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Abstract
Here we studied the demographical history of Caryocar brasiliense (Caryocaraceae), by coupling ecological niche modeling 
(ENM) and statistical phylogeography. Analyses were based on the polymorphism of 147 individuals sampled in 12 populations 
for the chloroplast genome. C. brasiliense presented low genetic diversity but high population genetic differentiation, which is 
not correlated with geographical distances among localities. The most ancient lineage divergence from southern and western 
Cerrado boundaries occurred around ~3.3 ± 2.3 Myr BP. The simulation of demographic scenarios showed that the diversity 
pattern found so far for C. brasiliense is most likely due to a range retraction during the last glacial maximum (LGM, 21 kyr BP), 
leading to multiple refugia. The paleodistribution models and coalescent analyses strongly suggest that the current distribution 
of C. brasiliense is wider than during the dry periods of the Quaternary.
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Introduction

Recovering the demographic history in phylogeography is 
critical for understanding the microevolutionary processes 
and the spatial context of the time and pattern of lineages 
divergences (Knowles & Maddison 2002). Phylogeography 
has been discussing this question mainly in pattern-based 
models (see Avise 2009 for a review), but recovering the 
demographical history essentially requires the simulation 
of competing demographic models to estimate genetic 
parameters (e.g. Peter et al. 2010; Collevatti et al. 2012a). This 
new approach has been named statistical phylogeography 
(Knowles & Maddison 2002) and one of its main challenge 
is to define biologically sounding demographical scenarios 
that could be modeled using coalescent simulations (e.g., 
Carstens & Knowles 2010).

In this context, ecological niche modeling (ENM) may 
reveal novel distribution patterns and suggest alternative 
past demographic hypotheses, which are spatially explicit 
and intrinsically independent from hypotheses built upon 
phylogenetic and coalescence modeling (e.g. Richards et al. 

2007). This approach may be useful to test hypotheses 
about the role of Quaternary climate changes on vegetation 
dynamics in the Neotropics (e.g. Carnaval & Moritiz 2008; 
Collevatti et al. 2012a) and, hence, on their phylogeographical 
patterns, as addressed here for Caryocar brasiliense Cambess. 
(Caryocaraceae).

Caryocar brasiliense is a Neotropical savanna tree species 
widely distributed in Brazilian Cerrado from Tocantins 
in the central-northern Brazil, towards the southwestern 
and southeastern Brazil (see Figure S1). Because of its 
wide distribution, C. brasiliense is suitable good biological 
model for testing hypotheses concerning the evolution of 
Neotropical savannas. Based on the phylogeographical 
pattern, Collevatti et al. (2003) hypothesized that multiple 
lineages may have contributed to the origin of C. brasiliense 
populations in Brazilian Cerrado and that the lineages 
became restricted to refugia where moist climatic conditions 
remained during the periods of dry and colder climate 
through the last ice age. Yet, those populations may have 
spread and dispersed to suitable areas latter than 7,000 years 
ago, attaining the current geographical range. Recently, it 
has been suggested that Brazilian savannas dated from 
the Late Miocene (< 10 Myr BP) and had diversified due 
to an in situ evolution of adaptation to fire (Simon et al. 
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2005). Intraspecific phylogeny was inferred using median-
joining network analysis implemented in Network 4.6.1.0 
(Forster et al. 2004). Population genetic differentiation 
statistic (FST ) was obtained from an analysis of molecular 
variance (AMOVA) and linearized pairwise FST was correlated 
with the geographical distance matrix (logarithm) between 
pairs of populations by a Mantel test, using ArlequinVer 
3.11 (Excoffier et al. 2005). The hypothesis that the current 
pattern of haplotype diversity and distribution was caused 
by a bottleneck followed by a sudden expansion, for each 
population and overall population was tested using the 
Raggeness Index R and Fu’ F neutrality test implemented 
in ArlequinVer 3.11 (Excoffier et al. 2005).

Coalescent model (Kingman 1982) was used to estimate 
demographic parameters. For details on coalescence analyses 
see Collevatti et al. (2012a). The demographic parameters 
θ (mutation parameter), g (exponential growth rate) and 
M (immigration rate) were estimated based on a Bayesian 
estimation using Markov Chain Monte Carlo (MCMC) 
approach implemented in LAMARC 2.1.8 (Kuhner 2006). We 
used the evolutionary model TIM2+G (–lnL = 1401.8660), 
with gama shape equal to 0.0140. The effective population 
size was estimated from the mutation parameter . Time to 
most recent common ancestor (TMRCA) was estimated 
based on Bayesian phylogenetic analysis implemented in 
BEAST 1.7.4 (Drummond & Rambaut 2007), and mutation 
rates previously estimated for chloroplast non-coding 
regions were used to get time in years (Yamane et al. 2006). 
We also constrained the basal node to be no older than 
55.5 Myr, in the Early Eocene, which corresponds to the 
earliest known occurrence of the genus Caryocar on the 
pollen fossil record from Venezuela (Rull 2000).

Paleodistribution modeling and demographical 
history

We modeled species distribution for present, mid-Holocene 
(6 kyr BP) and LGM (21 kyr BP) using the ensemble approach 
from 10 ENM methods and five coupled Atmosphere-
Ocean General Circulation Models (AOGCMs), so that 50 
predictive maps were obtained for each time period. All ENM 
methods are implemented in the computational platform 
BIOENSEMBLES (Diniz-Filho et al. 2009). Technical details 
about occurrence records and climate layers development 
used to build the ENMs can be obtained in Terribile et al. 
(2012) (see also Figure S1b and Tables S2-S5 in Additional 
Supporting Information for more details).

The 50 predictive maps were firstly visually inspected and 
then classified using range shift (difference in predicted 
range size) between current and LGM geographical ranges. 
The supported hypotheses were: i) “Range Stability”, no 
difference in range size; ii) “Range Retraction”, range size 
was lower in the LGM than in the present-day; and iii) 
“Range Expansion”, range size was higher in the LGM 
than in the present-day. The relationship between the 

2009). Simon et al. (2009) suggest that the very recent 
evolution of savanna lineages may have been caused by 
an expansion during the dry glacial periods. In fact, an 
expansion of Brazilian savannas towards the Amazon 
region accompanied by a retraction of the rainforests 
during dry glacial periods has already been suggested 
(e.g. Veloso 1963). However, Ab’Saber (2000) points out 
a retraction of savanna-like vegetation during the glacial 
periods and, mostly important, a highly heterogeneous 
response of the vegetation community. The fossil records 
also show a mosaic in the response of savanna vegetation 
to the Quaternary climatic changes, with an expansion 
of open grassy savanna during dry glacial, especially in 
the south and central distribution of Cerrado biome (e.g. 
Salgado-Labouriau et al. 1997).

Hence, it is possible to raise alternative hypotheses for savanna 
paleodistribution and establish competing demographic 
scenarios for a species’ range dynamics and for the role of 
the Quaternary climate changes in its current pattern of 
genetic diversity and geographical distribution. Paleoscenario 
hypothesis of range dynamics, such as expansion, retraction 
or stability, through the Quaternary may well be tested 
using ENMs, and these in turn would lead to different 
patterns of genetic diversity, genetic differentiation among 
populations and coalescence patterns (Arenas et al. 2012, 
see also Additional Supporting Information for details 
about Brazilian Cerrado and our predictions). Thus, here 
we coupled coalescence analyses and ENMs to trace the 
demographical history of C. brasiliense and test its response 
to climatic changes during the Quaternary.

Material and Methods

Genetic data

A detailed description of genetic data used to characterize 
populations of C. brasiliense is given elsewhere 
(Collevatti et al. 2003). Four other populations were 
added to the original database of Collevatti et al. (2003), 
as well as samples from the outgroups (see Table S1 in 
the Additional Supporting Information, available at 
www.abeco.org.br). Distance between pairs of populations 
ranged from ~200 km to approximately 1,300 km (Figure S1a 
in the Additional Supporting Information). In short, 
sequence data from two intergenic spacers (psbA-trnH and 
trnC-ycf6) of chloroplast DNA (cpDNA) were obtained, 
and concatenated to the data of the intron trnL from 
Collevatti et al. (2003).

Genetic diversity and phylogeographical 
patterns

Genetic parameters were estimated for each population and 
for polled data from all populations to obtain the total amount 
of polymorphism and genetic diversity currently found in 
C. brasiliense. Nucleotide (π) and haplotype (h) diversity 
were estimated using ArlequinVer 3.11 (Excoffier et al. 
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described in Collevatti et al. (2012b). Four independent 
demographic scenarios were modeled (Figure 1), derived 
from the hypothesis supported by ENM, ‘Range Stability’, 
‘Range Expansion’, ‘Range Retraction’, or from a priori 
biogeographical hypothesis, ‘Multiple Refugia’, following 
Ab’Saber (2000), Collevatti et al. (2003) and evidences 
from the pollen fossil record (see Supporting Information). 
Demographic scenarios were simulated (2,000 independent 
simulations) based on coalescent analysis implemented 
in the software ByeSSC (Excoffier et al. 2000), using as 
priors the mutation rate and evolutionary model obtained 
for C. brasiliense cpDNA (see Figure 1 for details). The 
number of generations until the LGM (21 kyr BP) was 
calculated using a generation time of 15 years (RG Collevatti 
unpublished data).

maps classification and the sources of variation (i.e. ENM 
methods, AOGCMs and interaction) was analyzed by a 
log-linear analysis. The range retraction would lead to 
high genetic differentiation among populations, and the 
subsequent spatial expansion in the interglacial periods may 
also induce the structuring of newly colonized areas into 
distinct sectors of low genetic diversity, with high frequency 
of an allele or a new mutation due to allele surfing and a 
gradient in genetic diversity (Excoffier et al. 2009). Therefore 
we analyzed the relationships among genetic diversity vs. 
climatic stability and distance from the centroid of the 
geographical range predicted by “Range Retraction” maps 
using quantile regressions (Cade & Noon 2003).

Afterwards, the demographical history of C. brasiliense 
was modeled and simulated following the framework 

Figure 1. The demographical history scenarios simulated for Caryocar brasiliense and their geographical representation. The size and 
location of circle during the LGM indicate demographical population stability, expansion or shrink at that time. LIG: last interglacial; 
LGM: last glacial maximum; Pres: present-day; N0: effective population size at time t0 (present); N1: effective population size at 
time t1400 (1,400 generations ago); Nt: logarithm function for effective population size variation in the coalescent simulation. The 
migration rate was 0.01/generation.
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Results

Genetic diversity and phylogeographical 
patterns

The combined data presented 981 bp, 17 polymorphic 
sites and 8 different haplotypes for the 147 individuals 
of C. brasiliense. Most populations presented low genetic 
diversity (Table S6 in the Additional Supporting Information), 
and only one haplotype was shared among most populations 
(Figure 2), with evidences of incomplete lineage sorting 
leading to common ancestry among lineages from 
southeastern and northeastern (see Haplotypes 6, 7, 8, 
Figure 2, Figure S2). Significant pairwise differentiation 
was found, but it was not significantly correlated with 
geographical distance (Mantel Test, r2 = 0.004, P = 0.353).

The alternative models were compared based on the empirical 
genetic diversity and the frequency distribution of haplotype 
and nucleotide diversity across the 2,000 simulations. 
Because C. brasiliense presented low genetic diversity 
(see results below), our question was which demographic 
scenario most likely retrieved a genetic diversity as low 
as that found in C. brasiliense. One-tailed probability (P) 
and Akaike Information Criterion (AIC) were estimated 
for each demographic scenario model. The log-likelihood 
was estimated as the product of the height of the empirical 
frequency distribution at the observed value of diversity 
by the maximum height of the distribution (see BayeSSC 
website www.stanford.edu/ group/hadlylab/ssc/index.
html). AIC was transformed into AIC weighting, given by 
exp[–0.5(AIC – AICmin)] (see Burnham & Andersson 2002).

Figure 2. Median-joining network based on the sequencing of 147 individuals of Caryocar brasiliense from 12 populations and the 
outgroups. Circumference size is proportional to the haplotype frequency. Number of mutations are shown in the branches; small red 
circles are the median vectors. Old western Amazonia refers to the clade that diverged during the Late Paleoceno/Early Eocene; New 
western Amazonia, the clade that diverged during the Pleistocene (see Figure S2 in the Additional Supporting Information).
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of the demographic scenarios “Range Expansion” and 
“Range Stability” retrieved diversity extremely higher than 
currently observed in C. brasiliense.

Discussion

Our ENM results show that the potential distribution of 
C. brasiliense is currently wider than it was in the LGM. 
Moreover, the pattern of genetic diversity is consistent 
with a demographic scenario of “Multiple Refugia” during 
glacial times, which also predicts a range retraction with 
population subdivision. Thus, the low haplotype and 
nucleotide diversity of C. brasiliense in present-day indicate 
a loss of chloroplast lineages due to range retraction during 
LGM. An important issue is that predictive maps classified 
as “Range Retraction” often showed also a range shift 
towards the Northwest Brazil, in areas currently occupied 
by Amazonian rain forest.

In fact, sampled populations of C. brasiliense at the central-
northern and northwestern Brazil occupy climatically 
stable areas (the large refugium), but show low genetic 
diversity in current time. These populations also share the 
same haplotype and present no significant differentiation, 
except QUE and MTR, which are western peripheral 
populations (see below). Our findings show thus a complex 
demographic history for C. brasiliense (corroborated by the 
“Multiple Refugia” scenario) in which populations could have 
been connected during the dry periods of the Quaternary in 
a large northwestern refugium, as also proposed from fossil 
records (see Ab’Saber 2000). The complex relationships of 
genetic diversity and geographical distance and with climate 
stability and distance from centroid are also evidences of the 
intricate demographic history and reinforce the multiple 
refugia hypothesis. The high diversity in a few peripheral 
populations (triangular-shaped envelopes) may have risen 
due to isolation in small and multiple refugia during the 
glacial periods of Quaternary, along with low gene flow 
during interglacial time, causing yet no haplotype sharing 
(the ITI population may be a relict of this distributional and 
demographical dynamic; see text below). The connected 

No significant signal of population retraction followed by 
expansion was found when pooling populations according to 
Roger-Harpending test (Raggedness index = 0.10, P = 0.52), 
but Fu’s test was significant (FS = –26.42, P < 0.001), 
indicating departure from neutrality. Demographic expansion 
was significant for MTR (Raggedness index = 0.787, 
P = 0.025; FS = –24.905, P < 0.001) and QUE (Raggedness 
index = 0.510, P = 0.028; FS = –15.521, P < 0.001). Coalescent 
analyses also showed constant population size, low values 
of mutation parameter θ  for each and overall population 
(θ = 0.00225), and negligible gene flow (less than 1.0 migrant 
per generation among all population pairs). Caryocar 
brasiliense lineages diverged at ~4.0 ± 2.5 Myr BP and major 
divergence dated from the Pliocene/Lower Pleistocene, 
~3.3 ± 2.3 Myr BP (see Tables S5, S6 and Figure S2 in the 
Additional Supporting Information, for details).

Paleodistribution modeling and demographical 
history

The ensembled potential distribution of C. brasiliense extends 
over a widely continuous area through the Central-West 
Brazil since LGM (Figure 3a), matching the Brazilian 
Cerrado limits, with higher variation in the peripheral 
areas (Figure 3b). However, a slight westward migration 
occurred through time with smaller range size at the 
LGM. Further, the scenario of “Range Retraction” during 
the LGM was favored in the most predictive maps (42%; 
Table S7 in the Additional Supporting Information). These 
predictions show still that range retraction was followed 
by range shift toward Amazonian rain forest, regions not 
currently occupied by C. brasiliense. The range size and shift 
differ among supported hypotheses (Range size: F2,47 = 6.27, 
P = 0.004; Range shift: F2,47 = 66.71, P < 0.001; Figure S3) 
and the log-linear analysis showed significant effects of 
AOGCMs in the classification of the predictive maps 
(Table S8 in the Additional Supporting Information), but 
not from ENM methods and interaction. A large historical 
refugium of C. brasiliense (areas of high climatic suitability 
throughout time) was predicted from ENMs to occur in 
central-northern and northwestern portions of its current 
geographical range, where most populations occur in 
present-day (Figure 3c). Moreover, the quantile regression 
revealed triangular-shaped envelopes for relationships 
among genetic diversity vs. climatic stability and distance 
from the centroid of predictive maps at the LGM. The 
envelopes show thus that high genetic diversity occurs 
just in the peripheral populations (distant from centroid; 
e.g., ITI and MTR) with increase in suitability throughout 
time, but not in all them (i.e., instable areas; Figure S4 in 
the Additional Supporting Information).

The demographical hypothesis of ‘Multiple Refugia’ 
during the LGM (Figure 1) was most likely than the others 
competing hypotheses (Table 1), even though the “Range 
Retraction” hypothesis, predicted by the paleodistribution 
models (Figure 1), could not be rejected. The simulations 

Table 1. Comparison of the four demographic scenarios models 
in retrieve the haplotype (h) and nucleotide (π) diversity observed 
for Caryocar brasiliense, obtained from 2,000 simulations using 
the software BayeSSC. AICw, relative Akaike Information 
Criterion (AIC) weights; P, one-tailed probability of not reject 
the model. The support to the distribution hypothesis (ENM) 
is the percentage of the pattern expected by each demographic 
scenario model observed in the 50 paleodistribution maps. 
See Figure  1 for details about the demographic scenarios. 
h – haplotype diversity; π – nucleotide diversity.

Models
AICw P ENM

h π  h π  %
Stability 0.031 0.015 0.072 0.396 28
Expansion 0.005 0.079 0.004 0.753 30
Retraction 0.327 0.293 0.949 0.999 42
Multiple refugia 0.637 0.613 0.994 0.998 -
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Figure 3. Maps of mean climatic suitability (a) and standard deviation of predictions (b) across the 10 ENMs, 5 AOGCMs used for 
paleodistribution modeling, and (c) map of historical refugium (climatic suitability > 0.5 at the LGM, mid-Holocene and present) for 
Caryocar brasiliense.
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the present study reinforces the idea that phylogeographical 
analyses coupling ecological niche modeling and coalescent 
simulations provide a more powerful framework for 
evaluating alternative hypotheses and to disentangle the 
mechanisms involved in the species evolutionary history.
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