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Current geographic patterns of biodiversity are a consequence of the evolutionary history of the lineages
that comprise them. This study was aimed at exploring how evolutionary features of the vascular flora of
Chile are distributed across the landscape.
Using a phylogeny at the genus level for 87% of the Chilean vascular flora, and a geographic database of

sample localities, we calculated phylogenetic diversity (PD), phylogenetic endemism (PE), relative PD
(RPD), and relative PE (RPE). Categorical Analyses of Neo- and Paleo-Endemism (CANAPE) were also
performed, using a spatial randomization to assess statistical significance. A cluster analysis using
range-weighted phylogenetic turnover was used to compare among grid cells, and with known Chilean
bioclimates. PD patterns were concordant with known centers of high taxon richness and the Chilean
biodiversity hotspot. In addition, several other interesting areas of concentration of evolutionary history
were revealed as potential conservation targets. The south of the country shows areas of significantly
high RPD and a concentration of paleo-endemism, and the north shows areas of significantly low PD
and RPD, and a concentration of neo-endemism. Range-weighted phylogenetic turnover shows high
congruence with the main macrobioclimates of Chile. Even though the study was done at the genus level,
the outcome provides an accurate outline of phylogenetic patterns that can be filled in as more
fine-scaled information becomes available.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

The human population is expanding at unprecedented rates.
Impacts of this increase include dramatic changes in land use, pol-
lution, invasive species, and climate change related phenomena
(Millennium Ecosystem Assessment, 2005). Recently, these plus
other human-induced phenomena were globally assessed and a
set of nine planetary boundaries was defined as a ‘‘safe operating
space” for humanity, providing quantitative thresholds beyond
which human welfare and the resilience of ecosystems would be
affected (Rockström et al., 2009a, 2009b; Steffen et al., 2015). Three
of these boundaries have already been exceeded beyond the safe
operating space, with biodiversity loss the most seriously affected
(Rockström et al., 2009a).

Despite the unquestioned importance of biodiversity and the
urgent need for conserving it, the assessment of which portion of
it requires the highest priority attention has proved extremely
complex, especially when resources for conservation are limited
(Wilson et al., 2006). In that sense, the concept of ‘‘hotspots” has
been useful for identifying places that need the most attention
(Myers et al., 2000; Sechrest et al., 2002). However, recent studies
have shown that hotspots of highest species richness are not
always concordant with hotspots of greatest endemism or threat
(Daru et al., 2014; Marchese, 2015).

Globally, with approximately 2 million described species and
many more yet to be described (Stork, 1993; Mora et al., 2011),
we lack much information regarding natural history, ecologically
important traits, physiology, and taxonomy in many important
groups (Cardoso et al., 2011; Whittaker et al., 2005). However,
common ancestry makes it likely that more closely related species
tend to be similar in their ecologies and life histories, suggesting
that phylogeny-based measures of biodiversity can be used as a
surrogate for feature diversity (Faith, 1992a; Forest et al., 2007;
Collen et al., 2011; Thuiller et al., 2011).

Phylogenetic diversity (PD), the most commonly used metric
based on evolutionary history, was initially defined by Faith
(1992b) as the sum of branch lengths in a phylogeny connecting
a set of taxa, and provides a measure of how much evolutionary
history (and subsequent feature diversity) would be lost if the area
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that contains those taxa was not conserved. PD is relatively robust
to changes in taxonomic status and, importantly, allows direct
comparisons among areas and different taxonomic groups.

In the last decade, phylogeny-based methods to measure biodi-
versity have been rapidly developing. One important area of devel-
opment relates to endemism. Endemicity has always been a major
consideration in historical biogeography and one of the most
important criteria when defining conservation priorities (Linder,
2001). The concept of endemicity is implicitly and tightly corre-
lated with Margules and Pressey’s (2000) idea of irreplaceability,
and consequently with how vulnerable a place is. However, the tra-
ditional definition of endemism has been narrowly construed to
mean complete restriction of a taxon to a certain area (i.e., absolute
endemism). An important advance was the addition of a broader
concept of relative endemism, which refers to the degree of restric-
tion of the range of a taxon along a quantitative scale from 1 (abso-
lute endemism) to 0 (ubiquitous) (Crisp et al., 2001). In order to
incorporate evolutionary information, the concept of relative ende-
mism has recently been extended to the geographic restriction of
clades at any level, a metric called phylogenetic endemism (PE;
Rosauer et al., 2009; Mishler et al., 2014).

Further developments in PD and PE calculation have incorpo-
rated two derived metrics that compare PD (or PE) on the original
phylogeny with that measured on a comparison phylogeny
wherein all branches are equal (average) length: relative phyloge-
netic diversity (RPD) and relative phylogenetic endemism (RPE),
respectively (Mishler et al., 2014). A spatial randomization
approach has also been designed to allow the assessment of statis-
tical significance of these metrics (Mishler et al., 2014). Categorical
Analysis of Neo- And Paleo-Endemism (CANAPE) is capable of dis-
tinguishing areas containing significant concentrations of rare long
branches (paleo-endemism), rare short branches (neo-endemism),
or mixed endemism (Mishler et al., 2014; Schmidt-Lebuhn et al.,
2015; González-Orozco et al., 2016; Thornhill et al., 2016).

Phylogenetic diversity and endemism are most often used to
characterize alpha diversity (localized PD or PE). Yet it is also
important to look at beta-diversity, turnover in PD among local
areas or ‘‘phylobetadiversity” (Graham and Fine, 2008), analogous
to traditional measures of species turnover except that shared and
unshared branches of the phylogeny are measured instead of
shared and unshared species. Turnover can also be measured in
PE, that is by weighting range-restricted branches more heavily
than common branches, and can be called ‘‘phylogenetic range-
weighted turnover” (Laffan et al., 2016). These measures allow bet-
ter understanding of biotic regions and their boundaries, and can
also be used to help determine complementarity as part of a con-
servation assessment (Thornhill et al., 2016).

Chile is a country of high endemism, and is thus a good study
system for application of these new phylogenetic methods. It has
been referred to as a ‘‘biogeographic island”, due to the isolation
caused by a succession of geological events. The breakup of Gond-
wana, the separation from Antarctica that generated the Humboldt
current, the onset of aridity in the north, and the uplift of the Andes
Mountains generated a space surrounded by natural barriers: the
driest desert in the world to the north, frozen Antarctica to the
south, the Andes Mountains to the east, and the Pacific Ocean to
the west (Villagran and Hinojosa, 1997; Villagrán and Armesto,
2005; Moreira-Muñoz, 2011). The isolation of Chile has resulted
in the largest number of endemic plant genera of any country in
South America, and four endemic families of angiosperms
(Moreira-Muñoz, 2011; Urbina-Casanova et al., 2015).

Previous studies have shown that species richness concentrates
in the central area of Chile, coincident with the location of the
‘‘Chilean winter rainfall-Valdivian forest” biodiversity hotspot
ecoregion that has high priority for conservation (Arroyo et al.,
2008; Arroyo et al., 2004; Myers et al., 2000). This is worrying
given that Chile is a very centralized country; 80% of the popula-
tion is concentrated in this hotspot, as well as the main centers
for agricultural, industrial, and services activities (CAPP, 2008).
Despite this, only 5.7% of terrestrial ecosystems are well repre-
sented within the officially protected areas in central Chile
(Pliscoff and Fuentes-Castillo, 2011). However, as discussed above,
hotspots should not necessarily be defined only for areas that har-
bor large numbers of species, but can also be areas that have unu-
sual concentrations of evolutionary history (PD or PE; Marchese,
2015; Thornhill et al., 2016).

The identification of areas of concentrated endemism is very
important for several reasons. Interpreting the compositional and
geographic patterning of those areas helps develop a better under-
standing of the biogeographic origin of the flora. In addition, differ-
ent categories of endemism have different intrinsic values for
conservation. Areas of neo-endemism imply localized processes
of recent diversification, which could be ongoing. These are areas
that are evidently producing new diversity and therefore possess
a high value for conservation (Kraft et al., 2010). Areas of paleo-
endemism imply concentrations of relictual taxa of high historic
value that at the same time have high genetic and functional diver-
sity, providing sources of resilience when facing uncertain future
scenarios (Faith et al., 2010), and also possesses a high value for
conservation.

Using only the endemic Chilean of vascular plant genera,
Scherson et al. (2014) showed that the south of the country (below
35�S) harbored many areas in which PD was higher than expected
by chance, and conversely the north of the country showed the
opposite pattern. While these patterns were clearly defined, the
present study was undertaken to see whether they hold when
the entire flora is considered, and to add consideration of patterns
of PE. Our general goal was to understand the distribution patterns
of the full flora of Chile from an evolutionary perspective, focusing
especially on patterns of endemism. Specific goals included: (1)
developing a phylogenetic framework to discover patterns of PD
and PE on the landscape, (2) studying biotic transitions among
floristic regions using phylogenetic measures of beta-diversity,
and (3) visualizing conservation priorities in the light of these
measures.
2. Methods

2.1. DNA sequence sampling

We sampled 756 genera, representing 87% of all accepted
Chilean native vascular genera. The list of generawas obtained from
the Catalogue of the Vascular Plants of the Southern Cone of South
America (Zuloaga et al., 2008), which is being constantly updated in
its online version at the Darwinion Institute in Argentina (http://
www2.darwin.edu.ar/Proyectos/FloraArgentina/; accessed July 2,
2015). Each genus was represented as one operational taxonomic
unit (OTU) in the phylogeny, thus assuming all genera were mono-
phyletic. For each native Chilean genus, DNA sequences were pref-
erentially sampled from native Chilean species, however sequences
from species native to other parts of the Southern Cone of South
America were used to fill in missing data. Most OTUs, therefore,
are chimeric with sequence data combined from multiple species
from Chile and elsewhere in the Southern Cone.
2.2. Assembly of molecular data set and phylogenetic analyses

We used a concatenation of five chloroplast loci (atpB, trnL-F,
matK, ndhF, and rbcL) and the nuclear loci 18S and ITS (see
Appendix A in Supplementary materials for accession details).
The majority of sequences were mined from GenBank and then
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aligned into matrices using Matrix Maker (Freeman and Thornhill,
2016, https://github.com/wf8/matrixmaker) a Python utility utiliz-
ing Biopython (Cock et al., 2009). For 17 genera, 56 new sequences
were obtained in the lab. Sequences were aligned using MAFFT
(Katoh and Standley, 2013) with the adjust direction flag to ensure
correct sequence polarity.

The final concatenated molecular alignment contained 19,242
aligned nucleotides. A maximum likelihood analysis was per-
formed in the CIPRES Portal (www.phylo.org) using the RAxML
HPC2 on XSEDE analysis with a partitioned model. FigTree
(Rambaut, 2009, http://tree.bio.ed.ac.uk/software/figtree/) was
used to view the resulting bipartition tree and generate a nexus
formatted file suitable for PD analyses. The topology was compared
with angiosperm orders according to APG III 2009 (Stevens 2001
onwards) to check that each genus displayed correct ordinal
membership.

2.3. Spatial data

Locality information was compiled from Chilean herbaria
(CONC, SGO) and our own fieldwork. In addition, plant records
were downloaded from the Global Biodiversity Information Facility
(www.gbif.org) by filtering for the kingdom Plantae and the coun-
try Chile. Distributional maps of each genus were screened and
corrections were made to records that fell outside of the Chilean
territory using Google Refine v.2.5 (https://code.google.com/p/
google-refine/downloads/); when a record could not be corrected
it was excluded from the study. The coordinate information of
the final dataset (141,223 records) was reprojected into an Albers
Equal Area Coordinate system (EPSG: 5362).

2.4. Biodiversity analyses and associated statistical tests

Biodiverse v.1 (Laffan et al., 2010) was used to calculate taxon
richness (TR), Phylogenetic Diversity (PD), Phylogenetic Endemism
(PE), Relative Phylogenetic Diversity (RPD), and Relative Phyloge-
netic Endemism (RPE), as well as to conduct a spatial randomiza-
tion using its ‘‘rand_structured” model. The choice of grid cell
size was based on redundancy values. Redundancy is calculated
as 1–[richness/(number of samples)]. A value close to one repre-
sents a good overall sampling of taxa, while a value of zero means
that there is only one sample per taxon, therefore poor sampling.
We found that a 75 km � 75 km grid cell was the optimal size for
our dataset, since we had acceptable redundancy and it was still
a fine enough scale to recognize spatial patterns. Observed PD
and PE, as well as randomized PD, RPD, and CANAPE were calcu-
lated on the dataset using the methods and reasoning described
in Mishler et al. (2014) and Thornhill et al. (2016).

2.5. Phylogenetic turnover measures to identify biotic transitions

Cluster analyses in Biodverse were used to compare all grid cells
with each other in terms of shared branches of the phylogeny they
contain, using the Unweighted Pair Group Method with Arithmetic
Mean Averaging (UPGMA). Two phylogenetic turnover metrics
were used: PhyloSørenson calculated phylogenetic difference
using the branch lengths from the original phylogenetic tree, while
phylogenetic range-weighted turnover (Laffan et al., 2016) calcu-
lated phylogenetic difference using the branch lengths from the
range-weighted tree, which gives greater precedence to narrow-
ranging taxa.

2.6. Phylogenetic turnover-climatic zones comparisons

The results of the phylogenetic turnover analyses were com-
pared with the main climatic patterns of continental Chile
(Luebert and Pliscoff, 2006), using the Kappa statistic (Cohen,
1960) as an indicator of concordance between the climatic and
PD spatial patterns. Kappa was applied as a measure of agreement
between two categorical outputs (main climatic zones and clus-
ters) using Map Comparison Kit 3.2.3 (Visser and de Nus, 2006).
Values range between 1 (complete agreement) and 0 (complete
disagreement). To allow spatial comparisons, the climatic zones
of Chile were converted to raster format at the same spatial reso-
lution of the cluster analysis (75 km). Deep clusters in the dendro-
gram containing a small number of grid cells were not included in
this analysis.
3. Results

3.1. Observed biodiversity indices

Observed TR, WE, PD, and PE are shown in Fig. 1. As expected,
the distribution of PD and taxon richness were very similar. Rich-
ness and endemism concentrated in the center of Chile and
decreased with latitude, to the north and to the south. One cluster
of grid cells had high values of TR, WE, PD, and PE in the north of
the country. This is probably an artifact of sampling, due to a
northern-focused collection effort that produced a denser geo-
graphic database for that area (see discussion for details).
3.2. Statistically significant areas for PD and RPD

Significant areas of PD and RPD (Fig. 2) showed different latitu-
dinal patterns. For PD, a few areas in the south of the country
showed significantly high PD (phylogenetic over-dispersion),
whereas numerous grid cells, especially in the north, showed sig-
nificantly low PD (phylogenetic clustering). There was a striking
north-south distinction for RPD, with the south having a concen-
tration of branches that were significantly longer than expected
by chance and the north having a concentration of branches that
were significantly shorter.
3.3. Areas of significant PE

Significant areas of phylogenetic endemism are shown in Fig. 3;
these areas appeared mostly in the north and the south of the
country, with only a few significant grid cells in central Chile.
The CANAPE analysis for all vascular plants showed a pattern in
which areas dominated by paleo-endemism were present in the
temperate forest and Austral areas of the country, and areas dom-
inated by neo-endemism were abundant in the north along with
areas of mixed endemism (Fig. 3a). The analyses with seed plants
alone (Fig. 3b) and with angiosperms alone (Fig. 3c) showed no
concentrations of paleo-endemism in the south-center of the coun-
try but a few in the Austral area, and both showed concentrations
of neo-endemism in the north of the country.
3.4. Phylogenetic turnover as a measure of biotic transitions

The phylogenetic range-weighted turnover analysis (Fig. 4c)
discriminated areas of phylogenetic similarity on the landscape
that coincided more closely with the main climatic zones of Chile
(Luebert and Pliscoff, 2006) than did the PhyloSørenson analysis
(see Supporting Information). Further, the similarity relationships
depicted by the two turnover analyses differ in that the Mediter-
ranean macrobioclimate forms a larger cluster with the northern
Tropical macrobioclimate in the RW analysis, whereas the
PhyoSorenson analysis shows a larger cluster between the
Mediterranean and the southern temperate macrobioclimate. This
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Fig. 1. Observed biodiversity patterns of Chilean vascular flora. (a) Taxon (genus) richness (TR); (b) weighted endemism (WE); (c) phylogenetic diversity (PD); and (d)
phylogenetic endemism (PE).

Fig. 2. (a) Significance results for phylogenetic diversity, from two-tailed randomization tests (see methods) of Chilean vascular plant genera. Beige cells are not significant,
red cells contain significantly less PD than expected; blue cells contain significantly more PD than expected. (b) Significance results for relative phylogenetic diversity (RPD),
from the same randomization tests. Beige cells are not significant; red cells contain significantly low RPD, meaning that the phylogenetic branches present in that grid cell are
shorter than expected. Blue grid cells contain significantly high RPD, meaning that the branches present in that area are longer than expected.
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must be due to a difference in how wide-ranging versus range-
restricted genera are distributed on the landscape and could have
many explanations such as differential climatic tolerance or soil
preference between the two categories.

The phylogenetic range-weighted turnover analysis showed
four major clusters, with good geographic structure: (1) northern
area, coincident with the Tropical macrobioclimate; (2) central
area, coincident with the Mediterranean macrobioclimate; (3)
southern area, coincident with the temperate macrobioclimate;
and (4) areas along the Andes and into Patagonia. The results of
the map comparisons showed high agreement especially between
Tropical and Mediterranean climatic zones and clusters 1 and 2



Fig. 3. Map of centers of phylogenetic endemism derived from the CANAPE
analyses. Beige cells are not significant; red cells indicate centers of neo-endemism;
blue cells indicate centers of paleo-endemism. Purple cells are a mix of neo and
paleo-endemism and darker purple cells indicate centers of super-endemism. (a)
Analysis done with all vascular plants; (b) analysis including only spermatophytes
(seed plants); (c) analysis including only angiosperms (flowering plants).
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respectively (Kappa index of agreement 0.92 and 0.83
respectively). The Temperate climatic zone and cluster 3 had a
lower Kappa index of agreement of 0.68. Maps are shown in
Fig. 4 (a and b).
Fig. 4. Range-weighted phylogenetic turnover analysis and its relationship with the macr
and Pliscoff (2006), (b) RW Phylogenetic turnover analysis, indicating the geographic po
4. Discussion

4.1. Spatial data and taxon sampling

Despite usingmany sources of information, wewere only able to
gather a total of 141,223 occurrence records for the native vascular
plants of Chile. The paucity of georeferenced data -‘‘the Wallacean
shortfall” - is a common problem (Lomolino, 2004; Cardoso et al.,
2011), especially prevalent in developing countries (Dunn et al.,
1997; Mennecke and West, 2001; Hortal et al., 2007); many her-
baria in South America lack geographic coordinates for their collec-
tions, and most do not have electronic databases available for
download. This poor sampling can be an issue for analyses of spatial
patterns, especially when deciding on a grid size to work with. For
our dataset, a 75 � 75 km grid cell was a good compromise between
redundancy and resolution of spatial patterns.

Another problem encountered is the lack of homogeneity of the
spatial dataset. For example, there was a small group of grid cells in
the north of Chile in which an extensive government-funded effort
was carried out to map biodiversity in detail (Hernández et al.,
2013), providing a much denser sampling of localities. Those grid
cells appeared to have exceptionally high TR and PD (see Fig. 1),
which is caused by this sampling bias. However, the randomization
seems to be relatively robust to this sampling heterogeneity; the
patterns of significance detected in the well-sampled grid cells
were the same as seen in the poorly sampled grid cells surrounding
them. This is important, since heterogeneity in georeferenced data
density for biodiversity studies is a common problem (Hortal et al.,
2007). This study suggests that global patterns can still be studied
if proper statistical methods are used.

Collection bias is another potential problem, even for densely
sampled areas. In this sense, the use of species distributions mod-
els could be a way of increasing redundancy with fewer occurrence
records. PD and related indices have been used with estimated
occurrences using models of species distributions (Pio et al.,
obioclimates of Chile. (a) Map of the macrobioclimates of Chile according to Luebert
sition of the clusters shown in (c).
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2011, 2014; Thuiller et al., 2011), however RPD, RPE, and CANAPE
analyses have yet to be thoroughly tested using these types of
range estimations. There could be species whose distributions are
controlled by other factors instead of (or in addition to) the
macro-environment, meaning that caution must be taken when
choosing the taxa to model (Patsiou et al., 2014).

Taxon sampling is ideally made using lineages at as fine a scale
as possible. However, the lack of availability of DNA data and local-
ity information for many species, combined with poor understand-
ing of fine-scale taxonomy in some Chilean taxa, makes it more
feasible and likely more taxonomically accurate to work at higher
levels such as genera, at least until we have more complete data-
bases. Working at these higher levels has proven very useful in
outlining general spatial patterns of biodiversity in several previ-
ous studies (Forest et al., 2007; Thuiller et al., 2011; Thornhill
et al., 2016). Adding finer scale OTUs in the future will fill out
details in these broad patterns but is not likely to overturn them
given that most of the phylogeny is being taken into account using
the higher-level OTUs.

4.2. Spatial patterns of phylogenetic diversity and endemism in the
vascular flora of Chile

Taxon richness in Chile has a known geographical pattern, con-
centrating in the Mediterranean climatic region of Central Chile,
and decreasing both to the north and to the south (Arroyo et al.,
2008; Moreira-Muñoz, 2011). Observed PD showed an almost
identical pattern, which is to be expected, given that PD is tightly
correlated with taxon richness (Faith, 1992b; Forest et al., 2007),
especially if taxa are randomly sampled from the phylogeny. How-
ever, when considering statistically significant departures from the
expected correlation, different patterns are apparent. For example,
the south of the country (south of 35� latitude) showed some cells
containing taxa representing more of the phylogeny than expected
by chance, as well as many cells with a concentration of longer
branches than expected by chance. The north of the country
showed nearly the opposite patterns, with many cells containing
a significant under-representation of the phylogeny and shorter
branches than expected. The CANAPE analysis showed that most
significant neo-endemism is found in the north of the country
whereas the south contains most of the paleo-endemism.

Recent geological history of the country can help in understand-
ing these patterns. During glaciations, many lineages were
restricted to a few refuges mostly located in southern areas, which
constituted suitable places for the long-term survival of lineages
that expanded after the ice melted (Taberlet and Cheddadi, 2002;
Armesto et al., 1994; Villagrán et al., 1995; Villagrán, 2001). Phylo-
geographic patterns in plants and vertebrates also suggest the exis-
tence of areas that were stable glacial refuges in coastal regions
between 36 and 41� south (Sérsic et al., 2011).

Patterns of endemism can also be understood by considering the
paleofloras that contribute to modern formations, and the current
conditions that subtend certain portions of them. For example, the
south of Chile (34–45� south) contains temperate rainforest with
many unique taxa of different origins, such as Laurifolius forest of
neotropical origin, mixed with deciduous and evergreen forest of
sub-antarctic origin (Moreira-Muñoz, 2011; Tecklin et al., 2011).
In the Southern hemisphere, there is evidence of an earlier origin
for floras that inhabit southern areas, than the ones further north.
In woody plants for example, older families were found in southern
temperate forests, whereas younger families were found to be dis-
tributed in mediterranean and arid climates (Segovia et al., 2013).
This pattern is mainly due to the Australasian and Austral-
Antarctic components of the southern Gondwanan flora, and is pro-
posed as the Austral niche conservatism hypothesis (Segovia and
Armesto, 2015). In fact, Hinojosa (2005) describes an Eocene to early
Miocene (55–20 Mya) mixed flora with elements of the Austral-
Antarctic floristic element for the south of Chile. The Neogene sub-
tropical paleoflora is the likely precursor of the sclerophyllous for-
ests in central Chile at 32–33� south, dated 20–15 Mya (Hinojosa
et al., 2006). In central-northern Chile, by the mid-Miocene
(15 Mya), the Andes Mountains reached about half their current
altitude, possibly already exerting a rain-shadow effect (Gregory-
Wodzicki, 2000; Schlunegger et al., 2010). Semi-arid to arid climate,
based on sedimentological evidence, prevailed in the central Andes
from 15 to 4 Mya. In the northernmost area of Chile, hyperaridity is
attributed to a pre-existing arid condition and the onset of theHum-
boldt current 3.5–3 Mya (Hartley, 2003). Hence, modern floral ele-
ments in this area are more recent in origin. These different
origins may explain why we see more significant paleo-endemism
to the south and neo-endemism to the north of the country.

Interesting differences were observed when different subsets of
the flora were analyzed using CANAPE. Centers of paleo-endemism
in the south were evident when all vascular plants were taken into
account, but many disappeared when analyzing seed plants alone
and angiosperms alone meaning that the monilophytes and gym-
nosperms are likely the main contributors to paleo-endemism in
that part of the country. However, patterns of neo-endemism in
the north of Chile remained consistent for the three subsets of
the flora, suggesting that these patterns are due to the more recent
evolution of angiosperm genera.

A spatial phylogenetic study of Australian angiosperm genera
found a similar general pattern, with desert areas concentrating
neo-endemism, and significant paleo-endemism concentrated in
regions that still contain Gondwanan elements (such as western
Tasmania) (Thornhill et al., 2016). In fact, a recent study in Tasma-
nia correlates paleo-endemic clades with humid climates lacking
extreme temperatures, and open vegetation with rare or no fire
(Jordan et al., 2016). These predictive elements coincide with the
conditions observed in the south of Chile.

4.3. The main regional patterns encountered in this study

Northern area (Tropical macrobioclimate): This arid and semiarid
area showed low observed richness and significantly low PD, sug-
gesting phylogenetic clustering, an indication of phylogenetic con-
servatism in niche preference. RPD was also significantly low,
indicating that shorter phylogenetic branches are present than
expected, and suggesting recent radiations have occurred in the
area. CANAPE results showed a concentration of neo-endemism,
supporting the idea that the area hosts recently derived genera
that are also range-restricted taxa. This is coincident with previous
studies showing recent radiations in the area. Guerrero et al.
(2013) for example, studied two prevalent arid adapted plant
clades (Chaethanthera and Malesherbia), and suggested that their
invasion of desert areas occurred around the last 10 million years;
however, they also showed an important time-lag between inva-
sion and radiation of those clades, suggesting that adaptation to
arid conditions might take a long time to occur. Our determination
of neo-endemism is even more significant considering that the
analysis was made at the genus level and most proposals by
researchers for recent radiation are judged at the species level.

Central area (Mediterranean macrobioclimate): The central area
has been long recognized as the most species-rich (Arroyo et al.,
2008, 2004; Myers et al., 2000). We found that it likewise is high
in PD and PE. However, it does not exhibit significant patterns in
PD, RPD, or CANAPE (except for a few cells in the Andes region
showing significant mixed endemism in CANAPE). This means that
even though taxon richness is high, the genera inhabiting this area
are geographically widespread and come from a relatively even
sampling of the phylogeny, with phylogenetic branches that are
neither particularly long nor short.
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Southern area (Temperate macrobioclimate): The southern area
showed low observed TR and PD. There were a few areas of signif-
icantly high PD but many areas of significantly high RPD, meaning
that in general the south has an over-representation of long
branches, which could have arisen by extinction of close relatives.
This is possible given the presence of glacial refuges, especially in
the coastal mountains (Hinojosa, 2005). CANAPE results are consis-
tent with the idea of range restricted Gondwanan components of
the flora, showing a concentration of paleo-endemic cells. Much
of the paleo-endemism in this area appears to be in the non-
angiosperm component (ferns and gymnosperms), which is evi-
dent when these taxa are removed from the analysis. Examples
of gymnosperm taxa that inhabit the area that are probably relicts
of previously more lineage-rich groups include the genus Podocar-
pus, the southern distribution of the monotypic genera Austroce-
drus, restricted to the Andes mountain, Fitzroya in small patches
along both mountain ranges, and the only representative of the
genus Araucaria in Chile, a classic example of a relict Gondwanan
endemic (Veblen and Schlegel, 1982; Smith-Ramirez et al., 2005;
Donoso, 2006).

Austral area (Boreal macrobioclimate): This area has a medium
level of observed richness and PD, but many areas of significantly
high RPD, indicating longer than expected branches, probably
Gondwanan relicts. The CANAPE analysis also shows some centers
of paleo-endemism, located on the coast, which has been recog-
nized as a glacial refuge. Examples of taxa representing Gond-
wanan relicts include the genus Nothofagus, with the southern
species distributed in coastal areas in the Patagonia of Chile and
Argentina, and Embothrium, distributed in both mountain ranges
and in Patagonia (Donoso, 2006). This area is also rich in ferns,
including genera such as Ophioglossum, Hymenophyllum, Lophoso-
ria, and Hyplolepis with a southern distribution (Gunckel, 1984;
Marticorena and Rodríguez, 1995).

4.4. Phylogenetic turnover in relation to biomes of Chile

The phylogenetic turnover clusters are highly geographically
structured which suggests that there is a deep phylogenetic signal
to the way that the flora has been formed in Chile. Range-weighted
phylogenetic turnover shows transitions that reflect previously
recognized biomes of Chile more closely than does the PhyloSøren-
son metric, which does not consider range restriction. As previ-
ously discussed by Laffan et al. (2016), when range restriction is
not taken into account, biotic transitions can be obscured due to
the effect of widespread taxa dominating the turnover patterns,
and more so if these taxa are on long phylogenetic branches. This
may be more prevalent in areas of high endemism, such as Chile.
However, caution must be taken when interpreting these analyses
because of the potential biases due to the level of terminals used in
a phylogenetic tree. For example, in instances in which an OTU is
widespread but has subclades that are range-restricted, phyloge-
netic turnover analyses are not be able to consider those range-
restricted taxa. This could be relevant to the present study that
includes genera that are widespread but show range-restricted
species. One example is the genus Astragalus, distributed all along
Chile, but containing extremely range-restricted species, especially
in the north of the country.

4.5. Conservation considerations

The flora of Chile shows clear patterns in the spatial distribution
of its evolutionary heritage. The central part of the country has
long been recognized as a biodiversity hotspot, concentrating the
highest observed taxon richness, and our study confirms this using
PD. However, our analyses indicate that there are other areas of the
country that emerge as highly significant concentrations of diver-
sity and endemism that are also worth preserving, in addition to
this hotspot. In view of these results, future research can ask
whether our currently protected areas are in fact covering these
new zones that are interesting from an evolutionary point of view.
Are we sufficiently protecting areas with concentrations of
restricted long branches, relicts of paleofloras, or areas that harbor
unique range restricted taxa of recent radiation?
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