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ABSTRACT

Aim The subduction of the Nazca Plate and the eastward propagation of the
Andean orogenic wedge in western Amazonia caused the formation of arches or

ridges that have influenced the modern configuration of the upper Amazon drain-

age and the diversification of biota. We used a lineage of 15 palm species (Astro-
caryum sect. Huicungo, Arecaceae) to test two biogeographical hypotheses for

lowland plants: (1) that vicariance resulted from tectonically mediated geographi-

cal barriers (population contraction), and (2) that recurrent dispersal events (pop-
ulation expansion) produced geographical isolation and subsequent speciation.

Location Rain forests of South America.

Methods A total of 78 palm individuals were collected in the field, from

which five chloroplast and two nuclear DNA fragments were sequenced. We
reconstructed a Bayesian dated phylogeny and inferred the demographic his-

tory. We used a Bayesian phylogeographical spatial diffusion approach to pro-

pose a model of colonization.

Results We found a phylogeographical break at c. 5° S between two main

clades with crown ages of c. 6.7 and 7.3 Ma located in the Fitzcarrald Arch
(FA) and the subsiding northern Amazonian foreland basin (NAFB), respec-

tively. These diversification times were close to the emergence of the FA in the

late Miocene, and the coeval development of the transcontinental modern
drainage and sedimentation plain of the NAFB. As expected for the recurrent-

dispersal hypothesis, lineage delimitations were spatially inconsistent with the

location of rivers or ridges, and we found some evidence of past ancestral pop-
ulation expansion supported particularly by the chloroplast sequences.

Main conclusions Our results support the biogeographical scenario whereby
recurrent dispersal into western Amazonia produced spatial isolation of popu-

lations, followed by speciation within two areas of contrasting geological activ-

ity: tectonic uplift in the FA versus subsidence in the NAFB. We did not test
and cannot rule out ecological speciation within western Amazonia or at finer

spatial scales.

Keywords
Arecaceae, Astrocaryum sect. Huicungo, dispersal, diversification time,
Fitzcarrald Arch, inter-Andean valleys, lowland rain forests, northern

Amazonian foreland basin, phylogeography, vicariance.

INTRODUCTION

The timing and mechanisms by which the extant biological

diversity in tropical America evolved remain unresolved.

Contemporary molecular phylogenetic dating analyses have

revealed times of origination ranging from the early Neogene

to the Pleistocene for several plant and animal taxa (e.g. Ho-

orn et al., 2010; Rull, 2011; Smith et al., 2014), suggesting

that no single mechanism, geological event or time interval

acted as the sole driver of speciation in tropical America.
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Instead, a long and complex evolutionary history mediated

by numerous biotic and abiotic forces seems more likely

(Antonelli & Sanmart!ın, 2011). The argument over tropical

diversification has focused on Quaternary and pre-Quater-

nary landscape reconfigurations which induced the isolation

of continuous populations, and subsequent allopatric specia-

tion. This debate has in turn centred on the Pleistocene ref-

uge hypothesis of Haffer (1969), by which it is proposed that

speciation occurred within forest refugia isolated by glacial

aridity. Critics of this hypothesis assert that forest disconti-

nuity need not have occurred, but instead only biotic reorga-

nizations caused by cooling and CO2 depletion (Bush & de

Oliveira, 2006). Evolutionary forces older than the Quater-

nary are mostly related to Andean geodynamic evolution.

The Andean uplift dramatically altered the Amazonian land-

scape by reconfiguring reliefs, river drainage patterns, regio-

nal climatic regimes and the influx of sediments into the

basin (R€as€anen et al., 1990; Hoorn et al., 2010; Poulsen

et al., 2010). An alternative set of hypotheses relate to line-

age-specific characteristics that influence diversification.

Notably, different dispersal abilities allow distinct lineages to

colonize and diversify within a previously geographically

structured landscape (e.g. Smith et al., 2014). Biotic interac-

tions and environmental adaptations that facilitate ecological

speciation (Nosil, 2012) have also been supported. Other

hypotheses include the idea that edaphic heterogeneity in the

tropics at different spatial scales induces parapatric speciation

(e.g. Gentry, 1989), and the idea of gradual accumulation of

species in the tropics without extinction (i.e. the museum

hypothesis; Stebbins, 1974), among others.

Vicariant speciation, the process by which geographical

barriers to gene flow partition continuous populations and

lead to new species, is a widely accepted mechanism underly-

ing Amazonian species richness and endemism (Haffer,

1997). The riverine hypothesis (that rivers act as dispersal

barriers between terrestrial populations, promoting allopatric

divergence; Sick, 1967) has been invoked to explain the ori-

gin and distribution of some primates and birds (e.g. Hayes

& Sewlal, 2004; Ribas et al., 2012), and to our knowledge

only one plant system conforms to this hypothesis (de Lima

et al., 2014). The formation of arches or ridges from foreland

dynamics some 5–10 million years ago (R€as€anen et al., 1990)

caused changes in topographical relief that might have been

responsible for the genetic breaks some authors report (arch

hypothesis; da Silva & Patton, 1998; Lougheed et al., 1999;

Symula et al., 2003; Hubert et al., 2007; Dexter et al., 2012).

The gradual deposition of Andean sediments has, however,

erased the signal of these ridges in the modern landscape,

making it unlikely that arches currently limit plant and ani-

mal movement (Wesselingh & Salo, 2006). The strongest

South America-wide phylogeographical break is attributed to

the Andes, as inferred from analysis of certain animal-dis-

persed Amazonian trees restricted to moist forests (e.g. Dick

& Heuertz, 2008; Hardesty et al., 2010; Cavers et al., 2013).

Widespread plant haplotypes have also been found on both

sides of the Andes, however, indicating recent trans-Andean

dispersal in lowland and montane plants (e.g. Dick et al.,

2007; Rymer et al., 2013).

Within tropical America, western Amazonia is of particu-

lar interest, because it supports up to twice as many tree spe-

cies as eastern Amazonia (ter Steege et al., 2006), playing a

key role in the dynamics of Amazonian biodiversity. During

the first part of the Neogene, the uplift and the eastward

propagation of the Andean orogenic wedge favoured the

development of an aquatic system or megawetland in the

Andean foreland basin called Pebas, which occupied one mil-

lion square kilometres in western Amazonia from 23 to

8 Ma, with possible marine incursions from the Caribbean

(Hoorn, 1994; R€as€anen et al., 1995; Wesselingh et al., 2002;

Wesselingh & Salo, 2006). The subsequent acceleration of the

Andean orogeny and the uplift of perpendicular arches dur-

ing the late Miocene caused the drainage of Pebas and the

establishment of the eastward flow of the Amazon River (Fi-

gueiredo et al., 2009; Hoorn et al., 2010; Latrubesse et al.,

2010; Mora et al., 2010). Very few empirical studies have

addressed the role of Pebas as a speciation constraint in wes-

tern Amazonia (e.g. Antonelli et al., 2009; Roncal et al.,

2013). Generalizations about the colonization patterns and

mechanisms of in situ diversification after Pebas was drained

are largely missing, partly because of the contentious nature

of western Amazonia’s historical geomorphology and the

near absence of fine-scale time-calibrated phylogeographical

studies (e.g. Cavers et al., 2013). To assist in filling this

knowledge gap, we reconstructed a time-calibrated molecular

phylogeny and a phylogeographical dispersal model of evolu-

tion for a lineage of palm species that are mostly confined to

the western Amazonia. We then contrasted the molecular

evidence with a dating of tectonic uplifts in the Peruvian

Amazon foreland basin.

Our biological model, Astrocaryum section Huicungo

F.Kahn (Arecaceae), is a monophyletic clade (Roncal et al.,

2013) composed of 15 species restricted to western Amazo-

nia, except for three species distributed in central Amazonia

and reaching the Guiana Shield (A. ferrugineum, A. murum-

uru and A. ulei; Fig. 1). The palms in this group occupy the

understorey to subcanopy (15 m) of rain forests in a variety

of habitats ranging from primary to disturbed forests, and

from swamp to well-drained terra firme, usually below

1000 m elevation (rarely to 1200–1600 m). Knowledge of the

group’s phylogeny and biogeography (Kahn et al., 2011;

Roncal et al., 2013) make this clade an excellent case study

to examine the diversification history of western Amazonian

plants. The current distributions of the species, delimited by

rivers, tectonic uplifts and ecological barriers (Kahn et al.,

2011), suggest that allopatry was the main speciation mecha-

nism, but this remains to be tested.

In this paper, we test two alternative hypotheses concern-

ing the mechanisms that underlie the diversification of low-

land taxa in western Amazonia: (1) that tectonically

mediated vicariance due to geographical barriers (e.g. rivers,

mountains) was the primary factor shaping the diversifica-

tion of forest taxa by in situ fragmentation of ancestral
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continuous populations; (2) that recurrent dispersal into

western Amazonia produced populations that were

sufficiently spatially isolated to trigger diversification, with

geographical barriers permeable to dispersal and of secondary

importance to species distributions. Under hypothesis (1),

we expect to find phylogenetic splits between species that

correspond to the presence of rivers, arches or mountains,

and evidence of a continuously distributed ancestor that

experienced population contraction as barriers to gene flow

emerged. Under hypothesis (2), we expect to find cladogene-

sis patterns that are spatially inconsistent with the location

of geographical barriers, and evidence of past ancestral popu-

lation expansion into independent regions of western

Amazonia. We cannot rule out that ecological speciation

took place via divergent selection under different environ-

mental conditions, but because we did not collect thorough

climatic or edaphic data for each species, this hypothesis

deserves further exploration in this system. Additionally,

diversification times must be contemporaneous with the for-

mation of geographical barriers under the first hypothesis,

but may or may not follow the temporal sequence or palaeo-

geographical reorganizations under the second hypothesis,

because geographical barriers were permeable to dispersal.

MATERIALS AND METHODS

Geological setting of western Amazonia

The evolution of the Amazonian foreland basin is related to

the propagation of the eastern Andean orogenic wedge (Baby

et al., 2009) and to the uplift of the Fitzcarrald Arch (Espurt

et al., 2007, 2010). The present-day western Amazonian basin

is divided by the NE–SW-trending morphostructural Fitz-

carrald Arch into two sub-basins: the northern Amazonian

foreland basin (NAFB) and the southern Amazonian foreland

basin (SAFB) (Roddaz et al., 2005).

In the sub-Andean foothills of the Moyobamba region,

thermochronological dating from field samples and direct

dates of syntectonic sediments imply late Miocene tectonic

uplift (Kennan, 2008). Further south, in the Shira Mountains

west of the present Fitzcarrald Arch, the onset of the rock

uplift has been dated to after 9 ! 2 Ma (Gautheron et al.,

2013). Further north, towards the Moyobamba region, the

sub-Andean foothills belong to the Northern Andes, which

change in orientation from NNW–SSE to NNE–SSW. The

northern sub-Andean foothills present moderate tectonic

shortening and a less pronounced mountain front with a dif-

ferent geological history (Baby et al., 2013).

The Fitzcarrald Arch uplift is a Pliocene or younger long-

wavelength topographic feature related to the Nazca Ridge

subduction (Espurt et al., 2010). We interpret the uplift of the

Fitzcarrald Arch to indicate the onset of rock uplift in the sub-

Andean Shira Mountains, which is consistent with the migra-

tion history of the subducted Nazca Ridge proposed by Ham-

pel (2002). The NAFB was influenced by the uplift of the

Fitzcarrald Arch (Espurt et al., 2010) and has subsequently led

to eastward transcontinental drainage since the late Miocene

(Roddaz et al., 2005). The Iquitos Arch, which constitutes the

current eastern border of the NAFB, corresponds to the fore-

bulge of the Andean–Amazonian foreland basin system, and

started to develop in the Pebas megawetland during the late

Miocene (Roddaz et al., 2005).

Sampling and molecular datasets

We extracted DNA from 58 individuals belonging to 14 of the

15 recognized species of Astrocaryum section Huicungo. All

collections were georeferenced. Sampling also included 20 out-

group individuals from other Astrocaryum subgenera, the sister

genus Hexopetion (Roncal et al., 2013) and Bactris gasipaes

(see Table S1 in Appendix S1 of the Supporting Information).

We obtained DNA sequences from five chloroplast regions:

Figure 1 Geographical distributions of each of the 15 species of Astrocaryum sect. Huicungo in South America (adapted from Galeano
& Bernal, 2010; Lorenzi et al., 2010; Kahn et al., 2011). Distributions in Peru are based on an intensive field collection effort, with gaps
representing unvisited areas of difficult access, whereas distributions outside Peru are extrapolations based on fewer than 10 collections.
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psbM–trnD (865 bp), rps16 intron (892 bp), rps16–trnQ
(1140 bp), trnD–trnT (899 bp) and trnG intron (723 bp). We

concatenated these chloroplast sequences into one alignment

because they belong to the same linkage group. In addition, we

obtained sequences from two low-copy nuclear DNA regions:

a WRKY transcription factor (WRKY7, 751 bp; the name

derives from the well-conserved amino acid sequence

WRKYGQK), and intron 4 of the phosphoribulokinase gene

(PRK, 592 bp). Details of DNA extraction, amplification and

sequencing methods are given in Appendix S2.

Haplotype network and tree reconstruction

We generated a haplotype network for each linkage group

(chloroplast, WRKY and PRK), using statistical parsimony in

tcs 1.21 (Clement et al., 2000) with the default 0.95 proba-

bility connection limit and gaps treated as missing data. We

refer to ‘haplotypes’ as those recovered from any linkage

group unless otherwise noted. We conducted Bayesian infer-

ence (BI) and maximum-likelihood phylogenetic inference

(ML) on the haplotypes obtained for each dataset. The best-

fitting model of sequence evolution was selected according to

the Akaike information criterion in jModelTest 2 (Darriba

et al., 2012; Appendix S2). The ML analysis was run in rax-

mlGUI 1.3 (Silvestro & Michalak, 2012), with 100 runs and

1000 bootstrap replicates. The BI and divergence-time esti-

mation were conducted in beast 1.7.5 (Drummond et al.,

2012). Because Astrocaryum sect. Huicungo is not known

from the fossil record, we used three secondary calibration

points from a previously dated phylogeny of the genus Astro-

caryum (Roncal et al., 2013) to obtain divergence times of

the haplotypes in Astrocaryum sect. Huicungo (Appendix S2).

We conducted two independent runs of 10 million genera-

tions each, sampling trees every 1000 generations, using a

lognormal relaxed molecular clock and a random starting

tree. Because extinction is less likely to occur at this phyloge-

netic scale, and is difficult to estimate from molecular phy-

logenies in the absence of fossil data (Rabosky, 2010), we

chose a Yule pure-birth speciation model. We combined the

beast log and tree files in LogCombiner 1.7.5 and summa-

rized estimates of posterior probabilities (PP), node ages and

95% highest posterior densities (HPD) into a maximum-

clade-credibility tree in TreeAnnotator 1.7.5 (Drummond

et al., 2012), discarding the first 2000 trees as burn-in. Log-

likelihood scores for the Bayesian post-burn-in trees were

graphed in Tracer 1.5 (Rambaut & Drummond, 2007) to

check for convergence of the Markov chain Monte Carlo

chains, and that the burn-in period was appropriate. We also

used the graphical exploration system implemented in awty

to draw a bivariate plot of split frequencies for the first and

second runs, and the cumulative split frequencies of each

run (Nylander et al., 2008). Haplotype matrices and trees

were deposited in TreeBASE (submission number 16637).

The sequences of individuals used to define haplotypes were

deposited in GenBank under accession numbers KP218809–
KP218904.

Phylogeographical analysis

We ran a Bayesian phylogeographical analysis in beast using

the continuous diffusion model (Lemey et al., 2010) to infer

phylogeographical breaks and potential dispersal rates and

routes (Bloomquist et al., 2010; see Appendix S2 for a justifi-

cation of this approach). We used the Cauchy-distributed

relaxed random walk demographic model because it fitted

the combined DNA data best (see Appendix S2 for model

selection). This model estimates different diffusion rates

throughout the branches of a tree.

We ran the analysis on all 78 individuals using the three

gene partitions simultaneously. We conducted two indepen-

dent runs of 100 million generations each, sampled trees

every 5000 generations, and discarded the first 4000 trees as

burn-in. We used the same parameter settings for nucleotide

substitution models, calibration points, clock model, tree

prior, chain convergence check and tree annotation as previ-

ously described for the BI haplotype tree reconstruction. We

did not fix the monophyly of each Astrocaryum species,

because it was something we wanted to test. We manually

modified the XML file to include the tree-dispersion statistic,

which calculates the great-circle distance covered across all

tree branches in kilometres, and divides it by the total time

across all branches (Suchard & Lemey, 2013). The maxi-

mum-clade-credibility tree obtained under the continuous

diffusion model was then used as an input in spread (Biel-

ejec et al., 2011) to analyse and visualize the reconstruction

of past phylogeography. Finally, the resulting dispersion

routes were visualized in Google Earth 6.0.1 (Google,

Mountain View, CA, USA). We used the biogeographical

reconstruction of Roncal et al. (2013) to infer the ancestral

area of Astrocaryum sect. Huicungo, rather than the present

spatial diffusion approach, because of the complete generic

level sampling of the former study. The concatenated DNA

matrix and maximum clade credibility tree were deposited in

TreeBASE (submission number 16637).

Genetic structure and demographic history

We performed an analysis of molecular variance (AMOVA)

for each linkage group to determine how the genetic varia-

tion was distributed within and between phylogeographical

groups. A total of 20,000 permutations were performed for

every AMOVA. Each species within Astrocaryum sect. Hu-

icungo was used to define a population. The hypothesis that

the current pattern of haplotype diversity and distribution

was caused by an ancient population contraction (vicari-

ance) or expansion (dispersal) was tested using Tajima’s D

(Tajima, 1989) and Fu’s FS (Fu, 1997) tests of neutrality.

We ran these tests on each haplogroup identified in the

phylogenetic trees of haplotypes, and on all haplotypes of

Astrocaryum sect. Huicungo together, keeping linkage groups

separate in both cases. We assessed the significance of these

statistics over 10,000 coalescent simulations. An independent

assessment of demographic expansion was obtained by
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plotting the pairwise sequence differences (mismatch distri-

bution) following the same sampling scheme as the neutral-

ity tests. Fitness of the model was calculated over 1000

bootstrap replicates. The sum of squared deviations (SSD)

and raggedness index further tested the fit of a sudden-

expansion model (Rogers & Harpending, 1992). The AMO-

VAs and population demographic tests were conducted in

Arlequin 3.5.1.3 (Excoffier & Lischer, 2010).

RESULTS

Haplotype network and tree reconstruction

We obtained 34, 32 and 30 haplotypes from the chloro-

plast, WRKY7 and PRK sequences, respectively (Table S1

in Appendix S1). Results from Bayesian inference (BI) and

maximum-likelihood (ML) analyses of haplotypes rendered

congruent topologies, so we chose the maximum-clade-

credibility tree of beast to summarize the haplotype rela-

tionships and support values (Appendix S1). In the Bayes-

ian analyses of chloroplast, WRKY7 and PRK haplotypes,

the effective sample sizes (ESS) for all modelled parameters

were larger than 100 (Appendix S2).

All haplotypes of Astrocaryum sect. Huicungo haplotypes

formed a well-supported monophyletic clade in the three

datasets. The section exhibited phylogeographical structure

in the chloroplast and WRKY7 datasets (Figs S1 & S2 in

Appendix S1), but no clear phylogeographical break was

evident from the PRK dataset (Fig. S3 in Appendix S1).

We identified two haplogroups. The first contained haplo-

types mostly distributed near the Fitzcarrald Arch (FA),

from Moyobamba in the north to the Madre de Dios

River in the south. The second corresponded to haplotypes

from the northern Amazonian foreland basin (NAFB) as

defined in Espurt et al. (2010), i.e. the area of the

Mara~n!on and Amazon rivers in northern Peru (Fig. 2).

The ancestral chloroplast and WRKY7 haplotypes (J and

C) were grouped within the first haplogroup, and differed

from haplotypes in the NAFB haplogroup by 7–10 muta-

tions in the chloroplast loci, and by 3–9 mutations in

WRKY7 (Figs S1 & S2).

Phylogeographical analysis

A Bayesian phylogenetic reconstruction of the 78 individuals

using the concatenated DNA matrix (5382 bp) produced phy-

logenetic relationships that were congruent with those in the

chloroplast and WRKY7 haplotype trees. Species within Astro-

caryum sect. Huicungo were not monophyletic except for

A. murumuru (PP 1.0), A. scopatum (PP 1.0) and A. chonta

(rounded to PP of 1.0). Every outgroup species was monophy-

letic. An initial split of Astrocaryum sect. Huicungo occurred

8.3 Ma (95% HPD, 6.7–9.8 Ma) and formed two clades

(Fig. 3). The first clade (PP 0.9), which we named Fitzcarrald

Arch (FA), has a crown age of 6.7 Ma (95% HPD, 4.9–8.5)
and corresponds to the first haplogroup we previously defined

from the haplotype tree reconstruction. The crown age of

A. murumuru (2.3 Ma, 95% HPD, 0.9–4.4 Ma) within the FA

clade suggests that it is a case of dispersal from western

Amazonia to central Amazonia and the Guiana Shield.

The second clade (PP 0.9; mean crown age 7.3 Ma; 95% HPD,

5.6–8.9 Ma) groups individuals from the NAFB such as

Moyobamba

Ucayali
River

0 500 km

FA clade
NAFB clade

SAFB

Madre de Dios River

Shira

NAFB

Iquitos Arch

FIT
ZC
AR
RA
LD
AR
CH EAFB

0 2500 5000-2500-5000
Elevation (m)

Napo
River

AmazonasRiver
Marañon

Figure 2 Geomorphological map showing
the present day positions of the Fitzcarrald
Arch and the northern (NAFB), southern
(SAFB) and eastern (EAFB) Amazonian
foreland basins. Locations of sampled
Astrocaryum individuals are colour-coded by
the main clade to which they belong as
defined in Fig. 3. The base map is produced
using elevation data from NASA (National
Aeronautics and Space Administration)
SRTM (Shuttle Radar Topographic Mission)
GTOPO30. Inset is map of South America.
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A. macrocalyx, A. urostachys, A. javarense, A. scopatum, A. cil-

iatum and A. ferrugineum (which extends into central Amazo-

nia, Fig. 1).

The spread visualization of the phylogeographical history

of Astrocaryum sect. Huicungo under a continuous diffusion

model supported a dispersal of the ancestor of Astrocaryum

sect. Huicungo from Caquet!a in Colombia to three main

locations in western Amazonia (Fig. S4 in Appendix S1). The

first colonization was of the upper Ucayali/Amazon river area

in northern Peru c. 7.3 Ma, giving rise to the extant A. mac-

rocalyx, A. urostachys, A. scopatum and A. javarense. The sec-

ond was in the area of the sub-Andean foothills and inter-

Andean valleys of central Peru, which was colonized around

5.2 Ma by the ancestor of A. carnosum, A. faranae, A. hu-

Figure 3 Bayesian phylogeographical inference in continuous space: concatenated DNA (five chloroplast and two nuclear DNA regions:
5382 bp in total) chronogram showing two main clades within Astrocaryum sect. Huicungo, which define a phylogeographical break in
Peruvian Amazonia. Numbers above branches are posterior probabilities, below branches are mean crown node ages in Ma, and bars are
95% highest posterior densities (confidence intervals) for nodes discussed in the text. Stars indicate calibration points (see Appendix S2).
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icungo, A. perangustatum and A. chonta. The ancestor of

A. ulei and A. gratum colonized a third point located some-

where within southern Acre in Brazil to northern Bolivia c.

2.8 Ma. We also found significant evidence for diffusion-rate

heterogeneity, meaning that the movement processes of

Astrocaryum varied over time and space. Rapid and slow dis-

persals were found throughout the tree. Notably, A. chonta

showed a high dispersal rate (Fig. S5 in Appendix S1). This

heterogeneous spatial movement had an effect on the mean

dispersal-rate estimate. Under the homogeneous Brownian

model, we found a mean dispersal rate of 0.137 m yr"1,

whereas a rate of 0.082 m yr"1 was found under the Cauchy

RRW model.

Genetic structure and demographic history

In the AMOVA of the chloroplast data, most of the variation

(46%) was explained by differences among groups (FA versus

NAFB), 43% by differences among species within groups,

and 10% by differences within species. The genetic variation

in WRKY7 was quite evenly distributed across the three hier-

archical levels (34%, 34% and 31%), and all of the genetic

variation in PRK was found within species (Table S2 in

Appendix S1). We found some evidence for the past expan-

sion of Astrocaryum sect. Huicungo in all datasets (Table 1).

An expansion model was not rejected for any dataset by the

SSD and raggedness indices (P > 0.05 in each case). Signifi-

cantly negative values (signifying population expansion) for

Tajima’s D and Fu’s FS were found in the chloroplast and

PRK. Because no significantly positive values were found in

any neutrality test, we rejected the contraction hypothesis.

All mismatch distributions were multimodal (suggesting

demographic equilibrium), except those for the chloroplast

data from FA and NAFB, which were unimodal, indicating

recent expansion (Table 1).

DISCUSSION

Our results support our second hypothesis, dispersal into

independent regions of western Amazonia followed by speci-

ation, because cladogenesis patterns were inconsistent with

the location of geographical barriers and we found evidence

of ancestral population expansion. We found a phylogeo-

graphical split of species at around 5° S in Peruvian Amazo-

nia, defining two genetic groups with mean crown ages of

c. 7.3 and 6.7 Ma, located in areas of contrasting Andean

foreland dynamics. The NAFB experienced change in the

current Amazonian drainage (transcontinental drainage) and

active sedimentation (soils with high level of nutrients; Ho-

orn et al., 2010) in the late Miocene and Pliocene (Roddaz

et al., 2005) in response to the FA uplift (Espurt et al.,

2010), the onset of which can be considered to have

occurred in the late Miocene in its western portion. On the

contrary, the uplift and erosional processes of the FA trig-

gered strong landscape modifications in the region stretching

from Moyobamba to the upper Madre de Dios River and

leached the soil (Hoorn et al., 2010).

Our results did not show divergence of species on each

side of the FA, rejecting the arch hypothesis of Amazonian

lowland species diversification by allopatric speciation. A few

studies in vertebrates have revealed genetic patterns of popu-

lation differentiation consistent with the arch hypothesis, but

none were attributed to the FA (e.g. da Silva & Patton, 1998;

Lougheed et al., 1999; Symula et al., 2003; Hubert et al.,

2007). To our knowledge, the only study in plants that

showed a correlation between patterns of genetic differentia-

tion and the location of arches in Amazonia (an analysis of

Theobroma cacao by Motamayor et al., 2008) did not provide

time estimates for clusters, making it difficult to evaluate the

specific role of these ancient ridges as causative agents of

population breaks. The uplift of FA played a dynamic role in

Table 1 Demographic estimates for Astrocaryum sect. Huicungo in South America for each of three linkage groups. Bold cells indicate
population expansion. n = number of haplotypes.

Marker type Tajima’s D* (P-value) Fu’s FS* (P-value) SSD† (P-value) Raggedness index‡ (P-value) Mismatch distribution§

Chloroplast

FA (n = 19) "10.389 (< 0.001) "1.644 (0.037) 0.013 (0.154) 0.029 (0.360) Unimodal
NAFB (n = 8) "0.691 (0.283) "1.789 (0.100) 0.067 (0.264) 0.168 (0.106) Unimodal

Both clades (n = 27) "1.214 (0.088) "12.026 (0.002) 0.022 (0.530) 0.015 (0.190) Multimodal
WRKY7

FA (n = 7) 0.059 (0.520) 1.025 (0.464) 0.066 (0.380) 0.132 (0.340) Multimodal
NAFB (n = 10) "0.592 (0.299) "0.562 (0.251) 0.024 (0.800) 0.039 (0.760) Multimodal

Both clades (n = 17) "0.229 (0.429) "2.306 (0.086) 0.011 (0.770) 0.016 (0.500) Multimodal
PRK

Both clades (n = 17) "1.838 (0.025) "1.170 (0.178) 0.009 (0.970) 0.018 (0.240) Multimodal

*Significant negative values of these statistics indicate an excess of rare alleles or new mutations in the genealogy as an outcome of either popula-

tion expansion or genetic hitchhiking. Significant positive values occur if rare alleles are eliminated following genetic bottlenecks, indicating a
population contraction.

†SSD tests the fit of a sudden expansion model based on the sum of squared deviations between the observed and the modelled mismatch. Non-
significant SSD values indicate that the data do not deviate from that expected under the expansion model.

‡Raggedness index is calculated similarly, and non-significant raggedness values also indicate population expansion.
§A unimodal mismatch distribution characterizes a population that has undergone a recent expansion, whereas a multimodal distribution reflects

the highly stochastic shape of gene trees under demographic equilibrium or in decline (Rogers & Harpending, 1992).
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reorganizing the Amazonian forelands (R€as€anen et al., 1990):

it rearranged drainage divides and catchment areas, creating

a dynamic edaphic mosaic (Espurt et al., 2010). Therefore,

its effect on biota diversification may be more related to eco-

logical speciation than to the traditional vicariance model.

The riverine hypothesis also fails to explain the divergence

of clades within Astrocaryum. NAFB individuals were found

on both sides of the Mara~n!on and Amazon rivers, and clades

within the FA were not delimited by rivers. Changes in the

course of rivers in the Amazon basin due to tectonic activity

could cause populations to shift from one side of the river to

another. This mechanism has been proposed to explain why

rivers may not always be effective isolating barriers (Symula

et al., 2003). In addition, Astrocaryum fruits are known to

exhibit ichthyocory (e.g. Piedade et al., 2006). The area where

we detected the phylogeographical split was subject to episodic

marine incursions from the Pacific Ocean, creating a palaeo-

geographical barrier during the Miocene (40–12 Ma) known

as the Western Andean Portal (WAP; Hoorn, 1993; Hung-

erb€uhler et al., 2002; Antonelli et al., 2009). The WAP is too

old to explain this split, however; we therefore reject this palae-

oevent as a cause of divergence in our study group. The influ-

ence of rivers on species diversification could instead be

associated with dispersal. For example, the hydrogeology

hypothesis was advanced to explain the diversification of Ama-

zonian fishes, in which lineages in a given watershed will be

nested within the phylogeny of a larger clade located in a dif-

ferent watershed with contiguous headwater (Hubert et al.,

2007). The origin of A. scopatum at 3.6 Ma (95% HPD, 2.0–
5.4 Ma) in the Mara~n!on basin could have resulted from river-

ine dispersal from the Iquitos watershed, as this is consistent

with the spatial diffusion model (Fig. S4 in Appendix S1) and

with its phylogenetic resolution as nested within the NAFB

clade (Fig. 3). The dispersal of A. murumuru to central

Amazonia and the Guiana Shield 2 Ma could also have been

river-facilitated.

The spatial diversification patterns, coupled with the demo-

graphic history found in this study, suggest that dispersal into

western Amazonia produced isolated populations that subse-

quently diversified locally via rivers and ridges permeable to

dispersal. Whether diversification took place due solely to iso-

lation by distance, ecological speciation under different envi-

ronmental regimes, or any other mechanism remains

unresolved. The area where the phylogeographical break was

found could represent a contact between two historically iso-

lated populations that expanded. Alternatively, founder popu-

lations in these two regions might have evolved under different

edaphic and climatic selection pressures. The climatic regimes

of the NAFB (prehumid) and the FA (seasonal) differ in pre-

cipitation seasonality (Butt et al., 2008). Divergent selection

under different environments might also have occurred after

the initial split of Astrocaryum sect. Huicungo, at finer phyloge-

netic and spatial scales (e.g. at the species level). Species within

Astrocaryum sect. Huicungo show recurrent ecological adapta-

tions to distinct habitat types in western Amazonia (e.g. forest

on alluvial terraces, terra firme; Kahn, 2008) (see Table S3).

Taxonomists have also recognized the variation in Astro-

caryum sect. Huicungo as a single broadly defined and widely

distributed species, A. murumuru, with geographically

restricted varieties (Henderson et al., 1995). ter Steege et al.

(2013) reported this species complex as the tenth most abun-

dant tree in Amazonia. Our genetic results support the rec-

ognition of two taxonomical entities within this clade, and

await validation from different lines of evidence (e.g. chemi-

cal, cytological and anatomical) before we propose any for-

mal taxonomic modification (see further discussion in

Appendix S2). In the phylogeographical analysis, we recov-

ered two individuals in southern Peru that belonged to the

NAFB clade. These correspond to one individual of A. ulei

and another of A. gratum, which are the most southerly dis-

tributed species in the section. These individuals appear to

be sister to each other in the Bayesian tree with strong sup-

port (PP 0.93; Fig. 3), and may represent a case of shared

ancestral gene lineages between the two main clades.

Our diffusion model showed a colonization of Astrocar-

yum sect. Huicungo from Caquet!a in Colombia, corroborat-

ing previous findings that the ancestor of this section

originated in western Amazonia (57% probability) or the

Guiana Shield (31% probability; Roncal et al., 2013). The

mean crown age for Astrocaryum sect. Huicungo recovered

in Roncal et al. (2013) was, however, younger (6.3 Ma;

95% HPD, 4.0–9.2 Ma) than the one we present here

(8.3 Ma; 95% HPD, 6.7–9.8 Ma), presumably because of

the different taxon sampling. Mean crown ages in both

studies were within the 95% HPD reported in Roncal et al.

(2013); we therefore consider this age difference to be negli-

gible. In a study of poison frogs (Dendrobates spp.), a

remarkably similar phylogenetic topology to ours was

reported, but with older lineage ages. Species from western

Amazonia were more recent than those on the eastern side,

and a divergence time of 8–25 Ma was estimated for the

separation of species between northern and south-western

Amazonia (Symula et al., 2003). Our mean dispersal-rate

estimates (0.137 and 0.082 m yr"1) were close to those

found in a study of A. sciophilum in French Guiana based

on population demography and direct seed-dispersal experi-

ments (Charles-Dominique et al., 2003). Despite the

restricted temporal (1 year), spatial (20–ha plot), and taxo-

nomic (one species) context of such study, the average col-

onization speed of 0.2 m yr"1 or 0.06–0.07 m yr"1 when

using a less conservative maturation age, corroborates our

dispersal estimates, and suggests that not only A. sciophilum

but all members of Astrocaryum sect. Huicungo might be

poor colonists. Our approach to inferring historical demog-

raphy based on three linkage groups did not unanimously

support the range expansion model for our study group.

This can be explained by the limited power of Tajima’s D

to detect deviations from neutral expectations under differ-

ent sample sizes, sequence lengths and the timing of the

sampling relative to the demographic event (Depaulis et al.,

2003; Pannell, 2003). Another explanation could be the sto-

chastic variance of coalescent times of the gene trees used
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to represent our population divergences. No dataset sup-

ported the population contraction model, and so we feel

confident in favouring the expansion hypothesis.

Our results did not support the tectonically mediated

vicariance hypothesis, but confirmed the importance of dis-

persal in the structuring of western Amazonian biota. Dis-

persal is increasingly being recognized as an important

explanation of biogeographical diversity. Molecular dating

of divergences has revealed numerous dispersal events

within continents and across oceans as the best explanation

for disjunct distributions in a wide variety of taxa. It is

timely to add and summarize evidence of random and non-

random patterns of dispersal and colonization routes in

tropical America using ecological and molecular dating

methods.
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