vegetation. Our results provide a wide snapshot of priorities for
action and highlight gaps in our knowledge of campo rupestre conservation.

Highest PD values were mainly found in cloud dwarf-forest, located in the Espinhaco
Range, that were poorly covered by protected areas. Rupestrian cerrado exhibited the high-
est ses.PD, suggesting that these communities may hold higher lineage diversities than
expected (given their species richness) and deserve simultaneous conservation attention.
Our finding of lower ses.PD values in the rupestrian grassland communities, characterised
by high herbaceous species richness, indicated that future studies of phylogenetic diversity
with herbaceous strata across campo rupestre may help contribute to the identification of
new hotspots areas. Yet because of the threats, endemism, and evolutionary distinctiveness
of the species already present in our data, the hotspots we identified are priority areas for
conservation. We also emphasised that conservation strategies need to pay greater atten-
tion to ED and BED of species in order to prevent the potential loss of large amounts of
evolutionary history among plant classes. Although recent studies evidence the importance
of evolutionary history and identify species with conservation priority, PD levels remain
uncorrelated with levels of conservation attention (Sitas et al. 2009; Collen et al. 2011).
Indeed, 83.33% of the top 30 ranked species in our BED woody plant list are currently
receiving little or no conservation attention.

All areas are important for conservation, but the intersections between the hotspots
should receive special attention in future conservation actions. The grids identified as hot-
spots by three or more metrics were localized mainly in the south of the Espinhago Range
in Minas Gerais State and a further expansion of protected areas is required. Such actions
would potentially preserve unprotected unique evolutionary diversity in the Espinhaco
Range which may have a high risk of local extinction and rapid degradation of ecosystem
functions due higher mining pressure and require urgent attention. Moreover, the intersec-
tions between the hotspots obtained by mean ED and ses.PD are concentrated in the rocky
dwarf forest and rupestrian cerrado, with considerable conservation gaps.

There is an urgency to develop coherent conservation strategies for these regions to pro-
tect what remains, but more importantly to ensure sustainable ecosystem services. Con-
sequently, we suggest that the effectiveness of the established nature reserves should be
improved and new protected areas should be delineated in the conservation gap areas for
campo rupestre. Thus, would be possible to avoid a scenario where these areas lose too
much of their unique evolutionary history not found anywhere else in the world.

Acknowledgements The authors thank the Funda¢ido de Amparo a Pesquisa de Minas Gerais (FAPEMIG)
for financial support for this research (PPM-00584-16). Marcelo L. Bueno thanks FAPEMIG for Postdoc-
toral scholarship in UFV (APQ-01309-16). The Vanessa Leite Rezende thanks Capes for Postdoctoral schol-
arship in UFLA. JAAMN holds a CNPq productivity fellowship (307591/2016-6).

@ Springer



Biodiversity and Conservation (2018) 27:2877-2896 2893

References

Alvares CA, Stape J, Sentelhas PC, de Moraes GJL, Sparovek G (2013) Koppen’s climate classification
map for Brazil. Meteorol Z 22:711-728

Alves RJV, Kolbek J et al (2010) Can campo rupestre vegetation be floristically delimited based on vascular
plant genera? Plant Ecol 207:67-79

Anderson MJ, Crist TO (2011) Navigating the multiple meanings of beta diversity: a roadmap for the prac-
ticing ecologist. Ecol Lett. https://doi.org/10.1111/j.1461-0248.2010.01552.x

Apg IV (2016) An update of the angiosperm phylogeny group classification for the orders and families of
flowering plants: APG IV. Bot J Linn Soc 181:1-20

Bertoncello R, Yamamoto K, Meireles LD, Shepherd GJ (2011) A phytogeographic analysis of cloud forests
and other forest subtypes amidst the Atlantic forests in south and southeast Brazil. Biodivers Conserv.
https://doi.org/10.1007/s10531-011-0129-6

Bitencourt C, Rapini A (2013) Centres of endemism in the Espinhago range: identifying cradles and muse-
ums of Asclepiadoideae (Apocynaceae). Syst Biodivers. https://doi.org/10.1016/j.flora.2015.11.001

Brazil Flora Group [BFG] (2015) Growing knowledge: an overview of seed plant diversity in Brazil. Rodri-
guésia. https://doi.org/10.1590/2175-7860201566411

Bueno ML, Pennington RT, Dexter KG, Kamino LHY, Pontara V, Neves DM, Ratter JA, Oliveira-Filho AT
(2017) Effects of quaternary climatic fluctuations on the distribution of neotropical savanna tree spe-
cies. Ecography. https://doi.org/10.1111/ecog.01860

Cadotte MW, Davies TJ (2010) Rarest of the rare: advances in combining evolutionary distinctiveness
and scarcity to inform conservation at biogeographical scales. Divers Distrib. https://doi.org/10.111
1/j.1472-4642.2010.00650.x

Cadotte MW, Davies TJ (2016) Phylogenies in Ecology: a guide to concepts and methods. Princeton Univer-
sity Press, Princeton and Oxford

Cadotte MW, Cardinale BJ, Oakley TH (2008) Evolutionary history and the effect of biodiversity on plant
productivity. PNAS 105:17012-17017

Cadotte MW, Davies TJ et al (2010) Phylogenetic diversity metrics for ecological communities: inte-
grating species richness abundance and evolutionary history. Ecol Lett. https://doi.org/10.111
1/j.1461-0248.2009.01405.x

Cavender-Bares J, Kozak KH, Fine PVA, Kembel SW (2009) The merging of community ecology and phy-
logenetic biology. Ecol Lett 12:693-715

Collen B, Turvey ST, Waterman C, Meredith HMR, Kuhn TS, Baillie JEM, Isaac NJB (2011) Investing in
evolutionary history: implementing a phylogenetic approach for mammal conservation. Phil Trans R
Soc B 366:2611-2622

Coronado ENH, Dexter KG, Pennington RT, Chave J, Lewis SL, Alexiades MN et al (2015) Phylogenetic
diversity of Amazonian tree communities. Divers Distrib. https://doi.org/10.1111/ddi.12357

Deli¢ T, Trontelj P, Rendo§ M, FiSer C (2017) The importance of naming cryptic species and the conserva-
tion of endemic subterranean amphipods. Sci Rep. https://doi.org/10.1038/s41598-017-02938-z

Devictor V, Mouillot D, Meynard C, Jiguet F, Thuiller W, Mouquet N (2010) Spatial mismatch and congru-
ence between taxonomic, phylogenetic and functional diversity: the need for integrative conservation
strategies in a changing world. Ecol Lett 13:1030-1040

Echternacht L, Trové M, Oliveira CT, Pirani JR (2011) Areas of endemism in the Espinhago range in Minas
Gerais, Brazil. Flora. https://doi.org/10.1016/j.flora.2011.04.003

Edwards DP, Massam MR, Haugaasen T, Gilroy JJ (2017) Tropical secondary forest regeneration conserves
high levels of avian phylogenetic diversity. Biol Conserv. https://doi.org/10.1016/j.biocon.2017.03.006

Erkens RHJ, Chatrou LW, Maas JW, Van der Niet T, Savolainen V (2007) A rapid diversification of rainfor-
est trees (Guatteria; Annonaceae) following dispersal from Central into South America. Mol Phylo-
genet Evol 44:399-411

Faith DP (1992) Conservation evaluation and phylogenetic diversity. Biol Conserv 61:1-10

Faith DP, Magallon S, Hendry AP, Conti E, Yahara T, Donoghue MJ (2010) Ecosystems services: an evolu-
tionary perspective on the links between biodiversity and human well-being. Curr Opin Environ Sus-
tain. https://doi.org/10.1016/j.cosust.2010.04.002

Fernandes GW (2016) The megadiverse rupestrian grassland. In: Fernandes GW (ed) Ecology and conser-
vation of mountaiantop grasslands in Brazil. Springer, Cham, pp 3-14

Fernandes GW, Barbosa NPU, Negreiros D, Paglia AP (2014) Challenges for the conservation of vanishing
megadiverse rupestrian grasslands. Nat Conserv. https://doi.org/10.1016/j.ncon.2014.08.003

Fernandes GW, Barbosa NPU, Alberton B et al (2018) The deadly route to collapse and the uncer-
tain fate of Brazilian rupestrian grasslands. Biodivers Conserv. https://doi.org/10.1007/s1053
1-018-1556-4

@ Springer


https://doi.org/10.1111/j.1461-0248.2010.01552.x
https://doi.org/10.1007/s10531-011-0129-6
https://doi.org/10.1016/j.flora.2015.11.001
https://doi.org/10.1590/2175-7860201566411
https://doi.org/10.1111/ecog.01860
https://doi.org/10.1111/j.1472-4642.2010.00650.x
https://doi.org/10.1111/j.1472-4642.2010.00650.x
https://doi.org/10.1111/j.1461-0248.2009.01405.x
https://doi.org/10.1111/j.1461-0248.2009.01405.x
https://doi.org/10.1111/ddi.12357
https://doi.org/10.1038/s41598-017-02938-z
https://doi.org/10.1016/j.flora.2011.04.003
https://doi.org/10.1016/j.biocon.2017.03.006
https://doi.org/10.1016/j.cosust.2010.04.002
https://doi.org/10.1016/j.ncon.2014.08.003
https://doi.org/10.1007/s10531-018-1556-4
https://doi.org/10.1007/s10531-018-1556-4

2894 Biodiversity and Conservation (2018) 27:2877-2896

Ferrier S, Manion G, Elith J, Richardson K (2007) Using generalized dissimilarity modelling to ana-
lyse and predict patterns of beta diversity in regional biodiversity assessment. Divers Distrib
13:252-264

Fjeldsa J, Lovett JC (1997) Biodiversity and environmental stability. Biodivers Conserv 6: 315-323

Fox J, Weisberg S, Adler D, et al. (2014) Package “car”. R package version 2.1-2, companion to applied
regression. http://CRAN.R-project.org/package=car

Forest F, Grenyer R, Rouget M, Davies TJ, Cowling RM, Faith DP et al (2007) Preserving the evolution-
ary potential of floras in biodiversity hotspots. Nature 445:757-760

Gastauer M, Meira-Neto JAA (2017) Updated angiosperm family tree for analyzing phylogenetic diver-
sity and community structure. Acta Bot Bras 31:191-198

Gaston KJ (2003) The structure and dynamics of geographic ranges. Oxford University Press, Oxford

Gotelli NJ, Colwell RK (2001) Quantifying biodiversity: procedures and pitfalls in the measurement and
comparison of species richness. Ecol Lett 4:379-391

Hijmans RJ, Cameron SE, Parra JL, Jones PG, Jarvis A (2005) Very high resolution interpolated climate
surfaces for global land areas. Int J Climatol. https://doi.org/10.1002/joc.1276

Hsieh TC, Chao A (2016) Rarefaction and extrapolation: making fair comparison of abundance-sensitive
phylogenetic diversity among multiple assemblages. Syst Biol. https://doi.org/10.1093/sysbio/syw073

Huang JH, Chen JH, Ying JS, Ma KP (2011) Features and distribution patterns of Chinese endemic seed
plant species. J Syst Evol. https://doi.org/10.1111/j.1759-6831.2011.00119.x

Hughes CE, Pennington RT, Antonelli A (2013) Neotropical plant evolution: assembling the big picture.
Bot J Linn Soc 171:1-18

Isaac NJB, Turvey ST, Collen B, Waterman C, Baillie JEM (2007) Mammals on the EDGE: conservation
priorities based on threat and phylogeny. PLoS ONE. https://doi.org/10.1371/journal.pone.0000296

Jacobi CM, Carmo FF, Vincent RC, Stehmann JR (2007) Plant communities on ironstone outcrops—a
diverse and endangered Brazilian ecosystem. Biodivers Conserv 16:2185-2200

Jetz W, Thomas GH, Joy JB, Redding DW, Hartmann K, Mooers AO (2014) Global distribution and con-
servation of evolutionary distinctness in birds. Curr Biol. https://doi.org/10.1016/j.cub.2014.03.011

Jones KE, Purvis A, Gittleman JL (2003) Biological correlations of extinction risk in bats. Am Nat
161:601-614

Kembel SW, Ackerly DD, Blomberg SP, Cornwell WK, Cowan PD, Helmus MR, Morlon H, Webb CO
(2015) Package “picante”. R tools for integrating phylogenies and ecology. R package version 1.6-2

Koenen EJM, Clarkson JJ, Pennington TD, Chatrou LW (2015) Recently evolved diversity and conver-
gent radiations of rainforest mahoganies (Meliaceae) shed new light on the origins of rainforest
hyperdiversity. New Phytol. https://doi.org/10.1111/nph.13490

Le Stradic S, Buisson E, Fernandes GW (2015) Vegetation composition and structure of some neotropi-
cal mountain grasslands in Brazil. J] Mount Sci 12:864-877

Mews HA, Pinto JRR, Eisenlohr PV, Lenza E (2014) Does size matter? Conservation implications of
differing woody population sizes with equivalent occurrence and diversity of species for threatened
savanna habitats. Biodivers Conserv 23:1119-1131

Mishler BD, Knerr N, Gonzalez-Orozco CE, Thornhill AH, Laffan SW, Miller JT (2014) Phylogenetic
measures of biodiversity and neo- and paleo-endemism in Australian Acacia. Nat Commun 5:4473

Monteiro L, Machado N, Martins E, Pougy N, Verdi M, Martinelli G, Loyola R (2018) Conservation pri-
orities for the threatened flora of mountaintop grasslands in Brazil. Flora. https://doi.org/10.1016/j.
flora.2017.03.007

Morellato LPC, Silveira FAO (2018) Plant life in campo rupestre: new lessons from an ancient biodiver-
sity hotspot. Flora. https://doi.org/10.1016/j.flora.2017.12.001

Mota GS, Luz GR, Mota NM, Coutinho ES, Veloso MDM, Fernandes GW, Nunes YRF (2018) Changes
in species composition, vegetation structure, and life forms along an altitutinal gradient of rupes-
trian grasslands in south-eastern Brazil. Flora. https://doi.org/10.1016/j.flora.2017.03.010

Mouillot D, Bellwood DR, Baraloto C, Chave J, Galzin R, Harmelin-Vivien M, Kulbicki M, Lavergne
S, Lavorel S, Mouquet N et al (2013) Rare species support vulnerable functions in high-diversity
ecosystems. PLoS Biol. https://doi.org/10.1371/journal.pbio.1001569

Mucina L (2018) Vegetation of Brazilian campos rupestres on siliceous substrates and their global ana-
logues. Flora. https://doi.org/10.1016/j.flora.2017.06.007

Myers N (2003) Biodiversity hotspots revisited. Bioscience 53:916-917

Myers N, Mittermeier RA, Mittermeier CG, da Fonseca GAB, Kent J (2000) Biodiversity hot spots for
conservation priorities. Nature 403:803-808

Neves DRM, Dexter KG, Pennington TR, Bueno ML, Miranda PLS, Oliveira-Filho AT (2018) Lack of
floristic indentity in campos rupestres—a hyperdiverse mosaic of rocky montane savannas in South
America. Flora. https://doi.org/10.1016/j.flora.2017.03.011

@ Springer


http://CRAN.R-project.org/package%3dcar
https://doi.org/10.1002/joc.1276
https://doi.org/10.1093/sysbio/syw073
https://doi.org/10.1111/j.1759-6831.2011.00119.x
https://doi.org/10.1371/journal.pone.0000296
https://doi.org/10.1016/j.cub.2014.03.011
https://doi.org/10.1111/nph.13490
https://doi.org/10.1016/j.flora.2017.03.007
https://doi.org/10.1016/j.flora.2017.03.007
https://doi.org/10.1016/j.flora.2017.12.001
https://doi.org/10.1016/j.flora.2017.03.010
https://doi.org/10.1371/journal.pbio.1001569
https://doi.org/10.1016/j.flora.2017.06.007
https://doi.org/10.1016/j.flora.2017.03.011

Biodiversity and Conservation (2018) 27:2877-2896 2895

Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR, O’Hara RB, Simpson GL, Solymos P, Ste-
vens MHH, Wagner H (2016) vegan: community ecology package. R package version 2.0-3. http://
www.CRAN.R-project.org/package=vegan

Oliveira U, Soares-Filho BS, Paglia AP, Brescovit AD, Carvalho CJB, Silva DP, Rezende DT, Leite
SFS, Batista JAN, Barbosa JPPP, Stehman JR, Ascher JS, Vasconcelos MS, De Marco P, Lowen-
berg-Neto P, Ferro VG, Santos AJ (2017) Biodiversity conservation gaps in the Brazilian protected
areas. Sci Rep. https://doi.org/10.1038/s41598-017-08707-2

Oliveira-Filho AT (2017) NeoTropTree, Flora arbdrea da Regido Neotropical: Um banco de dados envol-
vendo biogeografia, diversidade e conservagdo. Universidade Federal de Minas Gerais. http://www.
neotroptree.info

Oliveira-Filho AT, Budke JC, Jarenkow JA, Eisenlohr PV, Neves DRM (2015) Delving into the variations
in tree species composition and richness across South American subtropical Atlantic and Pampean
forests. J Plant Ecol. https://doi.org/10.1093/jpe/rtt058

Pinheiro J, Bates D, DebRoy S and Sarkar D, R Core Team (2016). nlme: linear and nonlinear mixed
effects models. R package version 3.1-128. http://www.CRAN.R-project.org/package=nlme

Pinto JRR, Lenza E, de Pinto AS (2009) Composigao floristica e estrutura da vegetagdo arbustivo-arborea
em um cerrado rupestre, Cocalzinho de Goids, Goids. Rev Bras Bot. https://doi.org/10.1590/S0100
-84042009000100002

Quan Q, Che X, Wu Y, Zhang Q, Zhang M, Zou F (2017) Effectiveness of protected areas for vertebrates
based on taxonomic and phylogenetic diversity. Conserv Biol. https://doi.org/10.1111/cobi.12986

Quinn GP, Keough MJ (2002) Experimental design and data analysis for biologists. Cambridge Univer-
sity Press, Cambridge

R Development Core Team (2017) R: a language and environment for statistical computing, Version
3.4.1. R Foundation for Statistical Computing, Vienna. http://www.Rproject.org/

Rapini A, Mello-Silva R, Kawasaki ML (2002) Richness and endemism in Asclepiadoideae (Apocyn-
aceae) from the Espinhago Range of Minas Gerais, Brazil—a conservationist view. Biodivers Con-
serv 11:1733-1746

Redding DW, DeWolff CV, Mooers A (2010) Evolutionary distinctiveness, threat status, and ecological
oddity in primates. Conserv Biol 24:1052-1058

Rezende VL, Dexter KG, Pennington RT, De Oliveira-Filho AT (2017) Geographical variation
in the evolutionary diversity of tree communities across southern South America. J Bigeogr
44:2365-2375

Ribeiro JF, Walter BMT (2008) As principais fitofisionomias do Bioma Cerrado. In: Sano SM, Almeida
SP, Ribeiro JF (eds) Cerrado: ecologia e flora. Embrapa Cerrados, Brasilia, pp 151-199

Ribeiro PL, Rapini A, Soares e Silva UC, Konno UP, Damascena LS, Van Den Berg C (2012) Spatial
analyses of the phylognenetic diversity of Minaria (Apocynaceae): assesing priority areas for con-
servation in the Espinhaco Range, Brazil. Syst Biodivers 10:317-331

Richardson JE, Pennington RT, Pennington TD, Hollingsworth PM (2001) Rapid diversification of a
species-rich genus of Neotropical rain forest trees. Science 293:2242-2245

Rodrigues ASL, Gaston KJ (2002) Maximising phylogenetic diversity in the selection of networks of
conservation areas. Biol Conserv 105:103-111

Rosauer D, Laffan SW, Crisp MD, Donnellan SC, Cook LG (2009) Phylogenetic endemism: a new
approach for identifying geographical concentrations of evolutionary history. Mol Ecol. https://doi.
org/10.1111/§.1365-294X.2009.04311.x

Safi K, Armour-Marshall K, Baillie JEM, Isaac NJB (2013) Global patterns of evolutionary distinct
and globally endangered amphibians and mammals. PLoS ONE. https://doi.org/10.1371/journ
al.pone.0063582

Sandel B, Arge L, Dalsgaard B, Davies RG, Gaston KJ, Sutherland WJ, Svenning J-C (2011) The influ-
ence of late quaternary climate-change velocity on species endemism. Science 334:660-664

Santos HG, Jacomine PKT, Anjos LHC, Oliveira VA, Lumbreras JF, Coelho MR, Oliveira JB (2013)
Sistema brasileiro de classificacdo de solos, 3rd edn. Embrapa, Brasilia

Schaefer CE, Corréa GR, Candido HG, Arruda DM, Nunes JA, Araujo RW, Rodrigues PMS, Fernandes
Filho EI, Pereira AFS, Branddo PC, Neri AV (2016a) The physical environment of rupestrian grass-
lands (Campos Rupestres) in Brazil: geological, geomorphological and pedological characteristics
and interplays. In: Fernandes GW (ed) Ecology and conservation of mountaintop grasslands in Bra-
zil. Springer, Cham, pp 15-54

Schaefer CE, Candido HG, Corréa GR, Nunes JA, Arruda DM (2016b) Soils associated with rupestrian
grasslands. In: Fernandes GW (ed) Ecology and conservation of mountaintop grasslands in Brazil.
Springer, Cham, pp 56-68

@ Springer


http://www.CRAN.R-project.org/package%3dvegan
http://www.CRAN.R-project.org/package%3dvegan
https://doi.org/10.1038/s41598-017-08707-2
http://www.neotroptree.info
http://www.neotroptree.info
https://doi.org/10.1093/jpe/rtt058
http://www.CRAN.R-project.org/package%3dnlme
https://doi.org/10.1590/S0100-84042009000100002
https://doi.org/10.1590/S0100-84042009000100002
https://doi.org/10.1111/cobi.12986
http://www.Rproject.org/
https://doi.org/10.1111/j.1365-294X.2009.04311.x
https://doi.org/10.1111/j.1365-294X.2009.04311.x
https://doi.org/10.1371/journal.pone.0063582
https://doi.org/10.1371/journal.pone.0063582

2896 Biodiversity and Conservation (2018) 27:2877-2896

Schleuter D, Daufresne M, Massol F, Argillier C (2010) A user’s guide to functional diversity indices. Ecol
Monogr 80:469-484

Silveira FAO, Negreiros D, Barbosa NPU, Buisson E, Carmo FF, Carstensen DW, Concei¢do AA, Cornelis-
sen TG, Echternacht L, Fernandes GW, Garcia QS, Guerra TJ, Jacobi CM, Lemos-Filho JP, Le Stradic
S, Morellato LPC, Neves FS, Oliveira RS, Schaefer CE, Viana PL, Lambers H (2016) Ecology and
evolution of plant diversity in the endangered campo rupestre: a neglected conservation priority. Plant
Soil 403:129-152

Simon MF, Grether R, De Queiroz LP, Skema C, Pennington RT, Hughes CE (2009) Recent assembly of
the Cerrado, a neotropical plant diversity hotspot, by in situ evolution of adaptations to fire. Proc Natl
Acad Sci. https://doi.org/10.1073/pnas.0903410106

Sitas N, Baillie JEM, Isaac NJB (2009) What are we saving? Developing a standardized approach for con-
servation action. Anim Conserv 12:231-237

Soutullo A, Dodsworth S, Heard SB, Mooers AO (2005) Distribution and correlates of carnivore phyloge-
netic diversity across the Americas. Anim Conserv 8:249-258

Swenson NG (2009) Phylogenetic resolution and quantifying the phylogenetic diversity and dispersion of
communities. PLoS ONE 4:e4390

Swenson NG (2014) Functional and phylogenetic ecology in R. Springer, New York

Vasconcelos M (2011) O que s@o campos rupestres e campos de altitude nos topos de montanha do Leste
do Brasil? Brazil. Braz J Biol. https://doi.org/10.1590/S0100-84042011000200012

Veron S, Clergeau P, Pavoine S (2016) Loss and conservation of evolutionary history in the mediterranean
basin. BMC Ecol. https://doi.org/10.1186/s12898-016-0099-3

Webb CO (2000) Exploring the phylogenetic structure of ecological communities: an example for rain forest
trees. Am Nat 156:145-155

Webb CO, Ackerly DD, McPeek MA, Donoghue MJ (2002) Phylogenies and community ecology. Ann Rev
Ecol Syst 33:475-505

Webb CO, Ackerly DD, Kembel SW (2008) Phylocom: software for the analysis of phylogenetic community
structure and trait evolution. Bioinformatics 24:2098-2100

Xu Y, Shen Z, Ying L, Wanf Z, Huang J, Zang R, Jiang Y (2017) Hotspot analyses indicate significant
conservation gaps for evergreen broadleaved woody plants in China. Sci Rep. https://doi.org/10.1038/
$41598-017-02098-0

Zappi DC, Sasaki D et al (2011) Plantas vasculares da regido do Parque Estadual Cristalino, norte de Mato
Grosso. Acta Amaz, Brasil. https://doi.org/10.1590/S0044-59672011000100004

Zappi DC, Moro MF, Meagher TR, Lughadha EN (2017) Plant biodiversity drivers in Brazilian Cam-
pos Rupestres: insights from phylogenetic structure. Front Plant Sci. https://doi.org/10.3389/
fpls.2017.02141

Zhang W, Huang D, Wang R, Liu J, Du N (2016) Altitudinal patterns of species diversity and phylogenetic
diversity across temperate mountain forests of northern China. PLoS ONE. https://doi.org/10.1371/
journal.pone.0159995

Zomer RJ, Trabucco A, Bossio DA, Van Straaten O, Verchot LV (2008) Climate change mitigation: a spatial
analysis of global land suitability for clean development mechanism afforestation and reforestation.
Agric Ecosyst Environ. https://doi.org/10.1016/j.agee.2008.01.014

Affiliations

Vanessa Pontara’ - Marcelo Leandro Bueno’ - Vanessa Leite Rezende? -
Ary Teixeira de Oliveira-Filho® - Markus Gastauer* - Jodo Augusto Alves Meira-Neto'

! Laboratério de Ecologia e Evolugio de Plantas, Universidade Federal de Vigosa, Campus

Universitario s/n, Vigosa 36570-000, Minas Gerais, Brazil

Departamento de Biologia, Setor de Ecologia e Conservagio, Universidade Federal de Lavras
(UFLA), Lavras, Minas Gerais, Brazil

Programa de P6s-Graduagio em Biologia Vegetal, Universidade Federal de Minas Gerais,
Belo Horizonte 31270-090, Minas Gerais, Brazil

Instituto Tecnolégico Vale, Rua Boaventura da Silva, 955, Bairro Nazaré, Belém 66055-090, Par4,
Brazil

@ Springer


https://doi.org/10.1073/pnas.0903410106
https://doi.org/10.1590/S0100-84042011000200012
https://doi.org/10.1186/s12898-016-0099-3
https://doi.org/10.1038/s41598-017-02098-0
https://doi.org/10.1038/s41598-017-02098-0
https://doi.org/10.1590/S0044-59672011000100004
https://doi.org/10.3389/fpls.2017.02141
https://doi.org/10.3389/fpls.2017.02141
https://doi.org/10.1371/journal.pone.0159995
https://doi.org/10.1371/journal.pone.0159995
https://doi.org/10.1016/j.agee.2008.01.014

	Evolutionary history of campo rupestre: an approach for conservation of woody plant communities
	Abstract
	Introduction
	Materials and methods
	Study area
	Dataset
	Analysis of phylogenetic diversity
	Identifying biodiversity hotspots
	Data assessment and analysis

	Results
	Data on protected areas
	Discussion
	Conclusion
	Acknowledgements 
	References




