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Abstract Complex and integrative approaches may be
necessary to understand the abundant-centre model and
the patterns in genetic diversity that may be explained by
this model. Here we developed an integrated framework to
study spatial patterns in genetic diversity within local
populations, coupling genetic data, niche modelling and
landscape genetics, and applied this framework to evaluate
population structure of Caryocar brasiliense, an endemic
tree from the Brazilian Cerrado. We showed different
geographical patterns for genetic diversity, allelic richness
and inbreeding levels, estimated using microsatellite data
for ten local populations. Ecological suitability was
estimating by combining five niche modelling techniques.
Genetic diversity tend to follow a central-periphery model
and is associated with ecological variables. On the other
hand, inbreeding levels may be alternatively explained by
isolation processes and habitat fragmentation more related
to intense recent human occupation in the southern border
of the biome, or by deeper historical patterns in the origin
of the populations. Although still suffering from some of
the problems of central-periphery analysis (small number of
local populations), our analyses show how these patterns

can be better investigated and offering a better understand-
ing of the processes structuring genetic diversity within
species’ geographic ranges.
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Introduction

In a macroecological context, the analysis of range edges
has been usually developed in a comparative way, trying to
understand how ecological and microevolutionary mecha-
nisms drive populations situated inside the extent of
occurrence of a species and how they vary towards their
edges (Brown 1984; Gaston 2003). Different empirical data
on demographic and genetic parameters (e.g., population
density, growth rates, survival and genetic diversity),
obtained in a geographical framework, are usually com-
pared with expectations from theoretical models to infer
which ecological and microevolutionary processes explain
why species have limited ranges (Holt and Keit 2005).

There are many hypotheses to explain the dynamics of
range edges; many of them involving some loss of adaptive
or neutral genetic variation in peripheral populations (see
Gaston 2003 for a review). The starting point of most of
these mechanistic hypotheses is the abundant-centre model,
a pattern described since early 1920s and that predicts a
peak of abundance in the geographic centre of populations
(Soulé 1973; Hoffman and Blows 1994; Sagarin and
Gaines 2002). Under this hypothesis, it is expected that
peripheral populations, because of their reduced effective
population size, suffer loss of genetic variation due to drift
and inbreeding, which can in turn reduce individual fitness
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and population adaptability, causing, then, lower reproduc-
tion and higher mortality rates and, in the end, even smaller
populations and extinction (the extinction vortex explana-
tion) (Fig. 1a). If intensity of these processes is geograph-
ically structured towards range edges, there will be some
equilibrium level which will limit species’ extent of
occurrence. At the same time, adaptive processes that could
increase population sizes in the range edges would be
hindered by asymmetric gene flow from centre to edges
(Kirkpatrick and Barton 1997; Lenormand 2002; Alleaume-
Benharira et al. 2006).

Although many papers showed a decline in genetic
diversity towards range edges, as expected under the
abundant-centre hypothesis (see Eckert et al. 2008 for a
recent review), the generality of this model has been
doubted based on empirical data and theoretical concepts

(Maurer 1994; Sagarin and Gaines 2002; Sagarin et al.
2006). If a species does not possess a simple abundance
peak in the geographical centre of its range, but instead has
multiple abundance peaks determined by environmental
conditions (Maurer 1994), then the basic assumption of
genetic explanations does not hold and other mechanisms
must be involved to explain the loss of genetic diversity.
However, the overall reasoning of the abundant-centre
hypothesis would still hold if there is a correlation between
genetic diversity and relative position of local populations
in niche space. The idea is that, although the largest
populations (with higher genetic diversity, lower inbreeding
rates and more connected to adjacent populations by gene
flow) are not in the centre of the geographic distribution,
they may exist in regions of high environmental suitability,
and thus genetic parameters would track these more
complex demographic patterns (Fig. 1b). In this case, the
non-centrality of highly dense populations would generate a
more complex pattern of genetic variation due to a different
balance between processes driven by abundance (e.g.,
inbreeding and genetic drift) and asymmetric dispersal.
Finally, in an explicit landscape genetics context (see Manel
et al. 2003; Holderegger and Wagner, 2006), even central
populations, both in geographical centre and in niche
centre, can be affected by habitat loss and fragmentation
and thus their genetic diversity or inbreeding levels are not
within the expected values based on simple range-wide
demographic processes (Fig. 1c).

Empirical analyses of these patterns (and consequently
the choice among these alternative explanatory mecha-
nisms) suffer from several problems. For instance, as an
implicit shortfall of the macroecological research
programme (e.g., Gaston and Blackburn 2000), it is
operationally difficult to obtain detailed population param-
eters at broad geographic scales, so that comparisons of
central and peripheral populations are usually based on
small data sets, and worst of all, they usually do not
encompass the entire extent of occurrence of a species
(Eckert et al. 2008). Moreover, despite the currently wide
use of molecular markers to estimate genetic variation at
different geographical scales and originated from different
evolutionary processes (see Diniz-Filho et al. 2008a for a
recent review), it is still difficult to match these data with
ecological parameters at broad scales. Also, despite many
papers testing the simple relationship between genetic
diversity and the geographical position of the populations,
where we could expect that peripheral populations exhibit
lower genetic diversity and higher genetic differentiation
than central populations, only a few explicitly tested
alternative mechanisms leading to such patterns (such as
colonisation history and human effects) by integrating
genetic and demographic in both ecological and historical
(phylogeographical) frameworks (Eckert et al. 2008).

Fig. 1 Theoretical relationship between genetic and demographic
parameters, such as ecological suitability (solid line) and genetic
diversity (dashed line), in geographical space. In a classical central-
periphery model (a), the low ecological suitability in the extremes of
geographic distribution, expressed here across a single dimension,
generates a reduction in genetic diversity (and, inversely, an increase
in inbreeding). However, if ecological suitability has a more complex
geographical pattern (b), the genetic variation can also track this
pattern but does not generate central–peripheral pattern, even though
the mechanistic basis would be similar. Finally, these patterns can be
disrupted by human occupation increasing habitat loss and fragmen-
tation (c), so even in a region with high ecological suitability, genetic
diversity could be low due to these effects
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Here we developed an integrated framework to evaluate
geographic patterns of genetic variability within local popu-
lation and test the central–peripheral models. We applied this
framework to evaluate patterns and processes involved in
population structure of Caryocar brasiliense Camb. (Caryo-
caraceae), an abundant and widely distributed endemic tree
from Brazilian Cerrado (Ratter et al. 2003; Walter and
Guarino 2006). First, we showed that geographical patterns
in different population genetic parameters (expected and
observed heterozygosity, allelic richness and inbreeding
levels) can furnish insights about processes involved in
central–peripheral patterns. We then showed how these
genetic data can be directly linked to estimates of ecological
suitability based on niche modelling approaches, to demo-
graphic population structure (age-structure) and to surrogate
variables of isolation and habitat fragmentation processes
caused by human occupation in the biome. Previous links
between species’ distribution models and molecular data
have been performed in the context of phylogeographical
inference (e.g., Kidd and Ritchie 2006; Knowles et al. 2007;
Jakob et al. 2007), but to our knowledge this is the first time

that niche models are used as macroecological surrogates of
abundance and related to geographical genetic patterns.
Although still suffering from some of the problems men-
tioned above (mainly the small number of local populations),
our analyses show how central–peripheral population pat-
terns can be investigated, offering a better understanding of
the processes limiting species' geographic ranges.

Material and methods

Genetic data and analyses

Our basic data consist of molecular genetic data for ten
local populations of C. brasiliense, an abundant and widely
distributed tree species which is endemic to the savannah
region (the “Cerrado”) in Central Brazil (Ratter et al. 2003).
Although there is a relatively small number of local
populations for which genetic data is available, these
populations are widely distributed in the biome (Fig. 2;
see Collevatti et al. 2001 for sampling details).

Fig. 2 Modelled geographic distribution of Caryocar brasiliense,
shown as the average probability of occurrence from five distinct
modelling techniques (BIOCLIM, Euclidian and Mahalanobis Distan-

ces, GARP and MAXENT), and the ten local populations for which
genetic data are available from Collevatti et al. (2001, 2003). Darker
regions indicate more overlap of models and more ecological suitability
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A detailed description of genetic data can be obtained
from Collevatti et al. (1999, 2001). In short, ten loci
obtained from nuclear microsatellite markers, with number
of alleles per locus ranging from 20 to 27, were used to
genetically characterise 314 individuals of C. brasiliense.
Sample sizes within local populations ranged from 30 to 41,
so that estimates of genetic parameters for each local
population are probably not biassed by small samples sizes.
Data from chloroplast (cpDNA) sequences and micro-
satellites were used to describe phylogeographical history
of the populations (Collevatti et al. 2003; see below). Our
analyses are based mainly on three different genetic
parameters estimated from nuclear genetic data within each
local population. First, the expected heterozygosity (He) is
given by

He ¼ 1�
X

p2i

where pi is the frequency of alleles across all loci. Then, He

is a measure of genetic diversity that takes into account
both frequency and richness of alleles within local
populations, whereas the observed heterozygosity (Ho) is
given by the frequency of heterozygotes in the populations.
By comparing the He and Ho, it is possible to define the
inbreeding level of a local population, usually referred as
FIS, in a hierarchical context of population structure, on
simply f, which is given by

f ¼ He � Hoð Þ=Ho

so that high f-values indicate an excess of homozygous
genotypes in populations, higher than expected by random
combination of alleles (Hardy–Weinberg equilibrium). High
f-values are expected in small populations due to non-
random mating even in large populations (Ginzburg and
Golenberg 1985; Avise 2004).

Analyses of genetic structure of central–peripheral pop-
ulations also emphasise that, in range edges, isolation will
create more divergence among populations because drift
within each population (due to their low local abundances)
will drive them into different “directions” in genetic space
(Eckert et al. 2008). So, we also measured genetic divergence
among populations and expressed them in a pairwise matrix
of FST values, estimated by ϕP from an analysis of molecular
variance (Excoffier et al. 1992), taking into account allele
size (Slatkin’s RST statistics) and evaluated geographical
patterns using simple techniques of matrix correspondence
(Manly 1985; Legendre and Legendre 1998; see below).

A pairwise matrix of FST values was also obtained using
haplotypes from microsatellites of the cpDNA (see Collevatti
et al. 2003). Because cpDNA is uni-parentally inherited,
these markers can provide a useful estimate of historical, or
genealogical, relationships among local populations and help
to disentangle historical and recent processes driving genetic

divergence. The first eigenvector of this matrix (Diniz-Filho
et al. 1998, 1999) was used as a predictor of “historical”
components driving geographical and central–peripheral
patterns within populations.

Ecological data

For each of the ten populations, Collevatti et al. (2001) also
provided some ecological data that can help the under-
standing of processes underlying genetic variation within
populations. An estimate of the percentage of juveniles (J)
in the areas sampled was obtained by counting the
proportion of individuals with less than 10 cm circumfer-
ence at 30 cm above the ground. A low value of J may
suggest then recruitment failures or high juvenile mortality,
both of them leading to low intrinsic growth rates and local
abundances. At the same time, this variable may also
indicate a time-lag in microevolutionary and ecological
processes inferred, since in local populations with low J the
genetic parameters are being estimated for old individual
trees, reflecting past events not necessarily still affecting the
current populations.

We also searched in the literature for occurrence records of
C. brasiliense (compilated from many papers and from the
online database available in the “Centro de Referência em
Informação Ambiental”—CRIA; http://www.cria.org.br/) and
used five different niche models (or species distribution
models—SDM) based on presence-only data (Tsoar et al.
2007). Species’ potential geographic distribution was mod-
elled using BIOCLIM in DIVA-GIS (Hijmans et al. 2005),
Euclidian and Mahalanobis Distances (Farber and Kadmon
2003), GARP (Stockwell and Peterson 2002) and MAXENT
(Phillips et al. 2006, Phillips and Dudík 2008) (see also
Segurado and Araújo 2004; Elith et al. 2006; Tsoar et al.
2007 for comparative evaluations of the performance of
SDM techniques). A total of 130 records (occurrence points)
were used in the modelling process, which was based on
seven environmental variables (altitude, annual mean tem-
perature, maximum temperature of warmest month, mean
temperature of wettest quarter, annual precipitation, precipi-
tation of warmest quarter and precipitation of coldest quarter)
derived from the WORLDCLIM (http://www.worldclim.org/)
and converted to a grid resolution of 0.0417 degrees.

The quantitative variables produced as output of the
different SDMs (e.g., the output of Maxent, the number of
models that predict occurrence in a given cell using GARP
or the inverse of the Euclidean/Mahalanobis distances) was
standardised to vary between 0 and 1 throughout the
domain and can be considered as at least monotonically
related to ecological “suitability” of local populations under
the niche model that underlies all these methods (Anderson
and Martinez-Meyer 2004; Peterson 2001; Phillips et al.
2006; Araújo and Guisan 2006). Thus, we defined the
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ecological suitability S of each local population from
Collevatti et al. (2001) as the average value of occurrence
provided by each model, weighted and un-weighted by the
performance of each model estimated using the area under
the curve (AUC) from a receiver operator curve (ROC)
analysis (Luoto et al. 2005; but see Lobo et al. 2008).
Under the idea of ensemble forecasting (Araújo and New
2007), the distribution of C. brasiliense can be conserva-
tively defined as encompassing all cells where all models
suggested probabilities of occurrence higher than the
threshold established by the ROC curve of each model.

Human occupation data at landscape level

Human occupation can be also important in altering isolation
patterns among local populations (Manel et al. 2003;
Holderegger and Wagner 2006). Thus, we used two metrics
of habitat loss and fragmentation (a growing problem in
Brazilian Cerrado, see Klink and Machado 2005) to
evaluate the potential effects of human pressure on the
observed patterns of genetic variation within local popula-
tions. First, we recorded the value of the “Human Footprint”
(HF) in each locality, obtained from the map generated by
Sanderson et al. (2002), which combined global records of
population density, land use, access to humans (roads,
rivers, etc) and electrical power infrastructure to create this
map, at a resolution of 1 km2 (data available at: http://www.
ciesin.columbia.edu/wild_areas/) (accessed May 2007).

We also used, as a surrogate of human impacts, a
regional estimate the amount of habitat remnants (R)
surrounding each local population. Data on habitat loss
were derived from the Cerrado Remnant Vegetation Map,
recently released within the scope of the Brazilian Ministry
of the Environment Biodiversity Programme (Brazilian
Ministry of Environment (MMA), Conservation and Sus-
tainable Use of Brazilian Biodiversity Project (PROBIO),
which is freely available at <http://mapas.mma.gov.br/
mapas/aplic/probio/datadownload>). This map, comprising
both a wide range of remnant physiognomies and converted
areas, was produced at the 1:250,000 scale, relying on
unsupervised classification (image segmentation) and visual
interpretation of 114 Landsat scenes from 2002 (mostly
from August, September and October), analysis of MODIS
vegetation index temporal datasets, ancillary landscape
information from the former RadamBrasil project and
ground truth (see Sano et al. 2008 for details). As continued
validation initiatives have demonstrated, this map repre-
sents the most detailed knowledge of the biome’s remaining
vegetation and human-induced changes currently available.
For this particular study, only the remnant physiognomies,
grouped into a single remnant class, were considered. As
continued validation initiatives have demonstrated, this map
represents the most detailed knowledge of the biome’s

remnant vegetation and human-induced changes currently
available. The value of R was the calculated proportion of
natural remnants around each point, using a grid of 1o of
latitude and longitude (about 100,000 km2) covering the
Brazilian Cerrado (Diniz-Filho et al. 2006).

Data analysis

Central–peripheral patterns were tested, for all variables
analysed here, by comparing the improvement of the
coefficient of determination (R2) of a quadratic trend
surface analysis (TSA; a parabolic pattern) in respect to a
simpler linear trend surface analysis (modelling a north–
south or east–west linear trend), based on the statistical
significance of partial regression slopes of the quadratic
polynomial expansion. The Akaike information criterion
(AIC) was not used here because its penalty term, which is
a function of the number of estimated parameters, is very
stringent when small sample sizes are used and makes the
evaluation of improvement very sensitive to model defini-
tion (i.e., choice of which quadratic terms are added to the
model). Although the better fit of a quadratic TSA does not
necessarily ensure complete symmetry of central–peripheral
variation, it shows that at least there is a non-linear trend
towards the borders. Because of low statistical power and
over-parameterization in the quadratic trend surface models,
we also performed another test of central–peripheral
patterns in genetic and ecological data by computing the
correlation between each variable and the geographic
distance of the populations to the centre of the Cerrado
biome (which largely coincides with the centre of distribu-
tion of C. brasiliense).

Relative divergences among central populations and
among peripheral populations were compared with a t-test
on the RST values (see Eckert et al. 2008). To some extent,
we arbitrarily defined central populations as those for which
there is at least one population between it and the range
edge, along a Gabriel network (Legendre and Legendre
1998; Fig. 1). However, RST values were spatially patterned
(see “Results”) and therefore, they cannot be considered
independent within these categories. We tested the spatial
dependence of RST values with a Mantel test of matrix
correlation (Manly 1985; Legendre and Legendre 1998; see
also Collevatti et al. 2001), and the statistical significance
of the resultant correlation was determined by a Monte
Carlo procedure with 999 permutations. Thus, to correct for
differences in distances among populations (by definition
larger between pairs of peripheral populations than between
pairs of central populations) we performed an analysis of
covariance (ANCOVA) (Sokal and Rohlf 1995), comparing
RST within categories (pairs of central and peripheral
populations), while keeping the pairwise geographical
distances statistically constant.
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We used simple and multiple ordinary least-squares
(OLS) regression models to relate genetic parameters to
explanatory variables (Legendre and Legendre 1998).
Residuals were checked for spatial autocorrelation using
Moran’s I correlograms and their statistical significance was
tested with 1,000 random permutations (Diniz-Filho et al.
2003; Diniz-Filho and Telles 2002). Presence of significant
autocorrelation in OLS residuals inflate Type I errors and
therefore, conclusions derived from null-hypothesis signif-
icance tests may be misleading (Hawkins et al. 2007).
Recently, some of us also found that even model selection
procedures based on AIC are also subject to potential flaws
(Diniz-Filho et al. 2008b). Because of high multicollinear-
ity among explanatory variables and the low statistical
power, we modelled the genetic variables (He, A and F)
using different OLS models, separating the four explanato-
ry variables into two sets: first, the “ecological” effects
were indicated by the variables J and S, and, second, the
effects of human occupation were expressed by R and HF.
We then used a partial regression approach to decouple the
effects of human occupation and ecological variables in the
genetic variability, based on adjusted R2 (see Legendre and
Legendre 1998). All regression and autocorrelation analy-
ses were performed in SAM 3.0 (Rangel et al. 2006), freely
available at www.ecoevol.ufg.br/sam.

Results

Central–peripheral patterns in genetic and ecological data

Out of the three local genetic parameters estimated, only He

showed a clear central–peripheral pattern according to the
improvement in the quadratic TSA model, with a gain in
coefficient of determination (ΔR2) equal to 0.509 (Table 1).
The negative correlation between He and distance from the
centre of the biome is not statistically significant, but it
indicates that higher values of He are found in central
populations, with very low values in south and west edges

(Fig. 3a). No clear pattern is observed for A and, indeed, the
explanatory power of both linear and quadratic models is
low (Table 1), although reduction of values toward the west
appears in the map (Fig. 3b). The pattern in f, on the other
hand, is much better described by a north–south cline than
by a central–peripheral pattern, and higher inbreeding was
found in populations more distant from the centre of the
biome in the southern border (Fig. 3c). Thus, peripheral
populations tend to have lower diversity and, simultaneously,
higher levels of inbreeding are found in the southern border of
the geographic range. The first eigenvector of the cpDNA FST
matrix, expressing “genealogical” connections between
populations, was not correlated with the distance from the
geographic centre of the Cerrado (r=0.301; P=0.402),
showing thus no central-periphery pattern. There is a strong
quadratic trend (R2=0.934, improved over the linear model
with R2 of 0.541), and also positively correlated with
inbreeding values f (0.624; P=0.054) (see below).

The average RST among central populations (RST=0.164±
0.082 SD) and among peripheral populations (RST=0.305±
0.218 SD) were not statistically significant (t=1.91; P=0.08).
Difference between variances was, however, highly signifi-
cant and much larger in the periphery than in the centre (P≪
0.001). Since a significant spatial pattern in RST is observed
(Mantel’s r=0.518; P=0.032), this can explain pairwise
differences in RST among central and among peripheral
populations. Indeed, after taking geographic distances among
local populations into account (ANCOVA), the difference
was even lower (adjusted mean difference in RST between
peripheral and central population=0.07). Historical diver-
gence expressed by pairwise FST from cpDNA is not
correlated with population divergence in nuclear markers
measured by RST (Mantel’s r=0.0154; P=0.496)

The values of ecological suitability derived from all
niche modelling techniques do not showed a clear central–
peripheral pattern, although the improvement in quadratic
TSA fit is relatively high due to a non-linear increase in
suitable areas towards southeastern region of Cerrado
(Table 1). Indeed, the correlation with distance from the

Variable r(centre) adj. R2 (linear) adj. R2 (quadratic) ΔR2

Genetic

He −0.466 0.477 0.986 0.509**

A −0.223 0.179 0.007 −0.172
f 0.589 0.441 0.622 0.181

Ecological

S −0.055 0.741 0.924 0.183*

J −0.559 0.432 0.894 0.462*

Human occupation

HF 0.492 0.583 0.444 −0.139
R −0.714 0.807 0.804 −0.003

Table 1 Analysis of spatial pat-
terns in genetic, ecological and
human occupation variables, in-
cluding linear correlation with
distance from the centre of the
biome (r(centre)) and adjusted
R2 from linear and quadratic
trend surface models

The improvement in quadratic
model (ΔR2 ) indicates a non-
linear pattern and was tested by
the statistical significance of
partial regression of polynomial
terms

*P<0.05; **P<0.01
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centre of the biome is close to zero (Fig. 1). All distribution
models possessed high fit according to the AUC criterion (i.e.,
AUC>0.9 for all five methods), so that using the AUC
weighted average probability of occurrence to express

ecological suitability did not qualitatively change these
interpretations.

On the other hand, the frequency of juveniles J shows a
relatively high correlation with distance to centre (r=−0.56;
P=0.098), and there was a significant gain in the adjusted
R2 by extending the linear model to a quadratic model
(ΔR2=0.462), reflecting a centre–periphery pattern in
which central populations have more juveniles than
peripheral populations.

Human footprint (HF) and percentage of remnants (R)
did not show clear central–peripheral patterns when
evaluated isolated. Instead, north–south and east–west
linear gradients are, respectively, observed (Table 1). HF
tends to increase towards the west portion of the biome,
whereas there is a north–south gradient in the percentage of
remnants. Indeed, there is a significant negative correlation
between R and distance from the centre of the biome (r=
−0.714; P=0.024), mainly driven by high fragmentation in
the southern border of Cerrado due to increase economical
activities in this region (see Rangel et al. 2006). Thus, there
is a central–peripheral pattern of overall human occupation
in the biome, expressed by a combination of north–south
and east–west gradients in the two variables analysed.

Quantifying the effects of ecological suitability and human
occupation variables on population genetics

In general, average number of alleles per locus (A) was not
well explained by the ecological and human occupation
variables, with R2 values lower than 0.1. For both He and f,
the effects of human occupation were higher than the
effects of ecological variables (Table 2), but with different
relative magnitudes. Partial regression results indicated that
almost 46% of the variation in f can be explained by effects
of human occupation alone, whereas for He the effects of
human occupation and ecological variables overlap to a
great extent (Table 2). There is no residual autocorrelation
in these models, according to Moran’s I for the first
distance class (about 150 km).

The first eigenvector extracted from the cpDNA FST

matrix has only a minor individual effect on He and A,
much smaller than those observed for ecological factors and
human occupation (correlations lower than 0.25 in both
cases). However, there is a relatively high correlation
between the first eigenvector and the inbreeding levels (f)

R2(full) R2(ecology) R2(humans) Ecology Overlap Humans

Partials

He 0.318 0.201 0.284 0.034 0.167 0.117

A 0.098 0.009 0.081 0.017 −0.008 0.089

f 0.643 0.186 0.496 0.147 0.039 0.457

Table 2 Partial regression anal-
ysis of ecological and human
occupation effects on within-
population genetic variation (as
measured by He, A and f) as a
function of geographical
patterns

Fig. 3 Geographical patterns of genetic parameters estimated within
populations, He (a), A (b) and f (c), overlapping the potential
distribution of Caryocar brasiliense
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(r=0.625; P=0.054). After allowing for the effects of
variables expressing human occupation and ecological
conditions, however, the relationship between the first
eigenvector and f was cancelled out (P=0.074).

Discussion

Our analyses reveal some central–peripheral patterns in
within-population genetic diversity of C. brasiliense in the
Cerrado region of Central Brazil, despite the small number
of local populations analysed. However, the complex
correlation patterns found between different genetic esti-
mates with ecological and human impact variables indicate
that it may be difficult to disentangle the processes involved
in the origin and maintenance of these patterns and they do
not corroborate that these patterns arise under simple
abundant-centre models.

Indeed, due to the predominance of studies focusing on
the northern limit of species in the temperate zone (see
Eckert et al. 2008), it has been difficult to disentangle the
effects of historical processes of colonisation, related to
glaciation cycles in the extreme northern hemisphere, from
the influences of current processes of recent population
isolation and small effective population size (e.g., Howes
and Lougheed 2008). In our study system, although we
cannot rule out the effects of Pleistocene climate change
related to glacial refugia (see below), these effects were
quite probably much smaller than those in temperate
regions. Our analyses in the middle of the tropical region
thus support central–peripheral patterns in some genetic
parameters that may be related to variation in demographic
parameters and to human effects in the southern border of
the species’ distribution.

First of all, to corroborate the classical central–peripheral
model based on the abundant-centre model it would be
important to demonstrate a progressive decline in abun-
dance and an increase in the level of geographical isolation
from central regions towards the range limits of the species
of interest. Although we do not have data on abundance, we
assessed, based on geographic occurrences of local pop-
ulations, if peripheral populations were located in less
“suitable” regions of the niche space (Anderson and
Martinez-Meyer 2004). This variable can be a macro-
ecological surrogate for abundances and, at the same time,
can ensure that the logic underlying the abundant-centre
model could be applied even if more complex spatial
patterns in abundance are found in nature (because high
genetic diversity could appear in the centre of ecological
space, even when this does not coincide with species’ range
geographical centre). Even so, small populations may still
occur in regions with relatively high ecological suitability
due to factors creating non-equilibrium between distribu-

tion and climate and thus unrelated to environmental niche
such as, for instance, lack of dispersion, biotic interactions
and human-induced effects, which would also affect other
demographic processes (Holt and Keit 2005; Araújo and
Pearson 2005). In our analyses, however, we did not find a
clear central–peripheral pattern in the ecological suitability
for the populations analysed, based on multiple niche
models, which suggest that more complex processes may
be involved in the origin of central-periphery pattern in
genetic variability, beyond a simple abundant-centre model
(both in ecological and geographical spaces).

How can these findings be linked to central–peripheral
patterns and clines observed for different metrics used to
express within-population genetic variability? Although
differences between geographical patterns found for He, A
and f have been usually explained in “statistical” terms (see
Eckert et al. 2008), we believe that they are ecologically
and genetically interpretable. Mainly for He, there is a
relatively clear central–peripheral pattern, but this is not
well explained neither by ecological or human impact
factors (the full R2 is around 30%). Due to the relatively
short time for population differentiation and long life cycle
of the species (Collevatti et al. 2001), it is more likely that
patterns appear in He, indicating that reduction in genetic
diversity would occur mainly in the quantitative component
(i.e., dominance) of one allele over the others, so that
patterns observed would be “transitory” in time. Indeed, low
He values are found in peripheral populations, mainly at
south and west range edges, probably as a result of genetic
drift due to isolation-by-distance and reduction in population
effective size (which may be at least in part independent of
current habitat suitability, at least as expected by niche
models used here). At the same time, Mantel tests and
ANCOVA show that diversity among the peripheral pop-
ulations is not larger than among central ones. This
reinforces the short time for divergence, since although there
is a reduction in He in each population in the periphery, the
time was not enough to generate more difference among
them than expected by their geographic distances, following
then an isolation-by-distance process in genetic similarity.

The percentage of juveniles (J) of C. brasiliense shows a
much clearer central–peripheral pattern than ecological
suitability and this could be in principle also associated
with genetic diversity by different mechanisms (see Lönn
and Prentice 2002). At least, our analyses show (Table 2)
that there is a shared geographic effect between ecological
(mainly J) and genetic diversity, and He is the genetic
parameter with highest (although not statistically signifi-
cant) correlation with J. This association may be generated
by assuming that low values of J indicate failure in
recruitment and thus population might be experiencing
population reduction. The association could also indicate
much recent “time-lag” effects, since genetic parameters
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estimated in a population with low J are actually reflecting
processes that happened in previous generations, which in
the case or large trees such as “pequi” can be 50 years ago.
This is before the intensification of human occupation in
the Cerrado, and in this case we expect that genetic
parameters in populations with low J are not reflecting,
for example, recent human impacts on abundance and
isolation. However, we observed that there may be a
negative correlation J and human footprint (r=−0.602; P=
0.065), so that populations with more young individuals are
found in regions with low human impacts and this may
suggest that the first demographic explanation above (not
simple time-lag effects) are more likely.

On the other hand, a much clearer pattern is observed for
f, forming a strong north–south clinal. Although there is a
relatively high correlation between f and distance from the
centre of the biome, these f-values are much higher in the
southern edge of the biome (see Fig. 2). This geographical
pattern can be explained by different (but not mutually
exclusive) mechanisms and they are supported by different
correlations found here. Of course, it is difficult to
disentangle direct causal links based on these observational
data, but a more likely scenario can be possibly built-up.

First, by considering what is known about recent
occupation in Cerrado (Klink and Moreira 2002; Klink
and Machado 2005) and the partial central–peripheral
patterns observed for human occupation, it is possible to
infer, in a landscape genetics context, that peripheral
populations of C. brasiliense in the southern border of the
biome would have higher levels of inbreeding due to
isolation and reduction in abundance caused by human
occupation driving habitat loss and fragmentation (see
Telles et al. 2007; Soares et al. 2008). It is particularly
difficult to decouple effects of drift and inbreeding because
the two processes are linked to a common factor (reduction
in effective population size) and because human occupation
creates not necessarily reductions in population abundance.
C. brasiliense is a tree used by humans for several
purposes, so these trees are preserved in agricultural fields
or pastures because their fruits are much appreciated and
because they provide shadows for the herd. Thus, except
under broad-scale deforestation processes that indeed
occurred in the southern part of the biome, these trees are
preserved in human occupied landscapes. At small scales,
habitat loss may even improve the gene flow for tree species
that are maintained in an area, but this may be quite
problematic at larger geographical scales because connection
among local populations will depend mainly on rare long-
distance dispersal events. Under this reasoning, the north–
south clines observed in f and better explained by human
occupation make even more sense. Also, due to extensive
human occupation, J may be also affected and amplify the
patterns observed in the southern border of the biome.

Alternatively, it is possible to consider that patterns in f
and genetic diversity are also related to historical processes,
which could also explain the relationship between f and the
first eigenvector from cpDNA distances. C. brasiliense is
endemic to the Cerrado vegetation type, despite its wide
geographic distribution in Central South America. Thus, the
delimitation of its spatial edges must be necessarily linked
with definitions of habitat and ecological requirements at
the biome level. This is usually attributed to environmental
components, such as seasonal precipitation, fire regime, soil
fertility and drainage, as well as historical fluctuations due
to climate changes (Oliveira-Filho and Ratter 2002; Ledru
2002). Because of the intrinsic association between a
species’ range and the ecological characteristics at the
biome level, it is expected that part of the genetic variation
could be explained by shifts at these scales and would be
linked with Pleistocene climate fluctuations that affected
the limits of Cerrado, Amazon and Atlantic forest in the last
10,000 years (see Toledo and Bush 2007; Caetano et al.
2008). Although these fluctuations can help understand
phylogeographic patterns within the species and eventually
its origin from other species (probably in the Amazonian
region), they are probably not strongly related to clinal and
central–peripheral patterns discussed here. For instance,
populations in the southern border, in São Paulo state,
would be formed by populations from different parts of the
centre of the species’ distribution, in Goiás and Mato
Grosso (Collevatti et al. 2003). Thus, current populations in
the southern border of the biome would have an even lower
level of inbreeding, as they are composed by lineages from
different and more central populations. This explains why
the effect of the first eigenvector of cpDNA similarity
matrix is cancelled out after taking human occupation into
account, reinforcing the role of isolation.

By coupling demographic data, niche modelling and
processes of human occupation, we were able to build a
coherent scenario explaining how different genetic parameters
vary from central towards peripheral local populations. Thus,
our analyses suggests that isolation-by-distance induced by
human effects, and the consequent increase in inbreeding
levels, are beginning to affect the genetic variability within
local populations at the southern border of the biome. In
general, all these processes accentuate the central–marginal
patterns and, at the same time, create directional patterns in
genetic variability. This can trigger a contraction of geograph-
ic range, which will have unknown long-term consequences
for the conservation of this species in the future.
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