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Neotropical Dry Forests are important biodiversity hotspots characterized by intermediate to high levels of species 
richness and endemism. A possible explanation for these characteristics is that such forests have been less affected 
by drastic glacial impacts than other biomes. Using two approaches, geo-statistical phylogeography, based on two 
chloroplast markers, and multi-algorithm-based niche modelling, for the present and for the past, we explored if, 
during glacial periods, the geographical range of Bulnesia sarmientoi was stable or underwent expansions or retrac-
tions in space and time and if there is a relationship among past climatic refugia, the current climatic optimum and 
genetic diversity. We estimated that B. sarmientoi would have diverged from other Bulnesia at the beginning of the 
Pliocene (5 Mya), with diversification of the current lineages occurring in the Pleistocene (1.4–1.1 Mya). Our results 
suggest that Dry Forests underwent population expansion events during the glacial periods, whereas they would 
have undergone population stasis during interglacial periods. Furthermore, we identified a putative refugial area in 
the Dry Chaco that has been climatically stable through time, consistent with the area of highest genetic diversity 
and with the spatial location of the climatic optimum of the focal species.

ADDITIONAL KEYWORDS: arid environments – Bayesian diffusion phylogeography – climatic optimum – 
climatic centroid – Dry Chaco – landscape ecology – ecological niche modelling – endangered forest species – 
Quaternary climatic changes – Zygophyllaceae.

INTRODUCTION

Neotropical Dry Forests (NDFs) are important biodi-
versity hotspots characterized by intermediate to high 
levels of species richness and endemisms (Ceballos 
& Brown, 1995; Olson et al., 2001; Sánchez-Azofeifa 
et al., 2005; Miles et al., 2006). A possible explanation 
fir these characteristics is that NDFs are considered to 
have been less affected by drastic glacial impacts than 
other biomes; however, recent reviews have shown a 
relative scarcity of studies exploring the impacts of past 

climatic oscillations on this region and particularly 
among tree species (Turchetto-Zolet et al., 2013). The 
Gran Chaco of South America is the largest continuous 
NDF in the world (Olson et al., 2001; Kuemmerle et al., 
2017), and includes two ecoregions, the Dry Chaco and 
the Humid Chaco; the Dry Chaco is located in central-
northern Argentina, south-eastern Bolivia, western 
Paraguay and marginally in Brazil (Pennington et al., 
2000; Clark et al., 2010). As in the entire Chaco region, 
the geology and climate of the Dry Chaco are linked 
to earlier volcanic and tectonic events affecting the 
Andean mountain range during the late Miocene and 
Pliocene (Ramos & Ghiglione, 2008). Iriondo (2010) 
postulated that the biogeographical identity of the 
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Chaco was moulded during the Pliocene, whereas 
Quaternary climatic changes influenced through vari-
ations in humidity rather than through changes in 
temperature (Argollo Bautista & Iriondo, 2008). It has 
also been proposed that there were two dry periods 
affecting South America in the last several thousand 
years, one during the late Pleistocene, probably linked 
to the Last Glacial Maximum (LGM), and the other, 
less severe, in the late Holocene (Iriondo, 2010). The 
Chaco, particularly the Dry Chaco, was an unstable 
and more extensive area during the glacial periods 
than at present (Ab’Saber, 2000; Pennington et al., 
2004; Speranza et al., 2007; Iriondo, 2010; Iriondo & 
Brunetto, 2016). During these periods of drier and 
colder climates, xerophytic vegetation of north-north-
western Argentina advanced northwards very deep 
into the interior basins of central South America 
(Ab’Saber, 2000).

Phylogeography (Avise, 2000) stands as a power-
ful molecular tool to gain insights into the way these 
historical processes affected the geographical distribu-
tion of the Dry Chaco plant species (for reviews see: 
Taberlet et al., 1998; Soltis et al., 2006; Sérsic et al., 
2011; Hardy et al., 2013; Turchetto-Zolet et al., 2013; 
Bowen et al., 2016). However, in several areas of the 
world, as in the Chaco biome, biogeographical patterns 
have been scarcely studied from a phylogeographical 
perspective (Werneck, 2011; Turchetto-Zolet et al., 
2013). In fact, in their review, Turchetto-Zolet et al. 
(2013) pointed out that the Pantanal–Chaco ecore-
gions, as a whole, stand as the least explored areas in 
phylogeographical terms, particularly for plants. Some 
phylogeographical studies have been conducted in ani-
mals (e.g. Eizirik et al., 2001; Caparroz et al., 2009; 
Campos-Krauer & Wisely, 2011; Werneck et al., 2012), 
and some plant species (e.g. Speranza et al., 2007; 
Caetano & Naciri, 2011) for the Dry Chaco, but few of 
them discuss the biogeographical history inferred from 
phylogeographical patterns (e.g. Speranza et al., 2007; 
Caetano & Naciri, 2011; Werneck et al., 2012; Bartoleti 
et al., 2017). Phylogeography and ecological niche mod-
elling (ENM; Peterson et al., 1999) have been recently 
integrated to better understand biogeographical pat-
terns and evolutionary history of species (e.g. Gao 
et al., 2015; Peterson & Graves, 2016; Baranzelli et al., 
2017), even in the Chaco and surrounding ecoregions 
(e.g. Campos-Krauer & Wisely, 2011 in Paraguayan 
Chaco; Collevatti et al., 2012 in Neotropical Seasonally 
Dry Forest; Werneck et al., 2012 in Chaco, Cerrado 
and Caatinga; Vitorino et al., 2016 in Seasonally Dry 
Tropical Forests; Bartoleti et al., 2017 in Chaco and 
Cerrado). However, as described above, few are espe-
cially focused on the Dry Chaco.

Ongoing climate change increases the need to 
understand and forecast the responses of biodiversity 
to climate oscillations. Disentangling the processes 

and ecological factors that drove species expansion 
and persistence during past climatic changes would 
ultimately help to improve conservation efforts. In this 
context, identifying refugia, which might represent 
hotspots of genetic diversity (but see: Widmer & Lexer, 
2001; Petit et al., 2003), has been perhaps one of the 
main contributions of phylogeography to conservation 
planning. Many areas were proposed as refugia or relict 
in diverse regions of the world based only on phylogeo-
graphical evidence (reviewed by Keppel et al., 2012), 
or from the joint evidence provided by phylogeography 
and ENM (e.g. Carstens & Richards, 2007; Waltari 
et al., 2007; Collevatti et al., 2012; Cosacov et al., 2013; 
Baranzelli et al., 2017), showing that in many species 
worldwide high genetic diversity is associated with 
climatically stable areas. However, whether these 
hotspots of genetic diversity (i.e. refugia) are concord-
ant not only with areas of climatic stability but also 
with the spatial location of the climatic optimum of 
a species remains virtually unexplored (but see Lira-
Noriega & Manthey, 2014). Understanding this aspect 
is of great relevance in the context of current climate 
change, and will allow us to improve our characteri-
zation and understanding of climatic refugia (Keppel 
et al., 2012). All these considerations are of particular 
relevance for the studied area because, unfortunately, 
unsustainable exploitation of the Gran Chaco and 
agricultural expansion has had severe and accelerated 
consequences not only on the general biodiversity of 
this region (Hansen et al., 2013; WWF, 2014; Vallejos 
et al., 2015), but also on the exploited forest species, 
such as the emblematic Bulnesia sarmientoi Lorentz 
ex Griseb. (SAyDS, 2007; Mereles & Pérez de Molas, 
2008; Waller et al., 2012). The information generated 
here regarding the evolutionary history and genetic 
diversity of the species could be useful for future con-
servation programmes.

The general aim of this contribution was to infer 
the effects of historical climatic changes that occurred 
during the Quaternary glaciations on the demography, 
diversification and spatial distribution of B. sarmientoi, 
an emblematic tree species of the Dry Chaco, using 
geo-statistical phylogeography and spatial distribution 
modelling. In particular, our aims were: (1) to reconstruct 
the spatio-temporal dynamics of B. sarmientoi lineage 
diversification; (2) to explore if its geographical 
range was stable through space and time or, rather, 
if it underwent expansions or retractions; (3) if range 
expansions/retractions are inferred, to investigate if they 
were associated with glacial or interglacial periods; and 
(4) to explore if there is a relationship among climatic 
refugia, the current climatic optimum and genetic 
diversity. We hypothesized that B. sarmientoi underwent 
range expansions during the glacial periods and in situ 
persistence during the interglacials, because it is adapted 
to a dry climate that prevailed during glaciations, 
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whereas during interglacials, when the climate was more 
humid, it would not have been favoured.

MATERIAL AND METHODS

Study area and SpecieS

The Dry Chaco extends between 17°32′26″S and 
33°52′7″S latitude and 67°43′12″W and 57°59′26″W lon-
gitude, covering approximately 800 000 km2. Annual tem-
perature has a north–south gradient from 21 to 18 °C, 
and rainfall declines east–west from 1000 to 500 mm/
year, with a strong seasonality (Clark et al., 2010).

Bulnesia sarmientoi (Fig. 1) is a large tree (up to 
20 m in height) dominant on clay-rich, heavy soils with 
highly impeded drainage and temporary anaerobiosis 
(Adamoli et al., 1972; Prado, 1993b). The distribution of 
the species is relatively well known, occurring in cen-
tral-northern Argentina, south-eastern Bolivia, west-
ern Paraguay and marginally in Brazil (Zuloaga et al., 
2008; Waller et al., 2012). The distribution area mainly 
includes the Dry Chaco ecoregion and marginally the 
Chiquitano Dry Forest and Pantanal (Fig. 1). The tree 
is pollinated by the Meliponini bee species Geotrigona 
argentina (Vossler, 2014) and the fruit is a three-winged 
capsule; each mericarp contains one seed that is dis-
persed by autochory (Abraham de Noir et al., 2002).

plant material, dna iSolation, amplification 
and Sequencing

For the genetic study, fresh leaves of 144 B. sarmientoi 
individuals from 25 localities (six individuals per 
locality, each one 80 m distance from the next) were 
collected, covering the entire distribution range of 
B. sarmientoi. Samples of B. bonariensis Griseb. (Code 
4143), B. arborea (Jacq.) Engler (Code 9041) and 
B. schickendantzii Hieron. ex Griseb (Code 15312) were 
obtained from herbarium (CORD, IS) material to be 
used as outgroups in the phylogenetic analyses.

DNA was extracted from dried leaves using a 
NucleoSpin Plant II kit (Macherey-Nagel, Düren, 
Germany). Two regions of the plastid genome were 
selected and amplified, the trnL-trnF region, using the 
primers c and f designed by Taberlet et al. (1991), and 
rpl32_F-trnL region (Shaw et al., 2007). These regions 
were the most variable, with highest number of pol-
ymorphic sites, in contrast to the regions trnD-trnT, 
trnH-psbA, rpl32_R-ndhF, rps2_47F-rps2_661R and 
8for-1525rev, which were also tested. The polymerase 
chain reaction (PCR) cycling conditions were template 
denaturation at 80 °C for 5 min followed by 30 cycles 
of denaturation at 95 °C for 1 min, primer annealing 
at 50 °C for 1 min, followed by a ramp of 0.3 °C/s to 
65 °C, and primer extension at 65 °C for 4 min, fol-
lowed by a final extension step of 5 min at 65 °C. PCR 

Figure 1. Geographical distribution area of Bulnesia sarmientoi. Left: fruits, leaves and trees of B. sarmientoi, in a par-
ticular vegetation formation called ‘palosantal’. Right: partial map of South America showing the ecoregions (in blue hues) 
where the species is distributed. The Gran Chaco Americano comprises the Dry Chaco and Humid Chaco. Black points: 
presence points of B. sarmientoi. Ecoregions correspond to those of Olson et al. (2001).
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was performed using an Eppendorf (Westbury, NY, 
USA) Mastercycler.

Purification and sequencing were performed by 
Macrogen Inc. (Seoul, Korea, http://dna.macrogen.
com). Chromatograms were visualized and manually 
edited using Chromas Pro v.2.0.1. (Technelysium Pty. 
Ltd, Helensvale, Australia), aligned with ClustalX 
(Thompson et al., 1997) and manually adjusted using 
BioEdit v.7.0.9.0 (Hall, 1999). Indels (N = 7) were coded 
as single binary characters using the simple indel cod-
ing method (Simmons & Ochoterena, 2000).

Haplotype network, genetic diversity and 
demographic indices
Haplotypes were inferred with DnaSP v.5 (Librado & 
Rozas, 2009) for the concatenated trnL-trnF/rpl32_F-
trnL matrices. Genealogical relationships among haplo-
types were estimated using the median-joining method 
(Bandelt et al., 1999), implemented in Network 5.0 
(Fluxus Technology Ltd, http://Fluxus-engineering.com).

Haplotype diversity (h; Nei, 1987), nucleotide diver-
sity (π; Nei, 1987) and mean number of pairwise dif-
ferences (p; Tajima, 1983) indices were calculated 
for the species and each locality using Arlequin v.3.1 
(Excoffier et al., 2005). To map genetic diversity on the 
range of the species we projected h and π of the 25 
georeferenced localities into the modelled distribution 
of the species using the inverse distance weighting 
(IDW) spatial interpolation method (Watson, 1992). 
The distance coefficient (p) value in IDW was 2. For 
this method, and for the construction of the other maps 
and figures in this paper, we used Quantum GIS 2.18 
(QGIS Development Team, http://www.qgis.org/) and 
Inkscape 0.91 (Inkscape Project, https://inkscape.org/).

For the species and the three phylogroups retrieved 
by genealogical inference we used two neutrality 
tests: (1) Tajima’s D (Tajima, 1989) and (2) Fu’s FS 
(Fu, 1997), using Arlequin 3.11 (Excoffier et al., 2005). 
Mismatch distributions were simulated under the 
sudden-demographic expansion and the spatial-demo-
graphic expansion models using DnaSP v.5 (Librado & 
Rozas, 2009). For those groups that presented signals 
of demographic expansion we also performed Bayesian 
Skyline Plot (BSP) analyses implemented in BEAST 
v.1.7.5 (Drummond et al., 2005, 2012). jModelTest 2.1.9 
(Darriba et al., 2012) was used to statistically select 
the best-fit model of nucleotide substitution according 
to the Akaike information criterion (AIC). For the spe-
cies, we selected a GTR+I model, and the Markov chain 
Monte Carlo (MCMC) length setting was 5 × 108. For 
phylogroup 1 (see Results) we selected an HKY substi-
tution model and the length of the chain was 1 × 108. 
Settings for the other parameters were shared for both 
analyses: lognormal relaxed clock, mean mutational 
rate of 0.005 (0.01–0.001, uniform distribution; Alsos 

et al., 2005), constant population size, skyland.popsize 
was changed to uniform distribution, initial value 50, 
upper value 100 and lower value 10. Parameter con-
vergence and effective sample size (ESS > 200) were 
verified using Tracer v.1.5 (Rambaut et al., 2013). We 
also compared the two different skyline models (linear 
vs. constant) using the Bayes factor (BF) in Tracer.

Phylogenetic reconstruction and divergence time 
estimates
To reconstruct the phylogenetic relationships 
among haplotypes and to estimate the divergence 
time of the phylogroups, we performed a Bayesian 
phylogenetic reconstruction using the 18 sequences 
of the concatenated primers rpl32_F-trnL and trnL-
trnF, and sequences of B. bonariensis, B. arborea and 
B. schickendantzii as outgroup. First, we obtained the 
divergence time of the Bulnesia clade, which was set at 
13.8 Mya [95% highest posterior density (HPD) 21.86–
6.37 Mya] by performing two indirect dating analyses; 
the first one was constructed from the literature 
downloading 24 RuBisCO large subunit sequences of 
the Order Zygophyllales (Supplementary Material S1)  
from GenBank (https://www.ncbi.nlm.nih.gov/
genbank/). This analysis gave us information necessary 
for dating the second phylogenetic tree for which 
we used 41 trnL-trnF sequences of Zygophyllaceae 
downloaded from GenBank and selected sequences 
of B. sarmientoi (Supplementary Material S1). The 
substitution sites model selected was HKY+I; other 
parameters used were: lognormal relaxed clock and 
mutational rate of 0.005 substitutions per site per 
million years (0.01–0.001; Alsos et al., 2005). The 
MCMC length was run for 8 × 108 generations, starting 
with a random tree, with parameters sampled every 
80 000 steps. Parameter convergence and ESS values 
(> 200) were verified in Tracer v.1.5. Tree topologies 
were assessed using TreeAnnotator v.1.7.5 (Rambaut 
& Drummond, 2013) and FigTree v.1.6.1 (http://tree.
bio.ed.ac.uk/software/figtree/).

Bayesian spatio-temporal diffusion analyses
As a complementary approach, we reconstructed the 
evolutionary history of lineages through time and 
space in BEAST assuming continuous spatial diffu-
sion, using a time-heterogeneous random walk model 
(‘Relaxed Random Walk’, RRW; Lemey et al., 2010). For 
this analysis we included one individual per haplotype 
per locality (N = 74). We used a normally distributed 
diffusion rate, a GTR substitution model, a lognormal 
relaxed clock with a uniform rate (0.01–0.001) and a 
coalescent Bayesian Skyride model. We manually mod-
ified .xml files to include geographical uncertainties 
in the sequences that have the same geographicalal 
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coordinates (i.e. those that belong to the same location) 
using the option jitter on statistical TraitLikelihood 
with a parameter of 0.01. We performed a run of 500 
million generations sampled every 50 000 generations, 
to obtain a total of 10 000 trees from the posterior dis-
tribution. We inspected parameters with Tracer to 
check for stationarity. To summarize the posterior dis-
tribution of ancestral ranges using the RRW model, we 
annotated nodes in a maximum clade credibility (MCC) 
tree using the program TreeAnnotator v.1.7.5. This tree 
was then used as an input in SPREAD v.1.0.7 (Bielejec 
et al., 2011) to reconstruct the pattern of spatial diffu-
sion (Bielejec et al., 2016) and was viewed using Google 
Earth (available from http://earth.google.com).

enm in geographical and climatic Space

To perform ENM for the present we used 19 biocli-
matic variables (2000s decade; 2.5 arcmin resolution) 
downloaded from the Dryad Digital Repository (http://
datadryad.org/resource/doi:10.5061/dryad.s2v81), 
which are obtained from a global set of satellite-
based bioclimatic variables (MERRAclim; Vega et al., 
2017), and Hydro-1K (HYDRO1k Elevation Derivative 
Database), a topographical database, downloaded from 
the US Geological Survey (2001; https://lta.cr.usgs.gov/
HYDRO1K). Because it is not possible to reconstruct 
palaeoclimatic variables from satellite-based informa-
tion, to obtain distribution models for past periods we 
performed a new ENM for the present with 19 climate 
variables for current conditions (~1950–2000; 2.5 arc-
min) from the WorldClim dataset (http://worldclim.
org/) and projected it to the mid-Holocene (~6000 years 
BP; 2.5 arcmin), LGM (~21 000 years BP; 2.5 arcmin) 
and Last Interglacial Maximum (LIG, ~116 000–
130 000 years BP; 2.5 arcmin) climatic scenarios, also 
available in the WorldClim website. We used two Global 
Climate Models (GCMs), CCSM4 (cc) and MIROC-
ESM (mr) for the mid-Holocene and LGM. The values 
of the MERRAclim and WorldClim variables are equiv-
alent, differing only in that MERRAclim uses humid-
ity instead of precipitation. We obtained 79 points of 
presence of B. sarmientoi in the field, 41 points from 
online databases (Global Biodiversity Information 
Facility, http://www.gbif.org/; SpeciesLink, http://
splink.cria.org.br/), 22 points from the Herbarium of 
Chemistry Sciences of Asunción, Paraguay, and 363 
points from the Ministry of Environment, Argentina. 
From this dataset, we kept a total of 138 presence 
points. The model was manually calibrated, and 57% 
of the clean occurrence dataset was used for calibra-
tion and 43% for validation. Supplementary Material 
S2 gives details on the cleaning of occurrence points, 
M estimate of the BAM diagram (Soberón & Peterson, 
2005; Soberón, 2007) and the calibration process.

We tested six different modelling algorithms 
(Supplementary Material S2), which were validated 
in Niche ToolBox (Osorio-Olvera et al., 2016) using 
partial-ROC (Peterson et al., 2008), a binomial test 
(Anderson, Gómez-Laverde & Peterson, 2002), omis-
sion error (false negative of Fielding & Bell, 1997), and 
the omission/predicted surface relationship. For the 
current model with MERRAclim, we selected MaxEnt 
(Phillips et al., 2006) (feature classes: LQHPT, regu-
larization multiplier: 2), BIOCLIM (Busby, 1991) and 
Support Vector Machine (Vapnik, 1998) algorithms. For 
the models with WorldClim, only MaxEnt was selected 
(feature classes: LQH, regularization multiplier: 3). 
Binary maps of all models were obtained using the 
smallest suitability value from the species presence 
points as the threshold value. To test if past projected 
areas were detected as strict extrapolations or were 
areas with environmental similarity between the cali-
bration (M) and projection (G) regions (Owens et al., 
2013), we used Multivariate Environmental Similarity 
Surface (MESS; Elith et al., 2010) and Mobility-
Oriented Parity (MOP; Owens et al., 2013) analyses, 
implemented in MaxEnt and with the R-script avail-
able at https://github.com/luismurao, respectively.

The current ENM obtained with MERRAclim was 
complemented with an analysis of the ENM in eco-
logical space; this calculates suitability values from 
Euclidean and Mahalanobis distances, and allows an 
approximation to the climatic optimum of the species 
(approximations of ecological niche centroid in ENM 
can be seen in Martínez-Meyer et al., 2013; Tocchio 
et al., 2014; Qiao et al., 2015). The three climatic varia-
bles with the greatest contribution were used to recon-
struct the model: ‘Mean temperature of most humid 
quarter’, ‘Specific humidity mean of coldest quarter’ 
and ‘Annual mean specific humidity’. Suitability val-
ues greater than 0.8 were referenced on a map using 
Niche ToolBox.

genetic diverSity, climatic Stability and 
climatic optimum

To explore if there was spatial correspondence among 
climatically stable areas, current climate optimum 
and hotspots of genetic diversity, we generated a single 
map by combining the layers obtained in the previous 
results. For this, we transformed the following layers 
and thresholds into binary maps with Quantum GIS 
2.18: genetic diversity (threshold = 0.733), LGM pal-
aeodistribution (models cc + mr) (threshold = 0.063), 
LIG palaeodistribution (threshold = 0.063) and suita-
bility of the ENM in ecological space (threshold = 0.8). 
Using the raster calculator, we added these layers 
and obtained a synthetic map showing the overlapped 
areas.
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RESULTS

haplotype network, genetic diverSity and 
demographic indiceS

Concatenated intergenic spacers, trnLc-trnFf and 
rpl32_F-trnL, generated a matrix of 1515 bp, which 
provides 17 polymorphic sites and 18 haplotypes. The 
most frequent and widespread haplotype (H9), which 
was present in all localities except NY, formed the core 

of the ‘star-like’ network topology (Fig. 2). The network 
shows three phylogroups sparsely distributed across 
the spatial range. Phylogroup 1 (P1) contained the 
largest number of individuals (N = 91), including H9 
and its derivatives (H1, H8, H12, H14–H17), with five 
of them being exclusive to sites 52, NY, EE, LH and 
FE. Phylogroup 2 (P2) included five haplotypes, with 
H11 being the most frequent and only one (H18) being 
exclusive to locality SS. Phylogroup 3 (P3) contained 
five haplotypes: H2 was the most frequent and broadly 
distributed (being present in 58% of the localities); H3 
was retrieved in eight individuals and six localities, 
and three exclusive haplotypes (H4, H5, H6) were pre-
sent at LT, Mo and LH, respectively (Fig. 2). The three 
phylogroups were represented in localities 41, BP, EI, 
Es, EV, Fr, LT, Mo, NJ and NY, whereas localities 52, 
FE, Sa and SV all belonged to the same phylogroup, 
although they had more than one haplotype.

At the species level, haplotype diversity was h = 0.685 
(SD: 0.039), nucleotide diversity was π = 0.0012 (SD: 
0.0007), and the mean number of pairwise differences 
p = 1.798 (SD: 1.044). At the population level, the high-
est haplotype diversity was found for EE, ES, LH and 
NJ (h = 08667, SD 0.1291) and the highest nucleo-
tide diversity was found for NY (π = 0.002332, SD 
0.001591) (Fig. 3). The lowest haplotype diversity was 
found in Sa and SV (h = 0.3333, SD: 0.2152; Table 1).

For phylogroup P1 and for the whole species, demo-
graphic analyses showed evidence of recent demo-
graphic expansion, as indicated by the negative and 
significant values for Fu’s neutrality test and by the 
sum of squared deviations (SSD) index, which indicates 
that the observed mismatch distribution did not differ 
from an expected sudden expansion model (Table 2). 
Evidence from demographic analyses supports BSPs 

Figure 3. Spatial analysis of genetic diversity, showing the spatial interpolation of (A) gene diversity and (B) nucleotide 
diversity of chloroplast DNA from 24 localities of B. sarmientoi. Ecoregions and national boundaries are delimited with bold 
and grey dotted lines, respectively. In both indices, red indicates higher values and blue lower values.

Figure 2. Geographical distribution and genealogical rela-
tionships among haplotypes recovered from 24 populations 
of Bulnesia sarmientoi. On the map, pie charts show the 
haplotype frequency in each population. Haplotype colours 
correspond to those shown in the network on the right. In 
the network, haplotypes are designated with numbers, and 
circle sizes are proportional to haplotype frequency. Codes 
are given in Table 1.

Downloaded from https://academic.oup.com/biolinnean/advance-article-abstract/doi/10.1093/biolinnean/bly115/5076142
by guest
on 20 August 2018



BIOGEOGRAPHICAL HISTORY OF BULNESIA SARMIENTOI 7

© 2018 The Linnean Society of London, Biological Journal of the Linnean Society, 2018, XX, 1–20

Table 1. Collection localities, coordinates and number of individuals per haplotype, and gene diversity and nucleotide 
diversity (mean ± SD) for the sampled sites of Bulnesia sarmientoi in the Gran Chaco

Locality (code) Latitude (S) Longitude (W) Haplotype (number 
of individuals)

Gene diversity Nucleotide diversity

Santa Monica (SM) 22.1545387 62.8138602 2 (2)
3 (1)
9 (3)

0.7333 ± 0.1552 0.001144 ± 0.000888

Santa Victoria (SV) 22.6728865 62.5470401 1 (1)
9 (5)

0.3333 ± 0.2152 0.000220 ± 0.000290

Pluma de Pato (PP) 23.3766027 63.0904380 2 (2)
9 (4)

0.5333 ± 0.1721 0.001056 ± 0.000835

La Unión (LU) 23.8554779 63.1592984 9 (4)
11 (2)

0.5333 ± 0.1721 0.000704 ± 0.000618

RP41 (41) 24.5241833 63.1860494 2 (1)
9 (4)

13 (1)

0.6000 ± 0.2152 0.001100 ± 0.000862

RP52 (52) 24.5887598 63.4991095 1 (1)
8 (1)
9 (4)

0.6000 ± 0.2152 0.000440 ± 0.000447

Norte Juárez (NJ) 23.3576944 61.9628888 2 (1)
7 (1)
9 (2)

10 (2)

0.8667 ± 0.1291 0.002024 ± 0.001410

Bolsa Palomo (BP) 24.1740555 62.1414166 2 (2)
9 (3)

11 (1)

0.7333 ± 0.1552 0.001496 ± 0.001099

Norte Yema (NY) 24.0341666 61.0468055 2 (3)
7 (1)

11 (1)
12 (1)

0.8000 ± 0.1721 0.002332 ± 0.001591

Sur Yema (SY) 24.5164444 61.3787222 2 (2)
3 (1)
9 (3)

0.7333 ± 0.1552 0.001144 ± 0.000888

La Estrella (LE) 24.4668055 60.3936388 2 (1)
3 (1)
9 (4)

0.6000 ± 0.2152 0.000924 ± 0.000755

El Espinillo (EE) 25.4482562 60.4258352 1 (2)
2 (1)
9 (2)

14 (1)

0.8667 ± 0.1291 0.001452 ± 0.001072

Las Hacheras (LH) 25.2898319 61.0650607 3 (2)
4 (1)
9 (2)

15 (1)

0.8667 ± 0.1291 0.001452 ± 0.001072

El Impenetrable (EI) 24.8138040 61.8999646 2 (1)
9 (4)

13 (1)

0.6000 ± 0.2152 0.001100 ± 0.000862

Fuerte Esperanza (FE) 25.2970766 61.7390826 9 (4)
16 (1)
17 (1)

0.6000 ± 0.2152 0.000440 ± 0.000447

Selva Serena (SS) 22.7782830 60.4676000 1 (2)
9 (3)

18 (1)

0.7333 ± 0.1552 0.000572 ± 0.000534
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(Fig. 4), which show a very wide confidence interval 
reducing the statistical power of the observed popula-
tion growth pattern. The BSP analyses performed at 
the species level displayed a pattern consistent with 
population growth starting about 1.75 Mya and reach-
ing the highest effective population size about 100 Mya; 
since then, there has been a slight decrease in popula-
tion size. The BSP for P1 showed a very similar pattern, 
with population growth beginning about ~3 Mya, a con-
stant increase until ~100 kya and a decrease since then.

phylogenetic reconStruction and divergence 
time eStimateS

The Bayesian phylogenetic reconstruction is depicted 
in Figure 5. Bulnesia sarmientoi diverged from other 
Bulnesia species at about 5 Mya (12.06–1.04 Mya, 95% 
HPD) and about 2.2 Mya (5.26–0.34 Mya, 95% HPD) 
the species diversified into two clades: one is well sup-
ported [posterior probability (PP) = 1] and retrieved 
all haplotypes of P3; the other clade, weakly supported 
(PP = 0.32), nests two well-supported (PP = 1) sub-
clades clustering the haplotypes of P1 and P2, respec-
tively. Diversification times of phylogroups started 
about 1.4 Mya (3.53–0.2 Mya, 95% HPD) for P1, 

1.1 Mya (2.94–0.1 Mya, 95% HPD) for P2, and 1.1 Mya 
(2.93–0.08 Mya, 95% HPD) for P3.

bayeSian Spatio-temporal diffuSion analySeS

The spat ial  d i f fusion analysis  (Fig. 6  and  
Supplementary Material Video) suggests that the 
expansion of lineages began in the central-southern 
area of the distribution ~200 kya. After 0.18 kya, the 
species expanded its range significantly towards the 
north, south and west, until 0.15 kya, when numerous 
diffusion events occurred over already colonized areas. 
Approximately 60–50 kya, a second significant expansion 
is observed, with lineages colonizing new areas mainly 
towards the west. From ~30 kya until about 16 kya par-
ticularly accelerated diversifications occurred. Since 
then, only diffusion of several lineages was observed, 
with no significant spatial expansion of the species range. 
The mean spatial diffusion rate was 7146.64 km/Myr  
(=7.15 m/year; 95% HPD: 15 611.86–139.77).

enm in geographical and climatic Space

The results of the three algorithms selected to model 
the current potential distribution using the bioclimatic 

Locality (code) Latitude (S) Longitude (W) Haplotype (number 
of individuals)

Gene diversity Nucleotide diversity

Esperanza Viva (EV) 23.4631330 60.0743170 1 (1)
2 (1)
9 (3)

13 (1)

0.8000 ± 0.1721 0.001320 ± 0.000994

Salar (Sa) 22.3555830 59.2188330 9 (5)
17 (1)

0.3333 ± 0.2152 0.000220 ± 0.000290

Montanía (Mo) 21.5638500 59.8905000 2 (1)
5 (1)
7 (1)
9 (3)

0.8000 ± 0.1721 0.001936 ± 0.001359

4 de Mayo (4M) 20.5615170 60.5377000 3 (2)
9 (4)

0.5333 ± 0.1721 0.000704 ± 0.000618

Estigarribia (Es) 22.0747670 60.7946330 2 (2)
3 (1)
9 (2)

11 (1)

0.8667 ± 0.1291 0.001584 ± 0.001151

Frontera (Fr) 21.5701330 62.8896170 2 (1)
9 (2)

11 (3)

0.7333 ± 0.1552 0.001452 ± 0.001072

Chiquitanía (Ch) 18.6212830 58.9981830 7 (1)
9 (4)

13 (1)

0.6000 ± 0.2152 0.001012 ± 0.000808

Llanto de Tigre (LT) 17.5905830 61.9591330 6 (1)
9 (3)

11 (2)

0.7333 ± 0.1552 0.001364 ± 0.001020

Table 1. Continued
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Table 2. Results of demographic analyses

Index All lineages Phylogroup 1 (P1) Phylogroup 2 (P2) Phylogroup 3 (P3)

Ns 144 91 21 32
D −1.11748

P = 0.12240
−2.04397
P = 0.00170

0.25046
P = 0.64370

−0.57853
P = 0.32230

Fs −7.49782
P = 0.00850

−7.32088
P = 0.00000

−0.56463
P = 0.33680

−2.12025
P = 0.04610

SSD 0.02435
P = 0.34080

0.00073
P = 0.59750

0.00077
P = 0.89090

0.02502
P = 0.07020

rg 0.07969
P = 0.42970

0.27756
P = 0.57500

0.04834
P = 0.80580

0.19821
P = 0.06630

Number of sequences (Ns), Tajima’s D (significance level: P < 0.05), Fu’s Fs (significance level: P < 0.02), sum of squared deviations (SSD) for a stepwise 
expansion model as null hypothesis, and the raggedness index (rg) for population expansion as null hypothesis are shown. In bold, results supporting 
demographic expansion.

Figure 4. Temporal variation in effective population size in Bulnesia sarmientoi. Bayesian Skyline Plot for all species line-
ages (A) and for phylogroup P1(B). The y-axis represents effective population size expressed on a logarithmic scale. Bold 
lines correspond to the median values of the effective population size over time, and the shaded areas represent the 95% 
highest posterior densities over the median estimates along the coalescent history of the lineages.

variables of MERRAclim are summarized in Figure 7A. 
The validation values and thresholds of the models for 
each algorithm are shown in Table 3. In sum, the vali-
dation values of the chosen models indicate that our 
model is statistically different from random, predict-
ing that percentages of presences and successes are 
higher than failures. The variables that most contrib-
uted to the current model for B. sarmientoi and their 
permutation importance values are summarized in 
Supplementary Material S2; notably, five of the nine 
selected variables contribute with 85.3% to the model. 
The current area of climatic favourability occurs 
mainly in the Dry Chaco, also occupying the ecoregions 
of Humid Chaco, Chiquitano Dry Forest and Pantanal, 
revealing clear limits for the species range, such as the 
Yungas ecoregion to the west of the distribution (which 
presents increasing altitude, marked thermal season-
ality and greater precipitation than the Dry Chaco), 
and the extreme arid portion of the Dry Chaco to the 
south of the present distribution. The variables and 

their permutation importance values that most con-
tributed in the current model and that were used to 
obtain the palaeodistribution models are summarized 
in Supplementary Material S2. Two variables contrib-
uted more than 83%: ‘Mean temperature of warmest 
quarter’ and ‘Annual precipitation’. The models (Fig. 8) 
showed that the extent of the climatically favourable 
area would have been similar under the mid-Holo-
cene and current climatic scenarios, whereas in the 
LGM and LIG, climatically favourable areas occurred 
strictly within the current Dry Chaco. The MESS and 
MOP analyses suggest that there are no strict extrapo-
lations in the projection zone, meaning that in the pal-
aeodistribution area there are no ‘out of range’ climatic 
combinations with respect to current environmental 
conditions of the calibration area (M).

The climatic optimum, which holds the greatest cli-
matic suitability (> 0.8), is located in the Dry Chaco 
region, coincident with the climatic refugia of the LGM 
and LIG scenarios (Fig. 7B).
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genetic diverSity, climatic Stability and 
climatic optimum

We found areas of spatial agreement of all layers 
(climatic optimum, highest levels of genetic diver-
sity, and LGM and/or LIG palaeodistribution) and 
areas where only two layers were coincident: (1) 
climatic optimum and highest levels of genetic 
diversity, (2) LGM palaeodistribution and climatic 
optimum, and (3) LGM palaeodistribution and high-
est levels of genetic diversity (Fig. 9). All layers coin-
cided in two areas, one in the Paraguayan Chaco 
and the other near the triple borderline formed by 
Argentina, Bolivia and Paraguay. The areas where 
only the climatic optimum and high levels of genetic 
diversity coincide are found in the south-east of the 
distribution, whereas the LGM palaeodistribution 
and climatic optimum overlap in the central area 
(Paraguay).

DISCUSSION

aridification and lineage diverSification: from 
the miocene to the quaternary

The Oligocene–Miocene origin of the xerophytic flora of 
the Chaco has been proposed to be associated with uplift 
of the Andes and the consequent drastic environmental 
changes (Spichiger et al., 1995). Our results agree with 
this hypothesis, because our indirect dating analysis, 
with the trnL-trnF sequences, suggests that the clade 
Larreoideae would have diversified about 26 Mya; a 
similar dating was obtained by Wu et al. (2015) with 
rbcL sequences, and by Bellstedt et al. (2012), with 
the same molecular markers used in our study. In this 
line, fossil records found in the Valles Calchaquíes 
and Mesopotamia phytogeographical regions (Barreda 
et al., 2007) support the existence of the family 
Zygophyllaceae during the Early–Middle Miocene. The 

Figure 5. Phylogenetic reconstruction and divergence time estimates for the three phylogroups identified in Bulnesia 
sarmientoi. A, numbers in the tree indicate the mean dating value estimated for each supported node (PP > 0.95) expressed 
in million years ago. B, posterior density plots of divergence times for each node. Colours for each phylogroup correspond to 
the haplotype network shown in Figure 2.
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Figure 6. Bayesian spatio-temporal diffusion analysis of Bulnesia sarmientoi showing lineages at different time points 
based on the maximum clade credibility (MCC) tree. Time slices are: A, 212 000 years ago; B, 180 000 years ago; C, 
150 000 years ago; D, 55 000 years ago; E, 16 000 years ago. Shaded areas correspond to the 80% HPD uncertainty in the 
location of ancestral branches; a gradient from light to dark shades indicates older vs. younger events.
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ancestral lineages of B. sarmientoi diverged from the 
remaining Bulnesia species about 5 Mya, at the begin-
ning of the Pliocene. This dating is coincident with the 
most important last Andean uplift (Ramos & Ghiglione, 
2008); this geological event produced intense aridifica-
tion that impacted on the climate and ecology of the 
arid regions of South America (Hoorn et al., 2010).

The current lineages of B. sarmientoi diversified at 
the beginning of the Pleistocene, about 2.2 Mya. During 
that period the Chaco acquired its biogeographical 
identity (Iriondo, 2010), characterized by soils formed 
by the accumulation of Andean sediments (Prado, 
1993a; Iriondo & Brunetto, 2016), an important aspect 
for the species because it grows especially on hard and 
poorly drained soils (Adamoli et al., 1972; Prado, 1993b). 
Diversifications within phylogroups occurred more 
recently, estimated at ~1.4–1 Mya during the maximum 
of the Greatest South American Glaciation, when the 
arid conditions during this glacial period (Iriondo, 2010) 
probably favoured species diversification. Divergence 
times of B. sarmientoi lineages coincide with the dat-
ing reported for intraspecific phylogroups of mammals, 
birds, fishes and invertebrates in South America (ref-
erences in Turchetto-Zolet et al., 2013), supporting the 
idea that Pleistocene glaciation cycles greatly influ-
enced speciation and diversification processes.

range dynamicS, demography and diffuSion 
patternS during the quaternary

The hypothesis that the Chaco, especially the Dry 
Chaco, was an unstable area during the glacial periods 

(Ab’Saber, 2000; Pennington et al., 2004; Speranza 
et al., 2007; Iriondo, 2010; Iriondo & Brunetto, 2016) 
is supported in the present work by the absence of 
population structure, the inferred spatial and demo-
graphic expansions, and changes in the location and 
extent of the climatically favourable areas over time. 
We suggest that the absence of population structure 
is a consequence of the environmental instability 
in the Dry Chaco. However, it should be noted that 
within the three phylogroups, exclusive haplotypes 
are found at sites located approximately 21°–25°S 
and 60°W, suggesting in situ persistence in this area. 
As reported for other phytogeographical regions (e.g. 
Sérsic et al., 2011; Turchetto-Zolet et al., 2013), in 
addition to climatic oscillations, river basin dynam-
ics could have been an important factor shaping the 
retrieved genetic pattern. Because during the dry and 
cold glacial climate basins would have been smaller 
than today (Iriondo & Brunetto, 2016), terrestrial spe-
cies dispersion would have been more feasible than 
today. Unfortunately, the lack of previous phylogeo-
graphical studies in the Chaco regions does not allow 
comprehensive comparisons among multiple species. 
Interestingly, however, similar genetic patterns were 
previously detected in a tree species using microsat-
ellite and chloroplast DNA markers (Caetano et al., 
2008); the authors found a population unit composed 
of Chaco individuals, and this unit was ambiguously 
substructured and comprised individuals also from 
the Humid Chaco, Chiquitanía and the Chaco–Yungas 
transition. Caetano & Naciri (2011), Campos-Krauer 
& Wisely (2011) and Werneck et al. (2012) obtained 

Figure 7. Current ENM performed with MERRAclim bioclimatic variables. A, binary map of the current ENM in geograph-
ical space; the darkest colour represents the area where the three algorithms join (MaxEnt, BIOCLIM and Support Vector 
Machine). B, Climatic centroid shown in geographical space; the blue area represent an approximation to the climatic opti-
mum with suitability > 0.8. Ecoregions and national boundaries are delimited with bold and grey dotted lines, respectively.
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similar results for two woody species, for mammals 
and for reptiles, respectively. A study carried out in 
an herbaceous species complex (Speranza et al., 2007) 
found population structure, but not specifically in the 
Chaco region.

Based on the spatial diffusion analysis, three signifi-
cant range expansions occurred in B. sarmientoi, which 
are coincident with three glacial periods (at 180, 60 
and 16 kya; Rabassa & Clapperton, 1990); during these 
glaciations the semi-arid forests of the Chaco would 
have occupied a larger area. Conversely, in the inter-
glacial periods no range expansions were evidenced, 
but processes of diffusion and lineage diversification 
were inferred in the occupied areas. It seems that 
demographic expansion was not coupled with range 
expansion, because historical demography analyses 
show that the highest effective population size was 
estimated for the final stages of the Last Interglacial 
(~120 kya), followed by a population decline until the 
present, possibly as a consequence of the increase of 
humidity in the Chaco during interglacial periods 
compared to today (Markgraf, 1985; Iriondo, 2010).

The ENM obtained for the last 120 000 years (under 
the assumption of niche conservatism, e.g. Wiens 
et al., 2010) shows a growing increase in the climati-
cally suitable area for B. sarmientoi from the LIG to 
the mid-Holocene, followed by a period of stability 
until the present. Regarding the area in the model, the 
projection to the past does not strictly reflect the area 
of distribution of the species in the past, but rather 
areas of suitable climate (Wiens et al., 2009; Peterson 
et al., 2011). This stability found for the distribution 
area of the focal species, and indirectly for the Dry 
Chaco, since about 6000 years ago was also reported 
for the Chaco and surrounding ecoregions in previ-
ous studies (e.g. Werneck et al., 2011; Bartoleti et al., 
2017; Trujillo-Arias et al., 2017). As mentioned above, 
there are few works using ENM that focused particu-
larly on the Chaco ecoregion, which hinders the com-
parison of our results mainly because of differences 
in the calibration areas for each model. The smaller 
potential distribution inferred for the LIG than for the 
LGM is consistent with results retrieved by diffusion 
analysis, which showed range expansions during gla-
cial periods instead of interglacials. Argollo Bautista & 
Iriondo (2008) suggest that the climatic changes of the 
Quaternary were more extreme in relation to humid-
ity than to temperature, which is in agreement with 
the observed contribution of the variables, and with 
the general results of the ENM.

Based on geomorphological and stratigraphic stud-
ies, Iriondo (1992) postulated that the Chaco Forest 
was an unstable area during Quaternary fluctua-
tions, and that plant communities alternated between 
xerophytic and tropical–subtropical vegetation types. 
In particular, Iriondo postulated a spatial shift of T
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the Chaco region towards the north-east during dry 
and cold periods, the species contacting with tropi-
cal and subtropical elements, followed by a retraction 
to the south-west during humid and warm periods. 
This hypothesis is supported by findings reported by 
Speranza et al. (2007) and the present results. Similar 
vegetation movements bordering the Dry Chaco were 
suggested by Pennington et al. (2004) and Werneck 
et al. (2011) for the Seasonally Dry Tropical Forest 
(SDTF). Considering the dynamics of the distribution 
area of B. sarmientoi, the expansion of the arid cli-
mate towards the north-east during the glacial period 
would have promoted species shifts to areas currently 
corresponding to the Chiquitanía and Humid Chaco; 

these areas today remain marginal, and current spe-
cies populations would represent relicts of a more 
extended ancient distribution. Accordingly, previous 
studies postulated that the Chiquitanía and Humid 
Chaco would have represented climatic refugia during 
the LGM (Werneck et al., 2011; Vitorino et al., 2016; 
Trujillo-Arias et al., 2017). Interestingly, our diffusion 
analysis suggests that the Chiquitanía populations, 
which are the northernmost ones, would have been 
colonized during dry and cold glacial periods. Thus, 
the high genetic variability found in that geographical 
area coupled with the inferred processes of coloniza-
tion and diffusion validates this hypothesis, suggesting 
that the highly diverse Chiquitania would have been 

Figure 8. ENM over time in geographical space with WorldClim bioclimatic variables. A, LIG; B, LGM, cc and mr GCM 
models; C, mid-Holocene, cc and mr GCM models; D, present. Ecoregions and national boundaries are delimited with bold 
and grey dotted lines, respectively.
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a refugium where flora from different phytogeographi-
cal origins met during glacial/interglacial periods.

linking hotSpotS of genetic diverSity with 
climatic Stability and the climatic optimum

Genetic evidence indicates that B. sarmientoi is a spe-
cies of Pleistocene origin that would have suffered three 
range expansion events (i.e. spatial expansions) during 
glacial periods, whereas its effective population size 
would have increased progressively (i.e. demographic 
expansion) until ~120 kya, declining after the LIG. The 
spatial diffusion analysis suggests an origin of diversifi-
cation in the mid-south areas of the distribution, which 

is consistent with the high levels of genetic variability 
areas found for the species. Interestingly, according to 
the ENM, this area would have been stable over time; 
therefore, we propose it as a possible climatic refugium 
(following Gavin et al., 2014) for the Dry Chaco region. 
The location of the highest climatic suitability in eco-
logical space – the current climatic optimum – is even 
more interesting because it coincides with the climatic 
refugium and with the highest levels of genetic variabil-
ity. A similar combination is found marginally in the tri-
ple boundary between Argentina, Bolivia and Paraguay. 
Similarly, populations located in the Chiquitanía, an 
area of climatic stability during the LGM for the SDTF 
(Werneck et al., 2011; Vitorino et al., 2016; Trujillo-Arias 

Figure 9. Climatic stability, climatic optimum and genetic diversity. Red: area of coincidence of LIG, LGM, climatic opti-
mum and genetic diversity; orange: area of coincidence of LGM, climatic optimum and genetic diversity; yellow: area of 
coincidence of any of these three conventions – (1) climatic optimum and genetic diversity, or (2) LGM and climatic opti-
mum, or (3) LGM and genetic diversity. Ecoregions and national boundaries are delimited with bold and grey dotted lines, 
respectively.
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et al., 2017), are also genetically diverse, and it is there-
fore supported as a climatic refugium by our results. 
These populations are also valuable because they are 
located marginally in the climatic space of the spe-
cies, away from the climatic centroid (typically semi-
arid), and are relevant as a potential evolutionary 
source under new climatic scenarios (Parmesan, 2006; 
Macdonald et al., 2017). Our next step is to obtain infor-
mation about molecular markers indicative of rapid 
mutation rates, which would be very useful to under-
stand the recent evolutionary history of the species, as 
well as to provide further evidence for the identification 
of evolutionarily significant units.

CONCLUSION

In this study we integrated geo-statistical phylogeog-
raphy and multi-algorithm-based niche modelling to 
explore the spatio-temporal dynamics of an emblematic 
species of the NDFs. Our results suggest that B. sarm-
ientoi forests underwent population range expansion 
events during the glacial periods of the Pleistocene, 
whereas during the interglacial periods they would 
have undergone population range stasis, although with 
demographic expansion and genetic diversification. We 
suggest that the Dry Chaco forest shifted in a north-
east to south direction as climate conditions changed, 
being restricted during the LGM by the stable areas 
of SDTF to the north and east. Finally, we identified a 
putative refugium in climatically stable areas during 
the last 120 kyr in the Dry Chaco, which is coincident 
with the area of highest genetic diversity and with the 
spatial location of the climatic optimum of the focal 
species. Future demographic history and ENM stud-
ies including several species from the Chaco region 
will allow us to unravel the evolutionary history of this 
ecoregion and to explore if hotspots of genetic diversity 
are concordant with climatically stable areas and with 
the spatial location of the climatic optimum, as found 
in our study. This is of great relevance in the context 
of current climate change, allowing us to improve our 
characterization and understanding of climatic refugia 
in one of the largest dry forests of the world.
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Table S1. List of species, molecular markers and GenBank accession numbers.
Table S2. List of bioclimatic variables used for each ENM marked with permutation importance value (%). The 
names of the variables (1 to 19) correspond to the MERRAclim and WorldClim databases.
Figure S1. MOP and MESS analysis. (A) Mid-Holocene, cc model; (B) mid-Holocene, mr model; (C) LGM, cc 
model; (D) LGM, mr model; (E) LIG. 1 to 3, MOP analysis, percentiles 0.1, 0.5 and 1; 4, MESS analysis. MOP: areas 
in white are of strict interpolation risk (i.e. lack of similar environmental combinations) in past climatic scenarios; 
in red, areas distant from region M; the blue areas are more similar to M (see Owens et al., 2013). MESS: areas in 
red have one or more environmental variables outside the range presented in the training data, so predictions in 
those areas should be treated with strong caution (see Elith et al., 2010). The shape is the M in the past and the 
green polygon is the binary layer of the ENM for each time period.
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