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In the present study, we compare the genetic structure of a flooded forest tree Caryocar microcarpum and a terra
firme forest tree Caryocar villosum in the lower Rio Negro region and test the hypothesis that the Rio Negro, the
largest tributary on the left bank of the Amazon River, has been acting as a geographical barrier to gene flow
between populations from the left and right banks. Seventeen adult individuals on the left bank and 27 on the right
bank of Rio Negro were sampled for C. microcarpum, whereas 27 on the left and 20 on the right bank were sampled
for C. villosum. Two chloroplast DNA regions were sequenced: the intron of trnL gene and the intergenic region
between psbA and trnH genes; and all individuals were genotyped using ten microsatellite loci. The trnL intron
and psbA-trnH intergenic spacer generated fragments of 459 bp and 424 bp, respectively. For C. microcarpum, six
haplotypes were identified for trnL and seven for psbA-trnH. By contrast, only one haplotype was found for C.
villosum for both sequences. The results obtained showed that the Rio Negro has not been a barrier to gene flow
by pollen and seeds for either species. No genetic differentiation and a high migration rate between populations
from the left and right banks of the Rio Negro were detected for the chloroplast sequences and nuclear
microsatellites, for both C. villosum and C. microcarpum. Although the two analysed sequences showed a sharp
topology difference, both indicated that multiple lineages may have contributed to the origin of C. microcarpum
populations in the Rio Negro basin. Nevertheless, for C. villosum, from terra firme, the results obtained may
provide evidence of a recent expansion of one maternal lineage from an ancient relic population surviving in one
of the few moist forest refuges of the Guiana Shield during extended droughts of the glacial periods. We hypothesize
that the contrasting environments colonized by this congener pair may have played an important role in shaping
the genetic structure of both species. © 2009 The Linnean Society of London, Biological Journal of the Linnean
Society, 2009, 98, 278–290.
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INTRODUCTION

The distribution and composition of vegetation in the
Amazon have been deeply influenced by the drier

episodes of the Tertiary and Pleistocene (Burnham &
Graham, 1999; Vélez et al., 2006), with large-scale
replacement of the tropical rain forest by drought-
tolerant dry forests and savannas mainly in southern,
central, and eastern Amazonia (Hooghiemstra & Van
der Hammen, 1998; Pennington et al., 2000, 2004;*Corresponding author. E-mail: rosanegc68@hotmail.com
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Van der Hammen & Hooghiemstra, 2000; for an alter-
native view, see Colinvaux, Oliveira & Bush, 2000).
The long series of ice ages may have led to extinctions
but, concomitantly, may have stimulated the evolu-
tion and speciation of other groups (Van der Hammen,
1974; Hooghiemstra & van der Hammen, 2004). The
altitudinal gradient may have allowed the invasion
of montane plant species into the basin during the
cooler periods and the evolution and adaptation of
other groups (Hoorn et al., 1995; Hooghiemstra &
Van der Hammen, 1998, 2004; Colinvaux et al., 2000;
Urrego et al., 2006). Proxy data also indicate a
dynamic changing on the Amazon River and its tri-
butaries, especially subsequent to the Miocene
(Hooghiemstra & Van der Hammen, 1998). On the
other hand, sea level elevations during the Tertiary,
especially in the Miocene, caused the flooding of
extensive Amazonian lowlands, isolating populations
at higher elevations, mainly in the Guianan Shield,
Brazilian Shield, and the base of the eastern slope of
the Andes, changing the landscape and affecting
species distribution (Webb, 1995).

Analyses of paleodunes show that the Rio Negro
may have attained lower levels during the glaciation
periods of the Tertiary (Carneiro-Filho et al., 2002)
and paleogeographic reconstruction has revealed
Quaternary changes in the Rio Negro channel (Silva
et al., 2007). Hence, populations on both banks of the
Amazon River itself and its tributaries may have been
closer, or in contact, during some periods of the Qua-
ternary. Nevertheless, the riverine barrier hypothesis,
which had its own origin in Wallace’s paper ‘On the
monkeys of the Amazon’ (Wallace, 1852) has been
raised to explain the megadiversity of Amazonia
(Haffer, 1997). The main prediction of this hypothesis
is that the Amazon River and its major tributaries
have acted as geographical barriers, leading to vicari-
ance speciation in many groups. Another prediction of
this hypothesis is the occurrence of higher genetic
differentiation among populations on opposite river
banks. The relationship of dispersal and riverine bar-
riers is not so clear cut (Colwell, 2000). For many
groups, riverine barriers could not account for the
observed patterns of species richness, geographical
distribution, and differentiation (Ateles, Primata:
Collins & Dubach, 2000; mammal species: Patton, Da
Silva & Malcolm, 2000; avian species: Bates, Haffer
& Grismer, 2004; passerine birds: Hayes & Sewlal,
2004), but could account for other groups (frogs
and mammals: Gascon, Malcolm & Patton, 2000;
mammals: Patton et al., 2000; Riodinid butterflies:
Hall & Harvey, 2002; passerine birds: Hayes &
Sewlal, 2004).

Comparative analysis of nuclear and organelle
genomes, with different modes of inheritance, muta-
tion, and evolutionary rates, may provide a powerful

analysis of the role of historical and contemporary
events on current species distributions and genetic
structure. For plants, the analysis of nuclear and
chloroplast genomes may also clarify the relative
importance of pollen and seed flows on population
structure (McCauley, 1995; Schaal et al., 1998; Coll-
evatti, Grattapaglia & Hay, 2003). Moreover, analysis
of different regions of the chloroplast genome, which
display different mutation rates, may provide addi-
tional insights about the evolution and historical
spread of populations (Soltis & Soltis, 1998). The
genetic structure of the nuclear genome may be
caused by historical and contemporary gene flow, by
differential selection among habitats, genetic drift,
and the mating systems that determine inbreeding
effects on population differentiation (Wright, 1931).
Nevertheless, genetic structure of the organelle
genome, usually uniparentally inherited, is more
affected by historical relationships and gene flow and
by demographic fluctuations caused by historical
events such as glaciations and climatic fluctuations
over a geological time scale (Avise, 1994; Schaal et al.,
1998). Additionally, because of the haploid nature and
mode of inheritance, the effective population size of
the chloroplast genome is one-half the size of the
nuclear genome, leading to a stronger effect of genetic
drift on population genetic structure (Ennos, 1994).

Caryocar villosum Aublet (Caryocaraceae), popu-
larly known as piquiá, is a low-density widely-
distributed Amazonian emergent tree species, up to
50 m tall, in the upland (terra firme) forests, whereas
Caryocar microcarpum Ducke, known as piquiarana
(false piquiá in the Tupi language), is a 25-m tall,
habitat-specific tree, growing in the seasonally-
flooded blackwater forest (igapó forest), widespread
throughout the Guianas and Northern Amazonia
(Prance & Freitas da Silva, 1973). The main goal of
the present study was to compare the genetic struc-
ture of this congener pair adapted for contrasting
forest habitats in the lower Rio Negro region. Addi-
tionally, we tested the hypothesis that the Rio Negro
is a relevant geographical barrier for pollen and seed
flows for both species. The results are discussed in the
light of the climatic and hydrographic changes that
occurred during the Plio-Pleistocene period in the
lower Rio Negro region. The genetic structure of C.
villosum and C. microcarpum was studied based on
the polymorphism at two chloroplast DNA regions
and on ten nuclear microsatellite loci.

MATERIAL AND METHODS
POPULATIONS, SAMPLING, AND DNA EXTRACTION

The Rio Negro, 1700 km long, is the largest left bank
tributary of the Amazon River and the largest black-
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water river in the world. In its lower stretch, the river
width varies between 2 km (near its mouth in
Manaus) to 24 km in the Anavilhanas Archipelago
region. The study site lies in the lower Rio Negro
region, from its mouth (where the Rio Negro joins the
Amazon River) to approximately 50 km upstream.
The Rio Negro width varies in the range 2–12 km in
this area (Fig. 1).

Twenty-seven adult individuals of C. villosum were
sampled on the left bank and 20 on the right bank.
For C. microcarpum, 17 adult individuals were
sampled on the left bank and 27 on the right (Fig. 1).
Distance between pairs of individuals varied between
300 m to approximately 75 km for C. microcarpum,
and 150 m to approximately 150 km for C. villosum
(Fig. 1). All individuals were mapped using a GPS
(geographical positional system) and expanded leaves
were collected and stored at -80 °C. Genomic DNA
extraction followed the standard CTAB procedure
(Doyle & Doyle, 1987).

Ten individuals of Caryocar brasiliense Camb., from
a single population at Mato Grosso (Cerrado biome),

1225 km south-east of Manaus, were also sampled
and included as an outgroup in the phylogeographical
analysis based on chloroplast genome.

CHLOROPLAST SEQUENCING ANALYSIS

Two fragments corresponding to noncoding regions
of chloroplast (cp)DNA were sequenced for the two
studied species and for the outgroup: the intron of the
trnL gene, using the ‘c–d’ pair of primers (Taberlet
et al., 1991), and the intergenic region between psbA
and trnH genes (Azuma et al., 2001). Fragments were
amplified by the polymerase chain reaction (PCR) in
a 20-mL volume containing 1.0 mM of each primer,
1 unit of Taq DNA polymerase (Phoneutria, BR),
250 mM of each dNTP, 1 ¥ reaction buffer (10 mM
Tris-HCl, pH 8.3, 50 mM KCl, 1.5 mM MgCl2), 2.0 mg
of bovine serum albumin (BSA) and 10.0 ng of tem-
plate DNA. Amplifications were performed using a
GeneAmp PCR System 9700 (Applied Biosystems)
with the conditions: 96 °C for 2 min (one cycle); 94 °C
for 1 min, 56 °C for 1 min, 72 °C for 1 min (30 cycles);

Figure 1. Sample sites of Caryocar villosum and Caryocar microcarpum individuals on the lower Rio Negro. The
Iranduba region which was part of the left bank of the Rio Negro is the land mass delimited by the Rio Ariau (West) and
the Rio Negro (East).
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and 72 °C for 10 min (one cycle). PCR products were
sequenced on an ABI Prism 377 automated DNA
sequencer (Applied Biosystems) using DYEnamic ET
terminator cycle sequencing kit (GE Healthcare),
according to the manufacturer’s instructions. Both
fragments were sequenced in forward and reverse
directions. Sequences were aligned using CLUSTALX
(Thompson et al., 1997), and characters (each base
pair) were equally weighted before analysis. In addi-
tion, alignment was improved by hand sensu Kelch-
ner (2000). For the intron of trnL gene, the secondary
structure was determined for each haplotype to verify
the effect of indels and substitutions on molecule
stability using MFOLD (Zuker, 2003) and to guide
hand alignment.

Intraspecific phylogenies for sequencing data
were inferred using median-joining network analysis
(Bandelt, Forster & Röhl, 1999) performed with the
software NETWORK, version 4.2.0.1 (Forster,
Bandelt & Röhl, 2004). In this analysis, a minimum
spanning network was constructed, based on the
union of all minimum spanning trees (Bandelt et al.,
1999). Using parsimony criteria, the software finds
the median vectors (i.e. the consensus sequences of
mutually close sequences, biologically interpreted as
possible unsampled sequences or extinct ancestral
sequences) (Bandelt et al., 1999).

An analysis of molecular variance (AMOVA;
Excoffier, Smouse & Quattro, 1992) was performed
using ARLEQUIN, version 2.000 (Schneider, Roessli
& Excoffier, 2000) to test the hypothesis of genetic
differentiation among individuals from the left and
right banks. The population genetic structure para-
meter q (Weir & Cockerham, 1984) was estimated
from AMOVA. Significance of q was tested by a non-
parametric permutation test (Excoffier et al., 1992)
implemented in the ARLEQUIN.

To better understand phylogenetic relationships,
the hypothesis that the current pattern of haplotype
diversity and distribution was caused by a bottleneck
followed by a sudden expansion of the population was
tested. The mismatch distribution was obtained using
the DNASP, version 4.10.9 (Rozas et al., 2003) and the
hypothesis was tested using the Harpending’s Ragge-
ness Index R (Rogers & Harpending, 1992; Schneider
& Excoffier, 1999) and Fu’s F-test (Fu, 1997), also
using DNASP.

A coalescent model (Kingman, 1982) was used to
distinguish the contribution of isolation and migra-
tion with the observed patterns of genetic divergence
between populations from the left and right banks,
and to better understand the demographic history of
the species. The demographic parameters q = 2mNe

(coalescence force or mutation parameter), g [growth
force, or exponential growth rate g = q exp(-gt), where
t is time to coalescence is the mutational unit] and

M = 2Nem/q (migration force or immigration rate)
were estimated based on a maximum likelihood
estimation using Markov chain Monte Carlo appro-
ach (Beerli & Felsenstein, 2001) implemented in
LAMARC, version 2.0.2 (Kuhner, 2006). Four inde-
pendent analyses were run with ten initial chains and
two final chains for the combined data sequences.

MICROSATELLITE ANALYSIS

Ten microsatellite loci, previously developed for
Caryocar brasiliense and transferred to other Caryo-
caraceae species (Collevatti, Brondani & Grattapa-
glia, 1999), were used to genotype the sampled
individuals. Forward primers were labelled with a
fluorescent dye. Four loci (cb01, cb06, cb09, and cb12)
were labelled with 6-FAM, three with HEX (cb03,
cb11, and cb13), and three with NED (cb05, cb20, and
cb23). PCR amplifications were performed in a 10-mL
volume containing 0.5 mM of each primer, 1 unit of
Taq DNA polymerase (Phoneutria), 200 mM of each
dNTP, 1 ¥ reaction buffer (10 mM Tris-HCl, pH 8.3,
50 mM KCl, 1.5 mM MgCl2), 2.0 mg of BSA and
10.0 ng of template DNA. Amplifications were per-
formed using a GeneAmp PCR System 9700 (Applied
Biosystems) with the conditions: 96 °C for 2 min
(one cycle); 94 °C for 1 min, 56 °C or 54 °C for 1 min
(according to each primer), 72 °C for 1 min (30 cycles);
and 72 °C for 1 h (one cycle). Reactions were then
diluted 1 : 5 and electrophoresed in 5% denaturing
polyacrylamide gel in an ABI Prism 377 automated
DNA sequencer (Applied Biosystems). Fluorescent
PCR products were automatically sized using Genes-
can and Genotyper softwares (Applied Biosystems).

Microsatellite loci were characterized for number of
alleles per locus and observed and expected heterozy-
gosities under Hardy–Weinberg equilibrium, and
inbreeding coefficients ( f ), for each locus and over
all loci (Nei, 1978). Analyses were performed with
FSTAT, version 2.9.3.2 (Goudet, 2002) and random-
ization based tests with Bonferroni correction were
performed generating the log-likelihood statistics G to
test for deviation from Hardy–Weinberg expectations
(Goudet et al., 1996).

Genetic differentiation between populations of each
bank was assessed by Wright’s F-statistics, F, q, and
f (Wright, 1951), obtained from an analysis of vari-
ance of allele frequencies (Cockerham, 1969; Weir &
Cockerham, 1984) and by Slatkin’s RST (Slatkin, 1995)
obtained from an analysis of variance of allele size
sensu Goodman (1997). The analyses were performed
using FSTAT, version 2.9.3.2 (Goudet, 2002). A sig-
nificance test of differentiation with Bonferroni
correction was performed by randomizing genotypes
among samples to obtain the log-likelihood G statis-
tics (Goudet et al., 1996). Additionally, a Bayesian
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analysis of population structure was carried out
for each species with STRUCTURE, version 2.2
(Pritchard, Stephens & Donnelly, 2000) to verify
whether sampled individuals comprise a single gene
pool or if they belong to different demes or popula-
tions, without prior geographical information. With a
burn-in period of 100 000 generations and 100 000
steps of Markov chain Monte Carlo simulations,
lnPr(X/K), FST and Q (individual ancestry) were esti-
mated for different values of K (number of popula-
tions) in the range 1–10. Admixture model and
correlated allele frequencies were considered for all
analyses. For each K-value, 20 runs were carried out
to verify the consistency of the results.

The influence of recent bottleneck on the pattern of
genetic variation was also analysed using BOTTLE-
NECK software (Cornuet & Luikart, 1996). Popula-
tions that have experienced recent bottleneck will
present observed gene diversity (or expected heterozy-
gosity under Hardy–Weinberg equilibrium) higher
than that expected under mutation–drift equilibrium,
Heq (Maruyama & Fuerst, 1985; Luikart et al., 1998).
Distribution of Heq and the standard deviation were
obtained, based on a simulation of a coalescent
process of the ten loci, using 10 000 interactions,
under the stepwise mutation model (Cornuet &
Luikart, 1996) and under the mixed model (70%
under stepwise mutation model and 30% under two
phase model; Di Rienzo et al., 1994). Mutation–drift
equilibrium heterozygosity overall loci was compared
with the observed one (HE, heterozygosity under
Hardy–Weinberg equilibrium) to verify whether there
is heterozygosity excess by the Wilcoxon sign rank
test. Additionally, allele frequency distribution was
generated to verify bottleneck signatures on the
shape of frequency distribution.

Demographic parameters were estimated for
microsatellite data based on the coalescent model
(Kingman, 1982) as described above for sequencing
data, correcting for diploid genome (q = 4mNe and
M = 4Nem/q).

RESULTS
CHLOROPLAST SEQUENCES

Amplification of the noncoding trnL intron and psbA-
trnH intergenic spacer generated fragments of 459bp
and 424bp, respectively. All sequences were submitted
to GenBank database (accession numbers EU339829
to EU339929, for trnL; and EU350258 to EU350358,
for psbA-trnH).

Populations of C. microcarpum and C. villosum
from the lower Rio Negro exhibited a contrasting
pattern of polymorphism in the chloroplast genome.
Although C. microcarpum showed a high within

population polymorphism, with several haplotypes
co-occurring on both banks, C. villosum presented no
polymorphism at all for the two chloroplast regions
analysed, even though some individuals are more
than 150 km apart.

For the trnL intron, one substitution site (character
CH113, C/A) and two indels were found (CH111 and
CH328), and an indel or a substitution (T/C) could
be found on CH112. Additionally, a 26-bp deletion
(CH140 to CH165) was found for three individuals of
C. microcarpum from the right bank. This deletion
was considered as a unique mutation event for all
statistical analyses. The trnL fragment is character-
ized by a high abundance of adenine (31%) and
thymine (40%), and the presence of many mononucle-
otide repeats along the sequence.

The intergenic region between psbA and trnH genes
was also characterized by a high abundance of
adenine (33%) and thymine (42%). Thirteen substitu-
tion sites were found, as well as many repetitive
regions. The longest was composed by (T)8C(T)19A(T)3.
Polymorphisms at this repeated region were not
considered for phylogeographical analysis because
of uncertain homology relationships derived from
ambiguous alignment. Long insertions/deletions were
also found in C. microcarpum. A long deletion (96 bp)
was found in 18 individuals (CH190 to CH286) and a
7-bp deletion was found in 57 individuals (CH174 to
CH180). All long insertions/deletions were considered
as unique mutation events for all statistical analyses.

For the trnL fragment, only one haplotype was
found for the 47 individuals of C. villosum from right
and left banks of Rio Negro (Table 1), and six different
haplotypes could be distinguished in 44 individuals of
C. microcarpum (Table 1). Six individuals of C. bra-
siliense, out of ten, showed the same haplotype of
C. villosum (Table 1). Six mutations explained the
median-joining network based on the trnL intron
sequence (Fig. 2). Haplotype MMR40R was the most
frequent for C. microcarpum (N = 28), and was pre-
sented in individuals from the right and left banks
(Fig. 2 and Table 1).

When the psbA-trnH fragment was analysed, again,
only one haplotype was found for C. villosum
(Table 1), but seven different haplotypes could be
distinguished for C. microcarpum (Table 1). Six indi-
viduals of C. brasiliense presented one haplotype
in common with C. villosum and C. microcarpum
(Table 1). Twenty-one mutations explained the
median-joining network based on the psbA-trnH
sequence (Fig. 3). Individuals from the left and right
banks of the Rio Negro presented the same haplo-
types for both species (Fig. 3).

Some differences in trnL and psbA-trnH network
topologies could be found. Although the number of
haplotypes for C. microcarpum was very similar (six
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for trnL and seven for psbA-trnH) and some patterns
of haplotype sharing were maintained, some differ-
ences were identified, mainly because of the split of
the haplotype MMR40R (trnL) in several haplotypes
in psbA-trnH (MSO57R, MAR13L, MAR06L, and
MAR14L; Figs 2, 3 and Table 1).

No differentiation between populations of C. micro-
carpum from the right and left banks of the Rio Negro
could be detected when the analysis of molecular
variance was performed, for both trnL and psbA-trnH
regions (q = 0.0108, P = 0.24545; q = 0.0657, P = 0.752,
respectively). Additionally, there is no evidence of a
sudden expansion subsequent to a bottleneck for the
C. microcarpum population when we analysed mis-
match distribution for trnL intron and psbA-trnH
sequences (Table 2). The Fu neutrality test was sig-
nificant only for trnL (Table 2). Coalescent analysis
showed a high migration rate between populations
from the left and right banks for C. microcarpum
(Table 3). Additionally, the population from the left
bank is expanding, whereas the population from the
right bank is shrinking (Table 3).

MICROSATELLITE ANALYSIS

All pairs of microsatellite loci were in linkage equi-
librium for both species (P > 0.001389, for C. micro-
carpum; P > 0.001111, for C. villosum; P-values are

Bonferroni adjusted for 5% nominal level). They all
displayed high levels of polymorphism for both
species (Table 4). Primer cb1 did not amplify for C.
microcarpum. Pattern of observed and expected het-
erozygosity varied between species: for C. microcar-
pum, cb23 presented the highest genetic diversity
and, for C. villosum, cb11 presented the highest
genetic diversity (Table 4). Six loci presented observed
heterozygosity that was significantly lower than
expected under Hardy–Weinberg equilibrium for C.
microcarpum but, for C. villosum, observed heterozy-
gosity differed from that expected only for cb12
(Table 4).

No significant differentiation between populations
from the left and right banks was found for either
species (q = 0.030, P = 0.004, adjusted nominal 5%
level with Bonferroni correction of 0.00278 for C.
microcarpum, and q = 0.006, P = 0.0385, adjusted
nominal 5% level with Bonferroni correction of
0.00250, for C. villosum). RST also showed a low level of
genetic differentiation for both species (RST = 0.0511,
for C. microcarpum, RST = 0.0002 for C. villosum). A
significant amount of inbreeding was found for C.
microcarpum (f = 0.119, P = 0.0001, adjusted nominal
5% level with Bonferroni correction of 0.00556), but
not for C. villosum (f = -0.002, P = 0.5650, adjusted
nominal 5% level with Bonferroni correction of 0.005).
Bayesian analysis showed a weak population structur-

Table 1. Haplotype frequencies on the left and right banks of the lower Rio Negro, based on 47 individuals of Caryocar
microcarpum and 44 of Caryocar villosum, for the trnL intron and psbA-trnH intergenic regions of chloroplast DNA, with
Caryocar brasiliense as outgroup

Region Haplotype

Caryocar microcarpum Caryocar villosum
Caryocar
brasiliense TotalLeft Right Left Right

trnL VRD13L 0 0 27 20 6 53
MSB28R 0 3 0 0 0 3
MRA22R 0 2 0 0 0 2
MPF02L 2 0 0 0 0 2
MJA17L 4 0 0 0 0 4
MMR38R 0 5 0 0 0 5
MMR40R 11 17 0 0 0 28
BTOF1 0 0 0 0 4 4

Total 17 27 27 20 10 101

psbA-trnH VRD14L 2 1 27 20 6 56
MSB30R 0 4 0 0 0 4
MRA22R 0 1 0 0 0 1
MSO57R 0 2 0 0 0 2
MAR13L 9 5 0 0 0 14
MAR06L 4 4 0 0 0 8
MAR14L 2 10 0 0 0 12
BVTO 0 0 0 0 4 4

Total 17 27 27 20 10 101
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ing for both species for K = 2 [lnP(X/K) = -1194.3 for C.
microcarpum and lnP(X/K) = -1326.4 for C. villosum],
independent of the prior information on geographic
sampling location. Nevertheless, mean values of FST

were very low for all K-values, and the differences in
Pr(K) were very small for both species (results not
shown). In addition, the assignments were approxi-
mately symmetric to all populations (~1/K) and no
individuals were strongly assigned, indicating that
there is no population structure.

No evidence of recent bottlenecks were found for
either species (Wilcoxon test, P = 0.21289 for C.
microcarpum, P = 0.1875 for C. villosum). Addition-
ally, both species presented the L-shaped allele fre-
quency distribution, as expected by mutation–drift
equilibrium, with most of the alleles with low fre-
quency and a low number of alleles with high
frequency. For C. microcarpum microsatellites, coa-
lescent analysis showed also a higher migration from
the left to the right bank compared to the opposite
direction, although it was not as pronounced as that
observed to the chloroplast sequences (Table 3). A

high left-to-right migration was also obtained in the
microsatellite coalescent analysis for C. villosum
(Table 3). Additionally, for both C. microcarpum and
C. villosum, microsatellite data showed that popula-
tions from the left bank are stationary and those from
the right bank are shrinking (Table 3).

DISCUSSION
CONTRASTING POPULATION GENETIC STRUCTURES

The climatic changes during the late Pleistocene–
Holocene transition influenced the distribution of
species and dynamics of terrestrial and flooded habi-
tats in the Amazon and other tropical regions of the
globe (Anhuf et al., 2006). The sequence of several
glaciations led to an advance of savanna-like vegeta-
tion and dry forest and retreat of rainforest tree
species, and the opposite in interglacial periods (Pen-
nington, Prado & Pendry, 2000). These changes in the
landscape may have caused forest fragmentation and
isolation, leading to a bottleneck and loss of genetic

Figure 2. Median-joining network based on the sequence of the trnL intron for 47 individuals of Caryocar microcarpum
and 44 individuals of Caryocar villosum from the lower Rio Negro. Circumference size is proportional to the haplotype
frequency. Black, C. microcarpum left bank; white with diagonal black lines, C. microcarpum right bank; yellow (pale
grey), C. villosum left and right banks; red (dark grey), outgroup species C. brasiliense. All mutations are shown, e = 0.
Mutation site CH140 represents a 26-bp deletion.
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Figure 3. Median-joining network based on the sequence of the psbA-trnH intergenic region for 47 individuals of
Caryocar microcarpum and 44 individuals of Caryocar villosum from the lower Rio Negro. Circumference size is
proportional to the haplotype frequency. Black, C. microcarpum left bank; white with diagonal black lines, C. microcar-
pum right bank; yellow (pale grey), C. villosum left and right banks; red (dark grey), outgroup species C. brasiliense. All
mutations are shown, e = 0 (mv1 and mv2, median vectors). Mutation site CH91 represents a 5-bp duplication; CH190
represents a a 96-bp deletion; and CH174 represents a a substitution and a 7-bp deletion.

Table 2. Polymorphism and sudden expansion tests for Caryocar microcarpum populations from the right and left banks
of Rio Negro, based on the polymorphism at trnL intron and psbA-trnH intergenic region

trnL psbA-trnH

Right Left Both banks Right Left Both banks

H 1.0000 (0.0120) 1.0000 (0.0388) 1.0000 (0.0068) 0.8238 (0.0481) 0.7778 (0.0907) 0.8108 (0.0328)
p 0.0009 (0.0009) 0.0004 (0.0006) 0.0007 (0.0008) 0.1529 (0.0767) 0.1536 (0.0821) 0.1483 (0.0732)

HR 0.121 0.203 0.107 0.157 0.210 0.152
F -3028.0* -3482.2* -3402.2* 4.761 3.667 6.292

Values in parentheses indicate the SD. Values of F and HR marked with an asterisk are significant: *P < 0.005.
H, haplotype diversity; p, nucleotide diversity; HR, Harpending’s raggedness index; F, Fu’ test of neutrality.
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variability in tropical rainforest trees. After 7000
years BP, the climate became moister and populations
restricted to refuges in the last glaciation may have
spread and colonized favourable areas, attaining the
present geographical distribution.

The remarkable differences in cpDNA diversity of
this parapatric congeneric pair with distinct eco-
system preferences is an intriguing issue. Which
historical and/or ecological factors have led to the
evolutionary divergence of many intraspecific lin-
eages in C. microcarpum, and only one in C. villosum,
in the lower Rio Negro region? Because differences in
evolutionary rates between congeneric species are
unlikely, we hypothesize that this contrasting pattern
of genetic diversity may reflect the differences in the
habitat stability and population persistence experi-
enced by each species during the late Pleistocene,

which is a period described as being of high aridity in
the lower Rio Negro (Carneiro-Filho et al., 2002).

The sole matrilineal lineage of C. villosum in the
lower Rio Negro region might reflect isolation of
restrict populations in few terra firme refugia during
glacial period followed by extinction of low-frequency
haplotypes, and subsequent expansion, leading to
the present-day distribution. On the other hand,
populations of species from seasonally-flooded igapo
forest, restricted to riverbanks, were likely not too
severely affected because of the persistence of the
main water courses and riverine habitats even
during the drier Pleistocenic periods (Prance, 1973).
Under this scenario, a more stable and diverse
population of C. microcarpum than C. villosum
would be expected. If the terra firme and igapo habi-
tats had a distinct historical effect in the diversifi-

Table 3. Demographic parameters based on maximum likelihood estimation performed with LAMARC software for
Caryocar microcarpum populations from the right and left banks of Rio Negro, based on the polymorphism at trnL intron
and psbA-trnH intergenic region, and based on ten microsatellite loci for C. microcarpum and Caryocar villosum from
each bank

Pop

Caryocar microcarpum Caryocar villosum

trnL and psbA-trnH Microsatellites Microsatellites

Right Left Right Left Right Left

q 0.007 0.002 0.041 0.073 0.108 0.161
g -51.449 6893.291 -228.360 -0.045 -127.335 0.171
m 25.103 1.270 1.218 0.458 1.454 0.236

q, coalescent parameter; g, exponential growth parameter; m, number of migrants per generation (2 Nm for chloroplast and
4 Nm for microsatellites).

Table 4. Characterization of the ten microsatellite loci based on 47 individuals of Caryocar microcarpum and 44
individuals of Caryocar villosum from the lower Rio Negro

Locus

Caryocar microcarpum Caryocar villosum

A HO HE f A HO HE f

cb1 – – – – 11 0.894 0.902 0.009
cb3 18 0.697 0.910 0.190* 13 0.972 0.903 -0.074
cb5 18 0.879 0.903 0.103* 12 0.639 0.746 0.089
cb6 17 0.909 0.856 0.034 11 0.872 0.833 -0.094
cb9 11 0.909 0.864 -0.086 11 0.894 0.839 -0.074
cb11 21 0.727 0.815 0.036 18 1.000 0.933 -0.070
cb12 18 0.667 0.770 0.152* 16 0.761 0.927 0.192*
cb13 15 0.833 0.921 0.138* 12 0.794 0.861 0.057
cb20 15 0.439 0.557 0.352* 14 0.917 0.898 0.010
cb23 17 0.833 0.935 0.148* 12 0.922 0.867 -0.065
Overall loci 16.6 0.766 0.837 0.119* 13 0.867 0.871 -0.002

*Significant for P < 0.00556 (C. microcarpum) and P < 0.005 (C. villosum).
A, total number of alleles; HO, observed heterozygosity; HE, expected heterozygosity; f, inbreeding coefficient.
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cation of tree populations, similar genetic patterns
may emerge as additional congeneric species with
contrasting habitat preferences are analysed in the
region.

Although results on bottleneck analyses for micro-
satellites did not statistically support a recent bottle-
neck for C. villosum, comparative analyses show that
this species exhibited lower polymorphism for micro-
satellite markers than C. microcarpum, and no poly-
morphism for cpDNA markers. Because the population
effective size for the chloroplast genome is half the size
of the nuclear genome, a more severe effect of demo-
graphic events on the chloroplast genome may be
expected. Furthermore, the tests used to detect bottle-
necks are based on the assumption that a bottleneck is
a recent event and that the population is sampled just
after the bottleneck when the population is expanding
(Rogers & Harpending, 1992; Fu, 1997). Therefore, the
observed pattern may be the outcome of a bottleneck
because the population was not expanding (left bank)
or was shrinking (right bank).

The sharing of haplotypes between C. microcar-
pum, C. villosum, and C. brasiliense (Figs 2, 3) may
be the outcome of incomplete lineage sorting of poly-
morphic ancestral gene pool (recent speciation in the
group) or introgression as a result of hybridization.
Further in depth phylogenetic analysis is necessary to
better understand the evolution of this group and
clarify this result.

RIO NEGRO AS A GEOGRAPHIC BARRIER

Despite the remarkable between-species differences
in terms of cpDNA genetic polymorphism, no signifi-
cant genetic differentiation was detected for the
chloroplast genomes between populations from the
left and right banks of C. villosum and between those
of C. microcarpum. No differences between river
banks were also found for each species using nuclear
microsatellites, and coalescent analysis revealed high
migration between the left and right banks for both
species. Furthermore, Bayesian analysis showed, for
both species, that individuals sampled on both banks
most likely belong to one gene pool. Hence, the results
obtained in the present study suggest that the Rio
Negro does not appear to be an important barrier to
gene flow by pollen and seeds for either species. For
both species, the results of the present study show
that individuals from each bank belong to subpopu-
lations of a larger population. In addition, coalescent
analysis provides evidence of biased gene flow from
subpopulations from the left to the right bank, as a
source-sink system, for both species.

The lack of genetic differentiation among trees on
opposite river banks may be related to ecological
factors such as the long-distance pollination and seed

dispersal of Caryocar species. The nocturnal, brush-
like flowers of Caryocar are pollinated primarily by
glossophagine and Phyllostomus bats (Gribel & Hay,
1993; Martins & Gribel, 2007), with the latter com-
prising pollinators that could potentially cross large
rivers. The large and hard drupes of Caryocar
brasilense are ingested and probably dispersed
through endozoochory by tapirs (Tapirus terrestris,
Tapiridae) in Central Brazil (R. Gribel, unpubl.
observ.) and the same likely occurs with the Amazo-
nian species of Caryocar. The tapir is a large, mobile
mammal with a high level of swimming ability that
promotes long-distance seed dispersal in many
drupaceous plants of the Neotropical forests (Fragoso,
Silvius & Correa, 2003). Many drupes in the
seasonally-flooded forest are registered as dispersed
by fishes (Gottsberger, 1978) and ichthyochory may
also be important to connect populations of C. micro-
carpum from opposite river banks.

The lack of differentiation between populations
from opposite banks may be a result of the ancient
geological morphostructure of the lower Rio Negro
because a landmass that is currently on the right
margin of the Rio Negro, where many individuals of
both species were sampled, was in the left margin
until the Quaternary. Paleogeographic reconstruction
of the lower Negro River revealed that the ancient
channel flowed along the Ariau depression toward the
Rio Solimões, and that the Iranduba region was part
of the Rio Negro left bank (Silva et al., 2007). Qua-
ternary sedimentation subsequent to the filling of the
Ariau channel resulted in the diversion of the lower
stretch of the Negro River to the east, flowing through
the fault occupied currently by the Rio Negro mouth
(Silva et al., 2007; Fig. 1).

Whatever the reason (ecologic or geomorphologic),
the congruence between the results from the cpDNA
sequences and microsatellite data strongly support
the hypothesis that the Negro River has not been a
geographical barrier to gene flow by pollen and by
seeds for either species. A lack of population differen-
tiation was also found for other Amazonian species
over wide areas, suggesting long-distance gene flow
(e.g. Pterocarpus officinalis: Rivera-Ocasio, Aide &
McMillan, 2002; Symphonia globulifera: Dick, Abdul-
Salim & Bermingham, 2003; Ceiba pentandra: Dick
et al., 2007). By contrast, the Lecythidaceae Coytho-
phora alta presented high population differentiation,
with an FST almost equal to 1.0, over distances of a
few kilometers (Hamilton, 1999).

The present study shows that historical and eco-
logical factors leading to diversification can be
explored by genetic studies on closely-related taxa
with contrasting habitats preferences. In conclusion,
we show that the congeneric comparative analysis of
polymorphism in different regions of the chloroplast
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genome and with nuclear microsatellites may provide
novel insights into the role of ancient events on the
current distributions of genetic variation of tropical
tree populations, for which information is typically
scarce.

ACKNOWLEDGEMENTS

We acknowledge the Universidade Católica de
Brasília (UCB) and Instituto Nacional de Pesquisas
da Amazonia (INPA) for financial support. We are
grateful to Luiz de Souza Coelho and José Lima dos
Santos for their help with field work and two anony-
mous reviewers for their helpful comments on the
manuscript.

REFERENCES

Anhuf D, Ledru MP, Behling H, Cruz FW, Cordeiro RC,
Van Der Hammen T, Karmann I, Marengo JA, Oliveira
P, Pessenda L, Siffedine A, Dias PLS. 2006. Paleo-
environmental change in Amazonian and African rainforest
during the LGM. Palaeogeography Palaeoclimatology
Palaeoecology 239: 510–527.

Avise JC. 1994. Molecular markers, natural history and evo-
lution. New York, NY: Chapman and Hall.

Azuma H, García-Franco JG, Rico-Gray V, Thien LB.
2001. Molecular phylogeny of the Magnoliaceae: the bio-
geography of tropical and temperate disjunctions. American
Journal of Botany 88: 2275–2285.

Bandelt HJ, Forster P, Röhl A. 1999. Median-joining
networks for inferring intraspecific phylogenies. Molecular
Biology and Evolution 16: 37–48.

Bates JM, Haffer J, Grismer E. 2004. Avian mitochondrial
DNA sequence divergence across a headwater stream of the
Rio Tapajos, a major Amazonian river. Journal of Ornithol-
ogy 145: 199–205.

Beerli P, Felsenstein J. 2001. Maximum likelihood estima-
tion of migration rates and effective population numbers in
two populations using a coalescent approach. Proceedings of
the National Academy of Sciences of the United States of
America 98: 4563–4568.

Burnham RJ, Graham A. 1999. The history of Neotropical
vegetation: new developments and status. Annals of the
Missouri Botanical Garden 86: 546–589.

Carneiro-Filho A, Schwartz D, Tatumi SH, Rosique T.
2002. Amazonian paleodunes provide evidence for drier
climate phase during the Late Pleistocene–Holocene.
Quaternary Research 58: 205–209.

Cockerham CC. 1969. Variance of gene frequencies. Evolu-
tion 23: 72–84.

Colinvaux PA, Oliveira PE, Bush MB. 2000. Amazonian
and Neotropical plant communities on glacial time-scales:
the failure of the aridity and refuge hypotheses. Quaternary
Science Reviews 19: 141–169.

Collevatti RG, Brondani RVP, Grattapaglia D. 1999.
Development and characterization of microsatellite markers

for genetic analysis of a Brazilian endangered tree species
Caryocar brasiliense. Heredity 83: 748–756.

Collevatti RG, Grattapaglia D, Hay JD. 2003. Evidences
for multiple maternal lineages of Caryocar brasiliense popu-
lations in the Brazilian Cerrado based on the analysis of
chloroplast DNA sequences and microsatellite haplotype
variation. Molecular Ecology 12: 105–115.

Collins AC, Dubach JM. 2000. Biogeographic and ecological
forces responsible for speciation in Ateles. International
Journal of Primatology 21: 421–444.

Colwell RK. 2000. A barrier runs through it . . . or maybe
just a river. Proceedings of the National Academy of Sciences
of the United States of America 97: 13470–13472.

Cornuet JM, Luikart G. 1996. Description and power analy-
sis of two tests for detecting recent population bottlenecks
from allele frequency data. Genetics 144: 2001–2014.

Dick CW, Abdul-Salim K, Bermingham E. 2003. Molecular
systematics reveals cryptic Tertiary diversification of a
widespread tropical rainforest tree. American Naturalist
162: 691–703.

Dick CW, Bermingham E, Lemes MR, Gribel R. 2007.
Extreme long-distance dispersal of the lowland tropical
rainforest tree Ceiba pentandra L. (Malvaceae) in Africa
and the Neotropics. Molecular Ecology 16: 3039–3049.

Di Rienzo A, Peterson AC, Garza JC, Valdes AM, Slatkin
M, Freimer NB. 1994. Mutational process of simple-
sequence repeat loci in human populations. Proceedings of
the National Academy of Sciences of the United States of
America 91: 3166–3170.

Doyle JJ, Doyle JL. 1987. Isolation of plant DNA from fresh
tissue. Focus 12: 13–15.

Ennos RA. 1994. Estimating the relative rates of pollen and
seed migration among plant populations. Heredity 72: 250–
259.

Excoffier L, Smouse P, Quattro J. 1992. Analysis of
molecular variance inferred from metric distances among
DNA haplotypes: application to human mitochondrial DNA
restriction data. Genetics 131: 479–491.

Forster P, Bandelt HJ, Röhl A. 2004. Network, Version
4.2.0.1. Available at: http://www.fluxus-engineering.com.
Fluxus Technology Ltd.

Fragoso JMV, Silvius KM, Correa LA. 2003. Long-distance
seed dispersal by tapirs increases seed survival and aggre-
gates tropical trees: long-distance dispersal. Ecology 84:
1998–2006.

Fu YX. 1997. Statistical tests of neutrality of mutations
against population growth, hitchhiking, and background
selection. Genetics 147: 915–925.

Gascon C, Malcolm JR, Patton JL, da Silva MNF,
Bogarti JP, Lougheed SC, Peres CA, Neckel S, Boag
PT. 2000. Riverine barriers and the geographic distribu-
tion of Amazonian species. Proceedings of the National
Academy of Sciences of the United States of America 97:
13672–13677.

Goodman SJ. 1997. RST Calc: a collection of computer pro-
grams for calculating estimates of genetic differentiation
from microsatellite data and determining their significance.
Molecular Ecology 6: 881–885.

288 R. G. COLLEVATTI ET AL.

© 2009 The Linnean Society of London, Biological Journal of the Linnean Society, 2009, 98, 278–290

D
ow

nloaded from
 https://academ

ic.oup.com
/biolinnean/article-abstract/98/2/278/2448039 by guest on 03 June 2020



Gottsberger G. 1978. Seed dispersal by fish in the inundated
regions of Humaita, Amazonia. Biotropica 10: 170–183.

Goudet J. 2002. FSTAT, a program to estimate and test gene
diversities and fixation indices, Version 2.9.3.2., Available at:
http//www.unil.ch/izea/softwares/fstat.html

Goudet J, Raymond M, de Meeds T, Rousset F. 1996.
Testing differentiation in diploid populations. Genetics 144:
1933–1940.

Gribel R, Hay JD. 1993. Pollination ecology of Caryocar
brasiliense (Caryocaraceae) in Central Brazil cerrado veg-
etation. Journal of Tropical Ecology 9: 199–211.

Haffer J. 1997. Alternative models of vertebrate speciation in
Amazonia: an overview. Biodiversity Conservation 6: 451–
476.

Hall JPW, Harvey DJ. 2002. The phylogeography of Ama-
zonia revisited: new evidence from riodinid butterflies.
Evolution 56: 1489–1497.

Hamilton MB. 1999. Tropical tree gene flow and seed dis-
persal. Nature 401: 129.

Hayes FE, Sewlal JN. 2004. The Amazon River as a dispersal
barrier to passerine birds: effects of river width, habitat and
taxonomy. Journal of Biogeography 31: 1809–1818.

Hooghiemstra H, Van der Hammen T. 1998. Neogene and
Quaternary development of the neotropical rain forest:
the forest refugia hypothesis, and a literature overview.
Earth-Science Reviews 44: 147–183.

Hooghiemstra H, Van der Hammen T. 2004. Quaternary
ice-age dynamics in the Colombian Andes: developing an
understanding of our legacy. Philosophical Transactions of
the Royal Society of London Series B 359: 173–181.

Hoorn C, Guerrero J, Sarmiento GA, Lorente MA. 1995.
Andean tectonics as a cause for changing drainage patterns
in Miocene northern South America. Geology 23: 237–240.

Kelchner SA. 2000. The evolution of non-coding chloroplast
DNA and its application in plant systematics. Annals of the
Missouri Botanical Garden 87: 482–498.

Kingman JFC. 1982. The coalescent. Stochastic Processes
and their Applications 13: 235–248.

Kuhner MK. 2006. LAMARC 2.0: maximum likelihood and
Bayesian estimation of population parameters. Bioinformat-
ics 22: 768–770.

Luikart G, Allendorf FW, Cornuet JM, Sherwin WB.
1998. Distortion of allele frequency distribution provides a
test for recent population bottlenecks. Heredity 89: 238–247.

Martins RL, Gribel R. 2007. Polinização de Caryocar villo-
sum (Aubl.) Pers. (Caryocaraceae) uma árvore emergente
da Amazônia Central. Revista Brasileira de Botânica 30:
35–43.

Maruyama T, Fuerst PA. 1985. Population bottlenecks and
non-equilibrium models in population genetics. II. Number
of alleles in a small population that was formed by a recent
bottleneck. Genetics 111: 675–689.

McCauley DE. 1995. The use of chloroplast DNA polymor-
phism in studies of gene flow in plants. Trends in Ecology
and Evolution 10: 198–202.

Nei M. 1978. Estimation of average heterozygosity and
genetic distance from a small number of individuals.
Genetics 89: 583–590.

Patton JL, da Silva MN, Malcolm JR. 2000. Mammals
of the Rio Jurua and the evolutionary and ecological diver-
sification of Amazonia. Bulletin of the American Museum of
Natural History 244: 1–306.

Pennington RT, Lavin M, Prado DE, Pendry CA, Pell
SK, Butterworth CA. 2004. Historical climate change and
speciation: Neotropical seasonally dry forest plants show
patterns of both Tertiary and Quaternary diversification.
Philosophical Transactions of the Royal Society of London
Series B 359: 515–537.

Pennington TR, Prado DE, Pendry CA. 2000. Neotropical
seasonally dry forests and Quaternary vegetation changes.
Journal of Biogeography 27: 261–273.

Prance GT. 1973. Phytogeographic support for the theory of
Pleistocene forest refuges in the Amazon basin, based on
evidence from distribution patterns in Caryocaraceae,
Chrysobalanaceae, Dichapetalaceae and Lecythidaceae.
Acta Amazonica 3: 5–28.

Prance GT, Freitas da Silva M. 1973. Flora neotropica:
caryocaraceae. Monograph no. 12. New York, NY: Hafner.

Pritchard JK, Stephens M, Donnelly P. 2000. Inference
of population structure using multilocus genotype data.
Genetics 155: 945–959.

Rivera-Ocasio E, Aide TM, McMillan TO. 2002. Patterns
of genetic diversity and biogeographical history of the
tropical wetland tree, Pterocarpus officinalis (Jacq.), in the
Caribbean basin. Molecular Ecology 11: 675–683.

Rogers AR, Harpending H. 1992. Population growth makes
waves in the distribution of pairwise genetic differentiation.
Molecular Biology and Evolution 9: 552–569.

Rozas J, Sánchez-DelBarrio JC, Messeguer X, Rozas R.
2003. DnaSP, DNA polymorphism analyses by the coales-
cent and other methods. Bioinformatics 19: 2496–2497.

Schaal BA, Hayworth DA, Olsen KM, Rauscher JT,
Smith WA. 1998. Phylogeographic studies in plants: prob-
lems and prospects. Molecular Ecology 7: 465–474.

Schneider S, Excoffier L. 1999. Estimation of demographic
parameters from the distribution of pairwise differences
when the mutation rates vary among sites. Genetics 152:
1079–1089.

Schneider S, Roessli D, Excoffier L. 2000. Arlequin
Ver. 2.0.1.1: a software for population genetic data analy-
sis. Available at: http://lgb.unige.ch/arlequin/software/
register.php

Silva CL, Morales N, Crosta AP, Solange S, Costa SS,
Jiménez-Rueda JR. 2007. Analysis of tectonic-controlled
fluvial morphology and sedimentary processes of the
western Amazon Basin: an approach using satellite images
and digital elevation model. Anais da Academia Brasileira
de Ciências 79: 693–711.

Slatkin M. 1995. A measure of population subdivision
based on microsatellite allele frequencies. Genetics 139:
457–462.

Soltis DE, Soltis PS. 1998. Choosing an approach and appro-
priate gene for phylogenetic analysis. In: Soltis DE, Soltis
PS, Doyle JJ, eds. Molecular systematics of plants II: DNA
sequencing. Norwell, MA: Kluwer Academic Publishers,
1–42.

GENETIC STRUCTURE OF TWO AMAZONIAN CARYOCARACEAE SPECIES 289

© 2009 The Linnean Society of London, Biological Journal of the Linnean Society, 2009, 98, 278–290

D
ow

nloaded from
 https://academ

ic.oup.com
/biolinnean/article-abstract/98/2/278/2448039 by guest on 03 June 2020



Taberlet P, Gielly L, Pautou G, Bouvet J. 1991. Universal
primers for amplification of three non-coding regions of
chloroplast DNA. Plant Molecular Biology 17: 1105–1109.

Thompson JD, Gibson TJ, Plewniak F, Jeanmougin F,
Higgins DG. 1997. The ClustalX windows interface: flexible
strategies for multiple sequence alignment aided by quality
analysis tools. Nucleic Acids Research 24: 4876–4882.

Urrego LE, Molina LA, Urrego DH, Ramırez FR. 2006.
Holocene space–time succession of the Middle Atrato wet-
lands, Choco biogeographic region, Colombia. Palaeogeogra-
phy, Palaeoclimatology, Palaeoecology 234: 45–61.

Van der Hammen T. 1974. The Pleistocene changes of veg-
etation and climate in tropical South America. Journal of
Biogeography 1: 3–26.

Van der Hammen T, Hooghiemstra H. 2000. Neogene and
Quaternary history of vegetation, climate, and plant diver-
sity in Amazonia. Quaternary Science Reviews 19: 725–742.

Vélez MI, Hooghiemstra H, Metcalfe S, Wille M, Berrıó

JC. 2006. Late Glacial and Holocene environmental and
climatic changes from a limnological transect through
Colombia, northern South America. Palaeogeography,
Palaeoclimatology, Palaeoecology 234: 81–96.

Wallace AR. 1852. On the monkeys of the Amazon. Proceed-
ings of the Zoological Society of London 20: 107–110.

Webb SD. 1995. Biological implications of the middle Amazon
seaway. Science 269: 361–362.

Weir BS, Cockerham CC. 1984. Estimating F-statistics for
the analysis of population structure. Evolution 38: 1358–
1370.

Wright S. 1931. Evolution in Mendelian populations. Genetics
16: 97–159.

Wright S. 1951. The genetic structure of populations. Annual
Eugenics 15: 323–354.

Zuker M. 2003. Mfold web server for nucleic acid folding and
hybridization prediction. Nucleic Acids Research 31: 3406–
3415.

290 R. G. COLLEVATTI ET AL.

© 2009 The Linnean Society of London, Biological Journal of the Linnean Society, 2009, 98, 278–290

D
ow

nloaded from
 https://academ

ic.oup.com
/biolinnean/article-abstract/98/2/278/2448039 by guest on 03 June 2020


