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Abstract In this paper random amplified polymor-

phic DNA (RAPD) was used to evaluate the degree

of among-population differentiation and associated

spatial patterns of genetic divergence for Dipteryx

alata Vogel populations from Cerrado region of

central Brazil, furnishing support for future programs

of conservation of this species. We analyzed patterns

of genetic and spatial population structure using 45

RAPD loci scored for 309 trees, sampled from five

different regions with two populations each. Genetic

structure analysis suggested that panmixia null

hypothesis can be rejected, with significant among-

population components of 15%. Hierarchical parti-

tion by Analysis of Molecular Variance (AMOVA)

shows that 5% of genetic variation is within regions,

whereas 10% of variation is among regions, and

these results were confirmed by a Bayesian analyses

on HICKORY. The Mantel correlogram revealed

that this divergence is spatially structured, so that

local populations situated at short geographic dis-

tances could not be considered independent units for

conservation and management. However, genetic

discontinuities among populations were found in the

northwest and southeast parts of the study area,

corresponding to regions of recent socio-economic

expansion and high population density, respectively.

Taking both geographic distances and genetic dis-

continuities into account it is possible to establish a

group of population to be conserved, covering most

of D. alata geographic distribution and congruent

with previously established priority areas for con-

servation in the Cerrado region.
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Introduction

The recent advances in using molecular markers allows

a better understanding of microevolutionary processes

generating population differentiation in space and

time, which in turn can be of great value to conserva-

tion efforts (Newton et al. 1999; Crandall et al. 2000;

Hedrick 2001; Anne 2006). Despite difficulties in dis-

tinguishing processes of population differentiation,

they sometimes generate similar spatial patterns of

intraspecific genetic similarity and can be used by

conservation geneticists to establish evolutionary sig-

nificant units (ESU), management units (MU) or

operational units (OU) (Moritz 1994; Avise and

Hamrick 1996; Avise 2000; Diniz-Filho and Telles
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2002, 2006; Telles et al. 2006). Despite some dis-

agreements about these concepts and the empirical

recognition of these units (Paetkau 1999; Newton et al.

1999; Crandall et al. 2000; Fraser and Bernatchez 2001;

Telles et al. 2003a), it is now clear that the analysis of

population structure is important to establish conser-

vation and management programs to better assess

genetic diversity (Gurdebeke et al. 2003).

Landscape genetics is a new discipline, which aims

to provide information on how landscape and envi-

ronmental features influence population genetic

structure (Manel et al. 2003; Pearse and Crandall

2004, Guillot et al. 2005; Sork and Smouse 2006; Kidd

and Ritchie 2006). The first step is the analysis of

spatial patterns of genetic variation and the detection

of genetic discontinuities among local populations,

which could be associated to landscape level features,

especially those related to recent human occupation

(see Manel et al. 2003). For example, it is well known

that habitat fragmentation, loss or conversion, gener-

ated by different types of human activities, can

decrease levels of gene flow, and reduce effective

population sizes of a species in a region (Fahring

2003). Consequently, there will be an increase in the

genetic divergence between these more isolated pop-

ulations in the regions (despite they are close in

geographic space) (e.g., Collevatti et al. 2003). Thus,

landscape level effects caused by human habitat con-

version must be analyzed simultaneously with ‘‘natu-

ral’’ processes of genetic divergence, such as isolation-

by-distance (Epperson 2003).

The Cerrado biome is one of the richest savanna

biomes in the world and harbors an immense floral and

faunal diversity (Ratter et al. 1997). Plant endemism is

very high, estimated at as high as 4,400 species of

higher plants by Myers et al. (2000), who ranked the

Brazilian Cerrado among the 25 global biodiversity

‘‘hotspots’’ conservation. This is also due to high levels

of habitat conversion, since about 40% of the original

Cerrado biome area has been converted to ‘‘anthropic

landscape.’’ Thus, there is urgent need for implemen-

tation of conservation plans based on best possible

available information on biodiversity patterns (Klink

and Moreira 2002; Oliveira-Filho and Ratter 2002;

Klink and Machado 2005).

Many of the plant species found in the Cerrado re-

gion possess a strong economic importance and have

been utilized unsustainably by local human popula-

tions, adding a strong exploitation component that has

accelerated loss of genetic diversity by habitat

destruction. The main problem for conservation and

management of these plant populations in the Cerrado

is that many life history and demographic traits that

regulate population density are correlated with pat-

terns of genetic population structure, such as degree of

among population differentiation and within popula-

tion fixation indexes (inbreeding) (Hamrick et al. 1979;

Hamrick and Godt 1990; Geburek 1997). Both unsus-

tainable exploitation and habitat loss can quickly

change population structure and, consequently, may

cause reduction in genetic diversity. These local pop-

ulations can then be driven to extinction in near future,

so it is now imperative to better understand patterns of

population structure.

Thus, understanding patterns of genetic variation

within and among local populations may be critical to

establish conservation programs and to plan sustain-

able exploitation activities in natural plant populations.

A better planned management of wild populations is

also important because there are still many difficulties

in the domestication and cultivation of many Cerrado

species, due to their long life cycles, low germination

rates in artificial conditions, low initial productivity and

high-variable fruit quality (Almeida et al. 1987; Fons-

eca and Muniz 1992; Borém 1998).

Among Cerrado plants with a wide potential of

exploitation, we can highlight Dipteryx alata, the ‘‘ba-

rueiro.’’ This species is a native fruit plant of the family

Fabaceae, widely distributed in the Cerrado biome,

mainly in the dense savannic formations (strict sensu

‘‘Cerrados’’ and the ‘‘Cerradões’’) and in the dry for-

ests. It is the only species of Dipteryx in the Cerrado,

despite other species of the genus occur in the Amazon

forests (Ribeiro et al. 2000). The species has a potential

use for human and animal food, in the medicinal

industry and as wood for building (Almeida et al.

1998). Siqueira et al. (1993) suggested that the ‘‘ba-

rueiro’’ has an allogamic reproductive system. Its

flower is hermafrodite, and the polinization is per-

formed by insects (Thum and Costa 1999). Dispersion

of fruits can occur by gravity (short distance) and by

animals, mainly by bats (perhaps long distances)

(Ribeiro et al. 2000).

In this paper, we used random amplified polymorphic

DNA (RAPD) to evaluate spatial patterns of genetic

variation in populations of D. alata from Cerrado region

of central Brazil, based on samples taken from most of

the species’ geographic range. More specifically, we

analyzed the degree of among-population differentia-

tion and the spatial patterns of genetic divergence,

which can be used to define units for future programs of

in situ and ex situ conservation for this species.
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Materials and methods

Sampling, DNA extraction, primer selection

and RAPD-PCR amplification

The material for this study consisted of a total of 309

trees obtained from sampling in ten localities (local

populations hereafter) of natural occurrence of

D. alata in the Brazilian Cerrado (Fig. 1, Table 1),

covering most of the geographic range of the species.

The DNA was extracted from young leaves, using

the CTAB (cetyltrime thylammonium bromide)

method described by Ferreira and Grattapaglia (1998).

The quality of the extracted DNA was evaluated in

agarose gels (1%) stained with ethidium bromide and

quantified by comparison with ladder DNA (low DNA

mass of InvitrogenTM, Carlsbad, CA, USA). DNA was

diluted to a working concentration of approximately

2.5 ng/lL.

The primers (Operon technologies, Inc.; Alameda,

CA, USA) were selected analyzing a total of 120

primers (kits A, B, C, H, M, and P; 20 primers per kit)

for three individuals of D. alata, to identify primers

that yielded a reproducible and scoreable banding

pattern. The polymerase chain reaction (PCR) was

done in a PCT-100, MJ Research PCR system with a

total volume of 13 lL containing 5.5 lL of water, 3 lL

of genomic DNA (2.5 ng/lL), 1.52 lL of 10· PCR

Buffer (InvitrogenTM) 1.22 lL of dNTPs (2.5 mM),

0.46 lL of MgCl2 (2.5 mM), 1.18 lL of primer, 0.12 lL

of Taq Polymerase (5U-InvitrogenTM). PCR profiles

comprised of a initial denaturation of DNA for 3 min

at 96�C, 40 cycles at of 1 min denaturation at 92�C,

1 min annealing at 37�C, 1 min extension at 72�C, and

one 3 min cycle at 72�C for final extension.

The amplification products were separated on 1.5%

agarose gels stained with ethidium bromide, run in 1·
TBE buffer at 120 V for 4 h, in groups with 23 samples

(individuals) separated by 100 bp DNA ladder

(Amersham Pharmacia BiotechTM, Piscataway, NJ,

USA). Digital images of gels were capture using

EDAS120-KODAK and individual profiles for all gels

were scored for the presence (1) or absence (0) of

bands (loci), using the 100 bp DNA ladder as a refer-

ence for aligning bands of different gels to different

loci and to minimize ambiguity in the coding proce-

dure.

Statistical analyses

Molecular variation obtained by scoring RAPD bands

was first analyzed using an Analysis of Molecular

Variance (AMOVA). The AMOVA allows one to

partition multivariate Euclidian distances calculated

between pairs of individuals using RAPD bands into

among and within-regions and among and within-

populations variance components. The proportion of

genetic variation among populations is then estimated

by the FST statistics (analogous to the classical

FST value), an estimate of the among-population

component of genetic divergence, and the significance

of this estimate against the null hypothesis of no

among-population variation was tested by 5,000

random permutations using Arlequin Version 2.000

(Schneider et al. 2000).

A more direct estimate of the relative magnitude of

population divergence from dominant markers was

also obtained using the Bayesian approach proposed

by Holsinger (1999) (see Telles et al. 2006, for a recent

application). The ‘‘a posteriori’’ distribution of the

estimator hB (also analogous to the FST) was approxi-

mated numerically through a Markov Chain Monte

Carlo (MCMC) simulation, and tends to converge to a

beta distribution. The software HICKORY Version 1.0

(Holsinger and Lewis 2003) allows the estimation of

four different models. The first is a full model, in which

both hB and f (i.e., the FIS, the inbreeding coefficient)

are estimated. Alternatively, models can assume hB or f

equal to zero. Finally, because estimates of f based on

dominant markers are usually strongly biased (espe-

cially at low sample sizes, i.e., n < 10), HICKORY

allows one to estimate a final model in which f is free to

vary. The sampler will not attempt to estimate f and

instead it will choose values of f at random from its

prior distribution while estimating other parameters

during the MCMC run. Estimates of hB and other

Fig. 1 Distribution of ten sampled population of Dipteryx alata
in the Cerrado region of central Brazil (see also Table 1). The
network linking the sampled population is obtained by Gabriel
Criterion and the dashed lines indicates boundaries
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parameters obtained in this way incorporate all of the

uncertainty in the prior of f. These models were com-

pared using the Deviant Information Criterion (DIC)

(Holsinger 1999; Holsinger et al. 2002; Spiegelhalter

et al. 2002; Holsinger and Wallace 2004). The region

divergence was estimated utilizing HICKORY, con-

sidering each region as one population, because this

software does not calculate genetic divergence from

hierarchical groups.

In this paper, the hB was also estimated between

pairs of local populations, providing then an estimate

of genetic divergence between pairs of local popula-

tions to be further used in explicit analyses of spatial

patterns in genetic data. This is important because it is

now accepted that a single coefficient of population

structure is usually not enough to describe the complex

patterns of population divergence (Pearse and Cran-

dall 2004). A first approach to evaluate patterns in

genetic distances was to apply clustering and ordina-

tion techniques. A UPGMA (Legendre and Legendre

1998) was used to generate a hierarchical classification

of populations, whereas a non-metric multidimensional

scaling (NMDS) (Lessa 1990; Legendre and Legendre

1998) was used to allocate the populations in a reduced

two or 3D genetic space. Cophenetic correlation was

used to check for representativeness of clustering

procedure, and badness of fit of NMDS in 2D and 3D

were assessed by the stress index.

Spatial patterns in genetic distances estimated by hB

were evaluated using different forms of Mantel tests of

matrix correspondence (Smouse et al. 1986; Manly

1985, 1986). A first possibility is to obtain a single

standardized Mantel’s Z coefficient, which is related to

a Pearson correlation between pairwise geographic and

genetic distances. Positive values of matrix correlation

indicate that populations close in geographic space

tend to be genetically similar, whereas the null expec-

tation is that matrix correlation is zero. In this case, the

two matrices are independent (i.e., there is no spatial

patterns in genetic distances). Because pairwise genetic

or geographic distances are not independent, a ran-

domization procedure is needed to test the statistical

significance of the matrix correlation coefficient. In this

paper, we used 10,000 random permutations of genetic

distances between populations to construct the null

distribution of standardized Mantel’s Z (see Manly

1997).

A second approach is to decompose the relationship

between geographic and genetic distances, evaluating

then more complex relationships between them. For

example, in an isolation-by-distance process, popula-

tions close in space tend to be genetically similar, al-

though at larger geographic distances there is no clear

pattern and it is difficult to predict the similarity among

populations (Epperson 2003). Thus, we also obtained a

Mantel correlogram based on genetic distances (Sokal

and Oden 1978a, b; Diniz-Filho and Telles 2002; Ep-

person 2003), by comparing the pairwise hB genetic

distances with five binary connectivity matrices, in

which elements equal to 1.0 indicate that pairs of local

populations compared are situated within the same

geographic distance class, and zero otherwise. In this

paper, correlograms were built using five geographic

distances classes, whose upper limits were 285, 450,

550, 690, and 880 km. These intervals were established

in such a way that approximately the same number of

connections are assigned to each matrix. All Mantel

tests were performed using the NTSYS Version 1.8

(Numerical Taxonomy and Multivariate Analysis Sys-

tem) (Rohlf 1989).

The X-intercept of a Mantel correlogram is the

geographic distance at which a line linking or inter-

polating among the Mantel’s Z statistics crosses the

axis of geographic distances. This X-intercept can be

interpreted as the geographic distance at which matrix

correlation becomes non-significant and is an indicator

of the genetic patch, i.e., the geographic distance below

which it is possible to define groups of genetically self-

dependent local populations. This distance can then be

used to establish sampling strategies for conservation

Table 1 The ten local populations analyzed, sample sizes, municipalities in Cerrado region of central Brazil, the geographical coor-
dinates (latitude and longitude), and altitude (m)

Population Locality (municipalities) n Latitude Longitude Altitude (m)

1 Alvorada-TO 32 12�26.928 49�06.880 301
2 São Miguel do Araguaia-GO 31 13�13.479 50�06.157 342
3 Cocalinho-MT 32 14�23.817 50�59.733 241
4 Água Boa-MT 32 13�50.333 52�02.500 315
5 Sonora-MS 31 17�51.181 54�42.211 454
6 Alcinópolis-MS 32 18�16.079 53�55.563 387
7 Icém-SP 32 20�20.816 49�12.931 469
8 Monte Alegre de Minas-MG 31 18�58.671 49�01.434 696
9 Luziânia-GO 27 16� 43.935 48�07.829 808
10 Pirenópolis-GO 29 15�59.829 49�02.069 756
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and management of the genetic variability, by using the

so-called ‘‘OU’’ for conservation (see Diniz-Filho and

Telles 2002; Telles et al. 2003a).

The pairwise genetic distances obtained using hB

statistics were also used to apply a simple approach to

assess discontinuities in multivariate genetic data

across geographic space (see Manel et al. 2003; Telles

et al. 2003a). Local populations were linked by a

Gabriel graph (Gabriel and Sokal 1969; Arnaud 2003),

in which connections between two populations will be

established if, and only if, the circumscribed circle

passing through their geographical coordinates in-

cludes no other population. We mapped the 30% of the

highest ratios between genetic and geographic dis-

tances along the Gabriel network, allowing a simple

evaluation of the genetic discontinuities (Legendre and

Legendre 1998; Manel et al. 2003; Telles et al. 2003a).

The network linking was performed using the SAM

Version 1.0 (Spatial Analysis in Macroecology), avail-

able at www.ecoevol.ufg.br/sam (Rangel et al. 2006).

Results

We selected five that yielded clearer band patterns,

after testing for a total of 120 primers. These primers

produced a total of 45 scorable bands (i.e., loci),

varying from 7 to 12 loci by primer (Table 2). Out of

the 45 loci analyzed, 88.9% (considering the poly-

morphism criterion of 99%) were polymorphic when

all local populations were considered simultaneously,

with values ranging from 48.9 to 73.3% for each of the

ten local populations (Table 3).

The FST from AMOVA was equal to 0.155 (P <

0.0002, with 5,000 permutations), out of this, around

5% are within regions and 10% are among regions, so

that 84.5% of the genetic variation is within local

populations. On the other hand, of the three models

obtained using the Bayesian approach (Table 4), the

one with smaller DIC was the full model (DIC =

1,421.8), in which hB value was equal to 0.161 (95%

confidence interval: 0.135–0.196). In this model, the f

value is very low (f = 0.067). The f = 0 model is the

second best one according to DIC (1,426.0), with hB =

0.152. The differences among the values of DIC of two

models are very small, so that the two values of hB are

equally probable. The free-f model is the one with

larger DIC (DIC = 1,448.6), in which hB was equal to

0.193 and f = 0.289. Thus, the Bayesian approach is

coherent with AMOVA results, suggesting a significant

among-population component of genetic variation

around 15%. The region divergence of Bayesian esti-

mate was also similar (~11%). Despite difficulties in

estimating inbreeding in these local populations, the

Bayesian approach modeling suggests that it might be

small, by considering the similarity between DIC val-

ues from the models with f = 0.067 and f = 0. Further

investigations about within-population inbreeding lev-

els and its effect on life-history and demographic

parameters are still necessary.

Genetic distances among pairwise populations,

evaluated by hB parameter, ranged from 0.056 to 0.197.

Within each region the distances, ranged from 0.056 to

0.147, and among regions they ranged from 0.074 to

0.197. The UPGMA had a relatively low cophenetic

correlation of 0.77, suggesting a difficulty in repre-

senting among-population genetic components (see

Rodrigues and Diniz-Filho 1998). A much better

solution was achieved by NMDS. The stress of the 2D

solution was equal to 0.11 and a correlation between

distance in NMDS space and original genetic distances

equal to 0.96. So, representation of genetic distances in

the reduced genetic space of NMDS is adequate

(Fig. 2) and suggests that populations 3, 4, and 10 form

a distinct group in relation to other populations.

The Mantel test revealed no significant overall cor-

relation between pairwise hB and geographic distances

(r = 0.12; P = 0.443 with 10,000 permutations). How-

ever, the multivariate correlogram (Fig. 3) showed a

low but significant matrix correlation in the first geo-

graphic distance class (r = 0.258; P = 0.048), indicating

that genetic similarity among local populations close in

geographic space tends to be slightly larger than

expected by chance alone. Matrix correlation then

Table 2 RAPD primers, their sequences and their respective number of bands, number of polymorphic bands, and percentage of
polymorphic bands analyzed in the ten local populations of Dipteryx alata

Primer Sequence 5¢–3¢ Total
bands

Polymorphic
bands

Percentage
of polymorphic bands

OPC-19 G T T G C C A G C C 7 6 85.71
OPP-19 G G G A A G G A C A 10 7 70.00
OPP-15 G G A A G C C A A C 9 7 77.78
OPP-07 G T C C A T G C C A 7 3 42.86
OPP-08 A C A T C G C C C A 12 11 91.67
Average 9 6.8 –
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decreases to non-significant values up to the fifth dis-

tance class and then tends to stabilize, revealing a

patch size of around 400 km.

Mapping the 30% of the highest values of the ratio

between genetic and geographic distances suggest that

some pairs of populations along Gabriel network are

more genetically dissimilar than expected by their

small geographic distances. We could detect some

discontinuity between populations 1–2, 2–3, 7–8, and

9–10 (Fig. 1), which are then clustered in southeast and

northwest parts of central Brazil.

Discussion

Population divergence

Results of both AMOVA and Bayesian analysis sug-

gest that panmixia null hypothesis can be rejected,

since statistically significant among-population com-

ponents of around 15–16% were obtained. This value is

within the observed interval obtained when analyzing

other tree populations from Cerrado, previously stud-

ied (see Collevatti et al. 2001; Zucchi et al. 2003, 2005;

Telles et al. 2003a, b; Gonçalves-Alvim et al. 2004),

including Cariocar brasiliense and Eugenia dysenterica,

which have similar mating systems (preferential

allogamy) and common agents of dispersion and poli-

nization (Ribeiro et al. 2000; see below). Considering

only papers that used RAPD markers in Brazilian

species, Araújo (2001) and Zucchi et al. (2005) found

higher FST values of 0.26 and 0.27, for C. brasiliense

and E. dysenterica, respectively. Trindade and Chaves

(2005) found a much smaller value of 0.08 for E. dys-

enterica, which can be attributed to the smallest geo-

graphic distance among studied populations. Zimback

et al. (2004) found a GST of 0.125 for genetic variation

among populations of Trichillia pallida, a species from

Atlantic forest.

These values of FST and related statistics are in

accordance with expectations under life history and

ecological characteristics of the species. Thus, despite

some discussion of validity of RAPD markers due to

low reproducibility and the current possibility of po-

tential application of more complex molecular markers

(see Rabouam 1999; Kjolner et al. 2004; Nybom 2004),

our results seem to be robust to some of these prob-

lems and, thus, can furnish an initial description of the

genetic variability in an relatively unknown species.

This is because we used a careful coding scheme

and primer selection procedure, and performed an

Table 3 Proportion of polymorphic bands and percentage of
polymorphic bands in ten sampled populations of Dipteryx alata
in Cerrado of Central Brazil

Population Polymorphic bands Percentage
of polymorphic bands

1 23 51.11
2 25 55.56
3 32 71.11
4 33 73.33
5 24 53.33
6 24 53.33
7 33 73.33
8 24 53.33
9 22 48.89
10 31 68.89
Total 40 88.89

Table 4 Posterior means, standard deviation (SD), and 95%
credible intervals (CI) of f and hB for RAPD analyze of
population divergence among ten local populations of Dipteryx

alata under three alternative models, including the Deviant
Information Criterion (DIC)

Model hB F DIC

Average SD CI (95%) Average SD CI (95%)

Full 0.161 0.016 (0.135, 0.196) 0.067 0.055 (0.002, 0.202) 1,421.7791
f = 0 0.152 0.014 (0.127, 0.181) 0 – – 1,426.0059
f livre 0.193 0.018 (0.160, 0.230) 0.503 0.289 (0.027, 0.972) 1,448.6550

Fig. 2 Distribution of local populations in the 2D solution of
non-metric multidimensional scaling (NMDS) based on between
pairwise hB genetic distances from 45 RAPD loci. Stress value
was equal to 0.11
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evaluation of bands reproducibility and uniform labo-

ratorial conditions prior to all analyses. Indeed, many

papers reinforced the advantages of RAPD approach

applied to population level when these conditions are

met (Parker et al. 1998; Sunnucks 2000; Kjolner et al.

2004; Cavallari et al. 2006).

Ecological and life history traits of ‘‘barueiro’’ in-

deed allow a relatively high level of gene flow among

local populations, reducing the relative magnitude of

population structure, and generating among-popula-

tion components of genetic divergence coherent with

those found in this study. Siqueira et al. (1993) indeed

suggested that the ‘‘barueiro’’ has an allogamic repro-

ductive system, with polinization by insects and dis-

persal by gravity (short distance) and by animals,

mainly by bats. More importantly, there are also sig-

nificant spatial patterns of genetic divergence at small

distance class, suggesting moderate levels of gene flow

between populations situated at smaller geographic

distances (see Hutchison and Templeton 1999). This

reveals a spatially structured lack of equilibrium be-

tween dispersal and gene flow, which also causes the

difficult in detecting spatial patterns using overall

Mantel tests.

However, the relatively low magnitude of spatial

patterns according to Mantel test at smallest geo-

graphic distance class (r = 0.258) suggests that other

factors, such as habitat fragmentation and landscape

level processes, might also affect genetic diversity

among populations. Under a simple model of spatially

structured gene flow and drift within local populations,

a much stronger spatial patterns and genetic similarity

among close local populations would be expected. This

interpretation is reinforced by the presence of some

genetic discontinuities among geographically adjacent

populations, as discussed below (see also Fig. 3).

Spatial patterns of genetic differentiation

The observed spatial pattern of genetic differentiation

detected by Mantel correlograms and by multivariate

techniques (UPGMA and NMDS), in which geo-

graphically close populations are similar, is a frequent

outcome of stochastic processes of population differ-

entiation, such as stepping stones and isolation-

by-distances (see Epperson 2003; Escudero et al. 2003).

However, the spatial patterns observed here for D.

alata are not too strong, and at least in part the lower

levels of gene flow could be explained by the presence

of barriers caused by anthropogenic impacts, because

of the mix between natural processes and anthropo-

genic effects (Telles et al. 2003a). This reduction in the

magnitude of spatial patterns would arise, for example,

if close populations in geographic space, which should

be more genetically similar under ‘‘natural’’ processes

such as isolation-by-distance, become dissimilar when

habitat fragmentation reduces the level of current gene

flow between them.

The two groups of genetic discontinuities found in

this study coincide with regions of more intense recent

human occupation in Central Brazil, characterized by

successive wave fronts of colonization coming from the

south and southeastern parts of the country since the

18th century. There was a clear acceleration of these

processes after the transference of the national capital

from Rio de Janeiro to Brasilia, in 1960. Besides, many

governmental programs were created to attract mod-

ern and highly technological agriculture (see Klink and

Moreira 2002; Cavalcanti and Joly 2002). Actually, the

southern part of the Cerrado Biome in Central Brazil

contains in the present day the highest levels of human

population density (see Rangel et al. 2007 for an

extensive discussion of regional patterns of human

occupation in Central Brazil). We found in this area

the genetic discontinuities involving populations 7, 8, 9,

and 10 and indeed human population density around

these four local populations (measured using a 1� grid

cell covering the Cerrado biome) is significantly higher

(t = 5.56; P = 0.032) than in other parts of the study

area.

In the northwest part of the Cerrado biome, in

which we found genetic discontinuities among

local populations 1, 2, and 3, human occupation is

Fig. 3 Mantel correlogram for genetic divergence estimated for
hB among ten local populations of Dipteryx alata, in five
geographic distance classes. The dashed-line indicated the
expected matrix correlation under the null hypothesis of absence
of spatial patterns. Numbers indicate the Type I error obtained
using 10,000 random permutations by Mantel test, so only the
coefficient in the first distance class is significant at 5% level
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characterized by agricultural and cattle ranching recent

expansions. Different from what is observed for the

other group of discontinuities, the human population in

this northwest part of biome is relatively low, since the

agriculture is based on modern and highly technologi-

cal extensive practices (Klink and Machado 2005).

Coherent with this explanation, we found higher levels

of agricultural activities around these three local pop-

ulations, when compared to the others in the study

area, expressed by the average percentage of farming

by municipalities (t = 4.9; P = 0.001) and average

percentage of land occupied by cattle ranching (t = 3.6;

P = 0.004).

Thus, the two groups of genetic discontinuities de-

tected in this study were explained by different sets of

human activities, which in turn are congruent with the

definitions used by Brazilian Government to classify

the two parts of the Cerrado biome. The first group of

discontinuities, local populations 7, 8, 9, and 10, is lo-

cated in a region characterized by ‘‘high anthropic

pression,’’ whereas the second group, formed by local

populations 1, 2, and 3, is located in the region of

‘‘socio-economic expansion’’ (see Brasil 1999, available

at www.bdt.org.br/workshop/cerrado/br/).

Operational units for conservation

Independently of the microevolutionary processes and

landscape ecological factors (including anthropogenic

ones) involved in the origin and maintenance of spatial

genetic structure of D. alata, the spatial patterns re-

vealed that populations situated at a small spatial dis-

tance tend to be slightly more similar than expected by

chance alone, and thus that 400 km is the minimum

distance between samples needed to conserve or assess

genetic diversity with maximum efficiency (i.e., mini-

mizing redundancy) and with lower costs (Diniz-Filho

and Telles 2002; Manel et al. 2003; Chung et al. 2005).

This strategy could be used either to define units for

conservation programs or to establish sampling strat-

egies for ex situ conservation programs, under the

following reasoning discussed in detail by Telles et al.

(2003a).

In theory, collecting samples situated around this

minimum patch distance maximizes the possibility of

assessing more genetic heterogeneity and thus avoiding

pseudoreplication of the genetic variability (Diniz-

Filho and Telles 2002), although further tests of the

efficiency of this approach are still necessary (Manel

et al. 2003). Conversely, if a researcher or manager is

interested only in replicating a small fraction of the

genetic variability (for example, to get samples of a local

genetic variant that is needed for a specific breeding

program), the optimum distance between samples must

always be lower than the intercept of the correlogram.

In fact, all samples situated at a geographic distance

lower than the X-intercept, particularly in a correlo-

gram that follows the expectation under stochastic

processes of genetic divergence and tend to stabilize in

the last distance classes, could be considered a single

genetic unit for conservation or management.

Based on this theoretical reasoning, it would be

possible to use the patch size estimated by the spatial

correlograms based on RAPD divergence among D.

alata populations (i.e., around 400 km) to provide one

possible scheme of OU for conservation (sensu Diniz-

Filho and Telles 2002). We could establish four groups

of populations, in which the geographic distances

within groups tend to be smaller than 400 km, whereas

distances between groups centers is higher than this

value. Based on samples within these four groups, we

could select four populations to establish a network

(i.e., a set of local populations to be defined as ‘‘OU.’’

For example, based on relatively high values of genetic

diversity within populations, we could trigger a net-

work in the population 4 and then sequentially choose

populations 10, 6, and 7 and get a minimum number of

populations that represent, with minimum redundancy,

the overall genetic diversity analyzed for the species.

However, this first network did not take into account

the genetic discontinuities previously discussed. So,

although some local populations analyzed here are

close in geographic space (at a distance smaller than

400 km) and could be considered in principle ‘‘redun-

dant,’’ if there is a discontinuity among them they

could be considered as independent OU. Thus, adding

the four barriers to the previously defined network

(with populations 4, 6, 7, and 10), we could get an

alternative scheme with seven populations as our pro-

posal for OU for the ‘‘barueiro’’ in Central Brazil

(Fig. 4). Its is interesting to note that these seven units

are situated within regions that were recently consid-

ered as priority areas for conservation in Brazilian

Cerrado (see Cavalcanti and Joly 2002), which can

improve the potential persistence of these populations,

under a more general systematic planning for con-

serving Cerrado biodiversity.

Concluding remarks

Our analysis of RAPD divergence in Cerrado popu-

lations of D. alata shows relatively high levels of pop-

ulation divergence. Also, this divergence is spatially

structured following simultaneously processes of sto-

chastic genetic divergence and patterns of human

occupation, characterized by successive wave fronts of

16 Genetica (2008) 132:9–19
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colonization coming from the south and southeastern

parts of the country since the 18th century. In general,

local populations situated at small geographic distances

could be in principle not considered independent units

for conservation and management, but some genetic

discontinuities disturb this pattern. Thus, taking into

account both geographic distances and genetic dis-

continuities allowed us to establish a set of populations

covering most of D. alata geographic distribution, and

situated within regions that were recently considered

as priority areas for conservation in Brazilian Cerrado.
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cagaita e jatobá. Embrapa-CPAC, Planaltina

Anne C (2006) Choosing the right molecular genetic markers for
studying biodiversity: from molecular evolution to practical
aspects. Genetica 127:101–120
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