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ABSTRACT

Aim Edaphic heterogeneity may be an important driver of population

differentiation in the Amazon but remains to be investigated in trees. We
compared the phylogeographic structure across the geographic distribution of

two Protium (Burseraceae) species with different degrees of edaphic

specialization: Protium alvarezianum, an edaphic specialist of white-sand
habitat islands; and Protium subserratum, an edaphic generalist found in white

sand as well as in more widespread soil types. We predicted that in the edaphic

specialist, geographic distance would structure populations more strongly than in
the edaphic generalist, and that soil type would not structure populations in the

edaphic generalist unless habitat acts as a barrier promoting population

differentiation.

Location Tropical rain forests of the Peruvian and Brazilian Amazon, Guyana
and French Guiana.

Methods We sequenced 1209–1211 bp of non-coding nuclear ribosomal DNA
(internal transcribed spacer and external transcribed spacer) and a neutral low-

copy nuclear gene (phytochrome C) from P. subserratum (n = 65, 10

populations) and P. alvarezianum (n = 19, three populations). We conducted a
Bayesian phylogenetic analysis, constructed maximum parsimony haplotype

networks and assessed population differentiation among groups (soil type or

geographic locality) using analysis of molecular variance and spatial analysis of
molecular variance.

Results The edaphic specialist exhibited considerable genetic differentiation

among geographically distant populations. The edaphic generalist showed

significant genetic differentiation between the Guianan and Amazon Basin
populations. Within Peru, soil type and not geographic distance explained most

of the variation among populations. Non-white-sand populations in Peru

exhibited lower haplotype/nucleotide diversity than white-sand populations, were
each other’s close relatives, and formed an unresolved clade derived from within

the white-sand populations.

Main conclusions Geographic distance is a stronger driver of population

differentiation in the edaphic specialist than in the generalist. However, this
difference did not appear to be related to edaphic generalism per se as adjacent

populations from both soil types in the edaphic generalist did not share many

haplotypes. Populations of the edaphic generalist in white-sand habitats exhibited
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INTRODUCTION

The lowlands of the Amazon Basin contain rain forests with

the highest diversity of trees in the world (Gentry, 1988; Fine &

Ree, 2006; Hubbell et al., 2008). While many studies have

explored mechanisms by which high tree diversity is main-

tained (reviewed in Wright, 2002), comparatively few studies

have evaluated the factors underlying tree species diversifica-

tion in the Amazon (Pennington & Dick, 2010). Given that the

same processes that cause divergence in populations within

species are likely to lead to speciation, studying the phylog-

eography of tree species at large scales may give insight into the

processes most important for species formation (Avise, 2000;

Knowles & Maddison, 2002; Hickerson et al., 2010). Changes

in population-level gene frequencies can result from a variety

of processes, but the two considered to be the most important

are disruption in gene flow with geographic distance (i.e. tree

populations become spatially isolated due to dispersal limita-

tion promoting differentiation due to genetic drift) and habitat

specialization related to environmental variation (i.e. trees

adapt and specialize to local conditions, e.g. local soil types)

(Linhart & Grant, 1996; Tuomisto et al., 2003; Levin, 2004).

Very few Amazonian tree species have been the subject of

phylogeographic analyses, and available studies from three

unrelated plant taxa indicate an overall low phylogeographic

structure. For example, Ceiba pentandra (Malvaceae) popula-

tions from across the Amazon exhibited only three internal

transcribed spacer (ITS) haplotypes (Dick et al., 2007). Sim-

ilarly, Symphonia globulifera (Clusiaceae) populations from

French Guiana to Ecuador to Bolivia shared one single ITS

haplotype, although a higher diversity of chloroplast DNA

haplotypes was recovered (Dick et al., 2003; Dick & Heuertz,

2008). A microsatellite study of Swietenia macrophylla (Meli-

aceae) reported lower than expected geographic variation, even

across more than 2000 km (Lemes et al., 2003). In contrast,

phylogeographic analyses of Central American trees have

revealed stronger phylogeographic structure and more com-

plex haplotype genealogies (Caron et al., 2000; Cavers et al.,

2003; Dick et al., 2003; Novick et al., 2003; Dick & Heuertz,

2008). Whereas the topographic heterogeneity that character-

izes Central American landscapes may largely explain these

phylogeographic patterns, Amazonian landscapes are compar-

atively flat yet include strong edaphic, flooding and climate

gradients (ter Steege et al., 2006; Baraloto et al., 2011). These

environmental gradients have been hypothesized to contribute

to diversification in the Amazon biota (Gentry, 1986; Moritz

et al., 2000). Yet, to date, no studies have investigated the role

of environmental heterogeneity (including soils) as a potential

factor influencing phylogeographic structure in widespread

Amazonian trees.

An ideal study system with which to address this is the flora

occurring on the complex mosaic of white-sand and clay soils

widely distributed throughout the Amazon Basin. The ancient

white-sand deposits are habitat islands, surrounded by other

terra firme forests on more fertile soils and they harbour

mostly edaphic endemic tree species that often have close

relatives on neighbouring soil types (Fine et al., 2010; Fine &

Kembel, 2011). There are few known species that commonly

occur in both the nutrient-poor white-sand soils and the

neighbouring more fertile soil types, suggesting that success in

these habitats is associated with suites of habitat-specific traits,

including nutrient conservation and anti-herbivore defence

among others (Janzen, 1974; Anderson, 1981; Fine et al.,

2006).

A partial phylogeny has been reconstructed for one clade of

tropical trees, Protieae (including the genera Protium, Tetra-

gastris and Crepidospermum from the family Burseraceae), a

species-rich group that includes multiple representatives of

both white-sand specialists as well as species restricted to other

soil types in terrace and clay forests (Fine et al., 2005). Twenty-

six out of the 35 species of Protieae in the Peruvian Amazon

were found to be restricted to only one of the three soil types,

with edaphic specialization evolving repeatedly in this clade

(Fine et al., 2005). One hypothesis for this pattern is that

ecological tradeoffs in allocation to growth rate and defence,

due to the strong differences in resource availability among the

three soil types, may promote habitat specialization in these

species, thus leading to repeated habitat-mediated speciation

(Fine et al., 2004, 2006). To further investigate the patterns of

habitat specialization in Protieae, here we employ a compar-

ative phylogeographic approach between a generalist species,

which occurs in white sand as well as other soil types, and a

sister clade that includes specialist species, which occurs only

in white-sand forests, to evaluate how geographic distance and

high haplotype diversity and shared haplotypes with distant white-sand habitat

islands, indicating that they have either efficient long-distance dispersal and/or
larger ancestral effective population sizes and thus retain ancestral

polymorphisms. These results highlight the importance of edaphic

heterogeneity in promoting population differentiation in tropical trees.

Keywords
AMOVA, edaphic gradients, habitat specialization, SAMOVA, South America,
trees, tropical rain forest, white sand.
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environmental heterogeneity influence the phylogeographic

structure of species with different degrees of edaphic special-

ization.

Because white-sand habitats are spatially isolated from one

another in the Amazon, we predict that neutral molecular

variation should be structured by geographic distance more

strongly in the edaphic specialist species than in the edaphic

generalist. In the edaphic generalist species, we predict that

neighbouring populations should be closely related and freely

exchange haplotypes irrespective of habitat type, provided the

species is a true habitat generalist with broad environmental

tolerances. In this case, neutral molecular variation should also

be structured by geographic distance. However, if edaphic

heterogeneity acts as a barrier promoting ecological diver-

gence, we expect populations from divergent habitats to be

distantly related irrespective of geographic distance and thus

they will not exchange haplotypes very often across habitats. In

this case, neutral molecular variation should be structured by

habitat type and the generalist species may in fact be a complex

of cryptic species. Thus, a study of the phylogeographic

structure of multiple populations of both an edaphic specialist

and a generalist tree species across their geographic ranges

provides an important first step in an investigation of the

potential mechanisms underlying diversification in Amazonian

tree species.

MATERIALS AND METHODS

Study species

The section Papilloprotium (Daly & Fine, 2011) was chosen to

be the focus of this study because it is a small well-supported

monophyletic group of four taxa that includes both edaphic

generalist and specialist taxa. Within this section, Protium

alvarezianum Daly & P. Fine and Protium subserratum (Engl.)

Engl. were sampled for multiple individuals from multiple

populations in Peru, Brazil, Guyana and French Guiana

(Fig. 1, Table 1). Protium alvarezianum is known only from

white-sand forests in Peru and the Rio Negro Basin of Brazil

and Venezuela and is sister to Protium reticulatum Engl., a

white-sand specialist known only from a few different white-

sand forests in the Rio Negro Basin of Venezuela and Brazil.

These two taxa are themselves sister to Protium subserratum,

which occurs from Ecuador and Peru to French Guiana across

northern South America (Daly & Fine, 2011). The fruits of

P. alvarezianum and P. subserratum are thought to be dispersed

by a large variety of birds and monkeys (like most red-fruited

Protium; Daly, 1987) although direct observations in these

species have never been published. Flowers of both species are

extremely small (< 5 mm), white, fragrant and contain nectar.

Protium subserratum occurs in white-sand forest, clay and

brown-sand (terrace) soils (Fine et al., 2005). This taxon

presents substantial intra-specific morphological variation in

leaf characters, some of which is related to the soil type in which

the plants occur. Briefly, in the white-sand forests of Peru and

Brazil, specimens have significantly thicker leaflets, entire leaflet

margins and are densely pubescent on the abaxial surface of the

leaflets; conversely, individuals from other soil types have

thinner glabrous leaflets with strongly toothed margins (Fig. 2,

Table 2). No consistent morphological differences were

observed in any flower or fruit characters that corresponded

with the leaf character differences in the various populations of

P. subserratum that we sampled, nor did there emerge support

for independent lineages corresponding to the different mor-

photypes in a molecular phylogenetic analysis with two

chloroplast and three nuclear genes (Daly & Fine, 2011).

We located populations of P. subserratum from 11 localities

(one in Guyana, two in French Guiana, one in Manaus, Brazil

and seven in the Peruvian Amazon; see Fig. 1). In Peru, we

located three river basins where we were able to collect one

white-sand population and at least one other population on clay

or terrace soils: the Nanay River in and around the Allpahuayo-

Mishana National Reserve near Iquitos, the Ucayali River near

Jenaro Herrera, and the Blanco River in the Matsés National

Reserve (Fig. 1). For P. alvarezianum we located populations

from all three localities in the Peruvian Amazon where they are

known to occur (Fig. 1). From each population of both species,

we collected voucher specimens of 12–15 individual trees with a

pole pruner, including leaves, branches and flowers and/or

fruits (if reproductive); a small amount of leaf material was

preserved in silica gel for molecular analysis. GPS coordinates

were taken at each tree, and a small soil sample (the first few

centimetres below the organic layer) was collected within a

metre of the trunk of the tree.

Soils

The major habitat types in the lowland Amazon can be

differentiated by soil type and by flooding regime (Duiven-

voorden & Duque, 2010). Soils are complex, but there are

some broad categories that are readily distinguished by very

different geological histories and nutrient availability (Hoorn,

1993; Frasier et al., 2008). For example, in the Peruvian

Amazon, Fine et al. (2005) divided the terra firme habitats into

three main categories: white-sand forests, terrace (brown-sand)

forests and clay forests. White-sand soils are perhaps the most

obviously distinct soil type in the lowland Amazon. These soils

are composed mainly of quartz, derived from Precambrian

sediments that make up the Guiana and Brazilian shields,

which were deposited by rivers draining westward prior to the

Andean uplift (Hoorn, 1993, 1994). The trees growing on these

soils in the western Amazon have stunted canopies, from 3 to

25 m, thought to be related to the lower cation exchange

capacity of white-sand soils (Anderson, 1981). Indeed, mea-

surements of available nitrogen in white-sand soils are of an

order of magnitude lower than neighbouring terrace and clay

soils that support rain forests with canopy heights of > 40 m

(Fine et al., 2005). In Peru, white-sand forests occur on the

landscape as habitat islands with areas ranging from a few

hectares to a few square kilometres. They are often arranged as

archipelagos that are geographically separated from other

white-sand forests by tens to hundreds of kilometres, and they

Phylogeography of two Amazonian species of Protium (Burseraceae)
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Table 1 Localities of Protium alvarezianum and Protium subserratum populations from the present study, with the average soil texture of
soil samples collected within 1 m from each individual tree. No soil sample was collected for the individual at S9. See Fig. 1 for map of
localities. Significant differences (Tukey post hoc tests) among group means are noted with different superscripts.

Population (location) Habitat Latitude Longitude % Sand % Silt % Clay

A1 alvarezianum White sand )4.320 )77.260 74.4b 22.9b 2.7a

A2 alvarezianum White sand )4.901 )73.629 74.8b 23.2b 2.0a

A3 alvarezianum White sand )5.854 )73.629 64.0b 34.1b 1.8a

S1 subserratum (Nanay) Brown sand )3.978 )73.426 88.9b 7.4a 3.6a

S2 subserratum (Nanay) White sand )3.973 )73.426 93.7b 6.1a 0.2a

S3 subserratum (Nanay) Clay )3.833 )73.596 13.3a 48.1b 38.7b

S4 subserratum (Jenaro Herrera) White sand )4.896 )73.644 66.3b 19.2b 14.6b

S5 subserratum (Jenaro Herrera) Brown sand )4.862 )73.616 75.3b 23.4b 1.3a

S6 subserratum (Rio Blanco) White sand )5.855 )73.770 64.3b 34.9b 0.8a

S7 subserratum (Rio Blanco) Clay )6.304 )73.618 36.0a 45.0b 19.0b

S8 subserratum (Manaus – Reserva Ducke) Clay, sand )2.5871 )59.558 68.18b 2.60a 29.18b

S9 subserratum (Manaus – WS) White sand )2.8491 )60.2413
S10 subserratum (Potara River, Guyana) Brown sand 5.375 )59.577 65.2b 15.5b 19.3b

S11 subserratum (Paracou French Guiana) Brown sand 4.050 )52.040 73.8b 9.6ab 16.6b

S12 subserratum (Regina St. Virginie, FG) Brown sand 5.264 )52.931 69.4b 16.7b 13.9b

S10

S12

S11

S8

(a)

(b)

French 
Guiana

Guyana
Suriname

Figure 1 Map of the localities of Protium
subserratum and Protium alvarezianum
populations in the present study. See Table 1
for more information about the localities.
Localities S8–S12 are shown on the top panel
(a) and the Peruvian localities (A1–A3;
S1–S7) are shown in (b). Open circles denote
white-sand forest localities.
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support an endemic flora of about 135 species of specialist and

facultative specialist trees (Fine et al., 2010). There are strong

dominance patterns in these forests, and a few species generally

make up more than half the number of stems; 0.1-ha plots in

white-sand forest averaged only 41.5 species of trees ‡ 5 cm

diameter at breast height (Fine et al., 2010).

Clay soils (derived from the Solimões or Pebas Formation in

the western Amazon) originated from the erosion of Creta-

ceous metamorphic rocks that became exposed during Andean

uplift beginning in the Miocene (Hoorn, 1993). These soils

have relatively high nutrient availabilities, and are found only

in the western Amazon, generally within a few hundred

kilometres of the Andes. These forests are characterized by

high canopies and very high species diversities at the 1-ha plot

level, commonly exceeding 250 tree species (Pitman et al.,

2008). Other clay soils found in the central Amazon and the

Guianas are much older and more weathered and have lower

nutrient availabilities (Hammond, 2005).

Terrace soils derive from sand and gravel of Andean origin

deposited by Pliocene and Pleistocene rivers (Hoorn, 1993,

1994). These soils are intermediate in soil fertility between

white-sand and Pebas clay soils. Non-white-sand forests in

Brazil, Guyana and French Guiana in this study are similar to

Peruvian terrace soils in terms of nutrient availability (Baraloto

et al., 2011). These forests are similar in structure and diversity

to those on clay soils, although species composition can be

markedly different (Pitman et al., 2008).

Soil analyses

Each of the individual soil samples was subjected to particle

size analysis. We followed a hydrometer method modified

from Day (1965) and Gee & Bauder (1979). The amount of soil

used varied according to its composition: sandier soils required

more mass to ensure the methods were reproducible. Average

amounts were c. 20 g for clay soils and 40 g or more for sandy

soils. Once all organic matter was removed from the sample,

100 mL of 5% sodium hexametaphosphate (HMP) and

200 mL deionized water were added and shaken on a

horizontal shaker for a minimum of 4 h. The final volume

was brought to 1 L using distilled water and the mixture was

then poured into a 1-L graduated cylinder. In another 1-L

graduated cylinder, 100 mL 5% HMP was added to 900 mL

water to serve as a blank. After manually shaking the cylinder

several times to homogenize the soil mixture, hydrometer

(ASTM 152H) readings were measured at 30 s and 1, 3, 10, 30,

60, 90 and 120 min, and compared with the blank each time.

From these readings, the percentages of sand, silt and clay were

calculated.

Table 2 Leaflet measurements (± SE) for the populations of Protium alvarezianum and Protium subserratum in the present study. Sig-
nificant differences (Tukey post hoc tests) among group means are noted with different superscripts.

Population (soil type)

Leaflet length

(mm)

Leaflet thickness

(mm)

Leaflet margin

teeth (no. of

teeth cm)1)

Leaflet pubescence

(no. of hairs cm)2)

A1 alvarezianum 88.0 ± 3.2 0.11a ± 0.005 1.19ab ± 0.9 0a

A2 alvarezianum 92.8 ± 12.9 0.15a ± 0.004 0.55a ± 1.3 0a

A3 alvarezianum 120.1 ± 5.1 0.11a ± 0.006 0a 0a

S1 subserratum (brown sand) 102.9 ± 10.4 0.15a ± 0.005 0.29a ± 0.4 30.8b ± 6.3

S2 subserratum (white sand) 103.9 ± 6.9 0.18ab ± 0.010 0.125a ± 0.13 72.5b ± 4.5

S3 subserratum (clay) 172.1 ± 22.6 0.16a ± 0.004 1.89b ± 0.56 0a

S4 subserratum (brown sand) 138.3 ± 13.2 0.13a ± 0.006 2.21b ± 1.3 0a

S5 subserratum (white sand) 106.2 ± 13.5 0.20b ± 0.004 0a 315c ± 37.9

S6 subserratum (white sand) 96.2 ± 5.6 0.21b ± 0.020 0a 207c ± 9.9

S7 subserratum (clay) 122.7 ± 11.0 0.14a ± 0.009 1.64b ± 0.64 0a

S8 subserratum (Manaus, sand and clay) 137.89 ± 10.3 0.15a ± 0.004 1.01b ± 0.9 0a

S10 subserratum (Guyana, brown sand) 128.4 ± 11.4 0.13a ± 0.007 1.63b ± 0.48 0a

S11, S12 subserratum (French Guiana, clay) 98.1 ± 13.7 0.13a ± 0.015 0.52ab ± 1.28 0a

Figure 2 Photos of leaflets of Protium subserratum from Peru,
including close-ups. On the top is an individual from terrace soil
forest, and on the bottom is an individual from white-sand forest.
Both leaflets were collected from adult trees of similar size and
light environment. These two individuals hail from populations
that are 5 km distant from one another. Note the differences in
leaf teeth and pubescence.
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Molecular data

DNA extractions

The collection numbers, herbarium where the specimens are

deposited, geographic locality and GenBank accession number

for each of the samples included in our molecular analyses are

listed in Appendix S1 in Supporting Information. From each

population of P. subserratum and P. alvarezianum, we

extracted DNA from five to nine individuals (see Table 3).

The samples were either dried fresh in silica gel and stored at

)80 !C or taken from a herbarium sheet (i.e. P. reticulatum).

All leaf tissue was ground using a Mini Beadbeater-16 (BioSpec

Products Inc., Bartlesville, OK, USA) with 2.3 mm zirconia/

silica beads. Extractions were carried out using the DNEasy

Plant Mini Kit (Qiagen, Valencia, CA, USA). The protocol for

herbarium specimens was modified to include an additional

step where 3–5 lL of Proteinase K was added to the sample in

the lysis buffer and incubated on a horizontal shaker at 42 !C
for 12–24 h.

PCR protocols

We amplified the ribosomal ITS (NY 183: CCT TAT CAT TTA

GAG GAA GGA G (F) or ITSleu1: GTC CAC TGA ACC TTA

TCA TTT AG (F), and NY 109:GTG ACG CCC AGG CAG

ACG T (R) or ITS4: CCT TCC GCT TAT TGA TAT GC (R);

Malcomber, 2002; Fine et al., 2005), external transcribed

spacer (ETS) (ETS-1: TTC GGT ATC CTG TGT TGC TTA

C (F), ETS 18S-IGS: GAG ACA AGC ATA TGA CTA CTG

GCA GGA TCA ACC AG (R); Baldwin & Markos, 1998; Weeks

et al., 2005) and one nuclear locus, c. 700 bp of the phyto-

chrome C (phyC) starting c. 550 bp downstream in exon 1

(phyC-smbF1: GGC AYT GAA RTC ATA YAA RCT TGC (F),

phyC-smbR1: CCR CCC CAC TTG ATC TGY TT (R); Clayton

et al., 2007) to assess the phylogenetic relationships within and

among the populations of P. subserratum and P. alvarezianum.

Results from a Tajima’s D-test (Tajima, 1989) revealed that

phyC evolves neutrally (P = 0.1). We included one individual

for each of the remaining taxa from Papilloprotium (Daly &

Fine, 2011) and used P. ferrugineum as outgroup because our

phylogenetic analyses, with a larger sample of Protieae species,

revealed this species to be sister to the other species in

Papilloprotium with 100% bootstrap support and 1.00 poster-

ior probability (Daly & Fine, 2011).

Polymerase chain reactions (PCR) contained 10 · Bioneer’s

Accupower reaction buffer, 250 lm deoxynucleotide triphos-

phates (dNTPs), and 1 unit TLADNAPolymerase, or 2 · Green

GoTaq Promega reaction buffer, 400 lm dNTPs, 3 mm MgCl2
and 1 unit of Taq DNA polymerase, with 0.4 lm of each forward

and reverse primer and 2 lL of undiluted template DNA. The

amplification products were visualized with ultraviolet (UV)

light on 1% TRIS/borate/EDTA (TBE) agarose gels and cleaned

using Exonuclease I and Shrimp Alkaline Phosphatase (USB

Corporation, Affymetrix Inc., Santa Clara, CA, USA).

Cloning protocols

To assess sequence diversity within the ITS PCR amplicon pool,

we cloned PCR products using the pGEM-T vector system

(Promega, Madison, WI, USA) following the manufacturer’s

instructions except that reaction volumes for ligation and

transformation were halved. We did not clone ETS and phyC

PCR products because these did not reveal polymorphisms

within individuals with direct sequencing. For blunt-ended PCR

products, we carried out a standard A-tailing procedure before

ligation. Blue-white colony screening was used to pick at least

five positively transformed colonies for each accession, which

Table 3 Indices of molecular diversity per population of Protium alvarezianum (A1–A3) and Protium subserratum (S1–S11). Sample size,
number of haplotypes, number of phylogenetically informative sites and theta (p) are presented for each population. Theta (p) is estimated
from the infinite-site equilibrium relationship between the mean number of pairwise differences (p) and theta. These metrics were calculated
in Arlequin 3.1, with the combined dataset with a locus separator between phyC and ETS–ITS. There were a total of 1209–1211 nucleotide
sites for each individual.

Population (soil type or locality) Sample size Haplotypes

Phylogenetically

informative sites Theta (p), (SD)

A1 5 5 1 0.20 (0.33)

A2 6 4 2 0.93 (0.85)

A3 8 7 11 2.90 (1.98)

S1 (Peru, Nanay, brown sand) 7 6 2 0.28 (0.39)

S2 (Peru, Nanay, white sand) 6 6 6 3.20 (2.21)

S3 (Peru, Nanay, clay) 6 5 0 0.0 (0.0)

S4 (Peru, Jenaro Herrera, brown sand) 5 1 0 0.0 (0.0)

S5 (Peru, Jenaro Herrera, white sand) 6 6 7 2.4 (1.74)

S6 (Peru, Rio Blanco, white sand) 6 6 11 4.73 (3.11)

S7 (Peru, Rio Blanco, clay) 5 5 4 1.60 (1.32)

S8 (Manaus) 9 9 11 2.52 (1.70)

S10 (Guyana) 6 6 5 2.26 (1.66)

S11-S12 (French Guiana) 8 7 2 0.43 (0.48)

P. V. A. Fine et al.
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were further verified by PCR using universal M13F/R primers.

Plasmids were cleaned following the FastPlasmid Mini Kit

protocol (Fisher Scientific, Gaithersburg, MD, USA).

Sequencing and alignment

Amplification products were cycle-sequenced using the

original PCR primers or the SP6-T7 universal primers for

cloned products in 10 lL reactions with the standard BigDye

(Applied Biosystems, Foster City, CA, USA) protocol and

afterwards cleaned using an EDTA–ethanol precipitation step.

Sequencing was performed on an ABI 3730 sequencer (Applied

Biosystems). The resulting chromatograms were edited, and

forward and reverse sequences were assembled using Gene-

ious Pro 5.3.3 (Drummond et al., 2010). Initial sequence

alignments were made using ClustalW (EMBL-EBI, Cam-

bridge, UK) and subsequent manual alignments in MacClade

4.05 (Maddison & Maddison, 2002). For cloned products, we

used only identical sequences that were recovered more than

once per PCR amplicon pool, and considered sequences

differing in fewer than three polymorphisms as Taq error.

When necessary, consensus sequences from each ITS amplicon

were created for final analyses. No divergent/paralogous copies

in ITS were detected.

Data analyses

Phylogenetic analyses

We analysed the concatenated data set using Bayesian infer-

ence in MrBayes 3.2 (Ronquist & Huelsenbeck, 2003) with the

data partitioned by gene evolution under different stochastic

evolutionary models. We used MrModeltest 2.3 (Nylander,

2004) to select the best stochastic model that fitted the dataset

under the Akaike information criterion corrected for small

sample size (AICc) (HKY+I for ETS and phyC; GTR for ITS).

All model parameters were unlinked among partitions and we

let partitions evolve under different rates. We used the default

uniform priors for all parameters, and ran a Metropolis-

coupled Markov chain Monte Carlo (MC3) for 10 · 106

generations sampling every 1000 generations with two internal

runs and four chains, one cold and three incrementally heated;

after preliminary analyses we decided to lower the heating

temperature to 0.1 for final analyses to ensure proper chain

swapping. Adequate mixing and convergence of the MC3 to

the stationary distribution was confirmed by inspecting a plot

of likelihood values per generation and evaluating that the

average standard deviation of split frequencies stabilized below

0.01. We summarized the posterior probability distribution of

sampled trees with a 50% majority rule consensus tree after

discarding the first 25% of sampled trees as ‘burn-in’.

Haplotype networks

To visualize the patterns of relatedness in populations of

P. subserratum generated by each locus, haplotype networks

were created in tcs 1.21 using statistical parsimony (Clement

et al., 2000), with 95% parsimony connection limit and

considering gaps as missing data.

Population structure

We investigated the structure of the populations of the two

species to reveal correlations with genetic variation, soil type

and geography across the Amazon Basin by using a hierarchical

approach implemented through analysis of molecular variance

(AMOVA) (Excoffier et al., 1992) employing Arlequin 3.1

(Excoffier et al., 2005). We entered our sequence data into

Arlequin, and analysed all loci using a locus separator

function to separate ETS–ITS from phyC. Our population S12

of P. subserratum in French Guiana contained only two

individuals, so we lumped it together with the six individuals

from S11 (Paracou), which is 250 km distant, to form one

single sample with eight individuals. Individuals in popula-

tions S11 and S12 shared the same haplotypes for both loci.

The AMOVA partitions the total variance observed into

covariance components that result from the variance among

groups (geographic regions or soil types), among populations

within groups and within populations. Next, the covariance

components are used to calculate fixation indices, /-statistics,
which are analogous to Wright’s F-statistics (Excoffier et al.,

2005). The significance of the fixation indices is tested using a

nonparametric permutation approach with 1000 replicates

(Excoffier et al., 2005).

We tested the relative influence of geographic distance

versus soil type on the phylogeographic structure of P. subser-

ratum, specifically whether populations in white-sand localities

geographically isolated from one another were more similar to

each other than to populations in clay or terrace soil located

nearby. To do so, we grouped the populations by location with

respect to the factor of interest and compared the /-statistics
in sequential analyses. For example, to quantify the effect of

cross-Amazon separation, we grouped the Peruvian and

Brazilian populations of P. subserratum into one group, and

the Guyanan and French Guianan populations into a second

group. To quantify the relative strength of soil versus

geographic distance within Peru, we grouped the white-sand

populations into one group and the terrace and clay popula-

tions into a second group and compared the /-statistics with a

second analysis where white-sand and clay and terrace

populations were grouped by location in the three river basins

within Peru (Fig. 1). For P. alvarezianum, we did not group

the populations but simply compared the /-statistics of

genetic diversity with the scores of the P. subserratum white-

sand populations to see whether isolation by distance would be

a stronger influence than for white-sand populations of

P. subserratum, given that P. alvarezianum occurs only in

white-sand islands while P. subserratum may be sharing alleles

with non-white-sand populations.

As a further test of phylogeographic structure we conducted a

spatial analysis ofmolecular variance (SAMOVA) using samova

1.0. This method implements an approach to define groups of
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populations by maximizing the proportion of total genetic

variance due to differences among groups through simulated

annealing (Dupanloup et al., 2002). SAMOVAwas run with 100

simulated annealing processes and different numbers of groups

(K) until the FCT value (the proportion of genetic variance

among groups of populations) reached a plateau. SAMOVA

requires more than three populations per species, thus we only

carried out this analysis for P. subserratum.

RESULTS

The total aligned length of the three nuclear loci for

P. alvarezianum (n = 19) and P. subserratum (n = 65) was

1209 to 1211 bp. The combined data set contained 42

polymorphic sites, distributed evenly among the three loci

(phyC with 15, ITS with 13 and ETS with 14).

In the Bayesian phylogenetic analysis, P. subserratum

received strong support as a monophyletic group with 0.97

posterior probability, sister to P. reticulatum + all P.

alvarezianum populations, which themselves formed a mono-

phyletic group with 1.0 posterior probability (Fig. 3). Protium

alvarezianum populations separated into three subclades that

mostly corresponded to geographically separated populations:

the most westerly population, Morona (A1) was sister to a

polytomy that included two well-supported subclades – one

that consisted of a group of the Jenaro Herrera (A2)

population plus one individual from Rio Blanco (A3_pf23),

and one that included all of the remaining Rio Blanco
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Figure 3 Majority rule (50%) consensus tree of Bayesian inference for concatenated phyC, internal transcribed spacer (ITS) and external
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population (Fig. 3). Pairwise /ST comparisons for P. alvarezia-

num revealed high population structuring among each of the

three white-sand populations of this species, with high /ST

values among them (ranging from 0.55 to 0.92; Table 4), much

higher than the pairwise comparisons within the western

Amazon of P. subserratum white-sand morphotypes (ranging

from 0.008 to 0.375; Table 5).

There is evidence of substantial phylogeographic structure

between eastern and western populations of P. subserratum, as

all western individuals belonged to a clade with 1.0 posterior

probability, although one Guyanan individual was a member of

this ‘western Amazonian’ clade. Unlike P. alvarezianum, there

was no support for any geographic structure by river basin, as

individuals from S2, S5 and S6 (white-sand locations) were not

differentiated by river basin in the phylogeny, and individuals

from S1, S3, S4 and S7 (clay and terrace locations) occurred in

the same large clade, not showing any geographic structure.

With one exception, all clay and terrace soil populations from all

three river basins were found in one clade that is supported with

a 0.57 posterior probability, derived from a grade that included

almost all white-sand morphotypes and all of the Manaus

individuals (Fig. 3). There was one individual from awhite-sand

population in this same group of clay and terrace individuals. In

general, the posterior probabilities within the P. subserratum

clade are low, consistent with the hypothesis that this lineage

contains only a single species, and that different morphotypes

are not monophyletic lineages (Daly & Fine, 2011).

The haplotype networks for each locus showed broad

congruence that matches the concatenated Bayesian analyses

of the three loci (Fig. 4). In general, white-sand populations

and Manaus populations of P. subserratum had much higher

haplotype and nucleotide diversity than clay and terrace

populations, even though they had comparable sample sizes

(Table 3, Fig. 4). For phyC, all but one of the 22 individuals

from the three Peruvian clay and terrace populations share one

single haplotype. White-sand populations were composed of

six different haplotypes, one of which is shared with a Guyanan

population more than 2000 km to the east. All French Guianan

populations shared the same two haplotypes that differ by one

base pair. For ITS and ETS, all French Guianan individuals

shared the same haplotype with most Guyanan individuals. As

in phyC, there was a diversity of haplotypes in the white-sand

morphotypes and the Manaus population and very few in the

Peruvian clay and terrace morphotypes. Two white-sand

individuals shared haplotypes with the clay and terrace

morphotypes. Pairwise /ST values mirrored these results, with

extremely low /ST values among all clay and terrace popula-

tions, as well as between two of the white-sand islands with

each other (Table 5).

There was significant population structure among groups,

among populations within groups, and within populations

when an AMOVA was performed on all P. subserratum

populations, with most of the explained variation occurring

between eastern and western populations (Table 6). For the

AMOVA analyses conducted on only Peruvian populations of

P. subserratum, grouping by soil (white sand versus non-white-

sand) explained the highest percentage of the variance, with a

significant among-group component (Table 6). When group-

ing by river basin, most of the variation was explained among

populations within groups rather than among groups, consis-

tent with the hypothesis that difference in soil type structures

P. subserratum populations to a greater degree than spatial

distance.

The SAMOVA results corroborated the phylogenetic and

AMOVA results. FCT reached a plateau when the number of

groups (K) was set to 6 (0.7; Table 7). SAMOVA groups 1 and

Table 4 Population pairwise /ST statistics for Protium al-
varezianum. See Table 1 and Fig. 1 for locality information. All
three comparisons are significantly different from one another
(P < 0.0001). Above the diagonal is pairwise geographic distance
(km).

A1 A2 A3

A1 0 407.6 436.8

A2 0.91785 0 106

A3 0.60164 0.55485 0

Table 5 Population pairwise /ST statistics for Protium subserratum. See Table 1 and Fig. 1 for locality information. Numbers in boldface
are pairwise comparisons that are not significantly different from each other with a = 0.05. Above the diagonal is pairwise geographic
distance (km).

S1 S2 S3 S4 S5 S6 S7 S8 S10 S11

Peru, Nanay, brown sand S1 – 0.556 24.81 104.9 100.5 212.2 259.5 1547 1857 2538

Peru, Nanay, white sand S2 0.6899 – 24.95 105.4 101.1 212.7 260.1 1547 1856 2538

Peru, Nanay, clay S3 )0.0244 0.7231 – 118.3 114.4 225.7 274.8 1565 1864 2550

Peru, Jenaro, brown sand S4 0.0228 0.6985 0.00 – 4.89 107.5 156.6 1584 1935 2598

Peru, Jenaro, white sand S5 0.6884 0.3757 0.7172 0.6923 – 111.7 160.3 1580 1930 2593

Peru, Rio Blanco, white sand S6 0.4246 0.0087 0.4381 0.4006 0.2727 – 52.68 1617 2010 2562

Peru, Rio Blanco, clay S7 0.0296 0.5708 0.040 )0.00 0.5606 0.2970 – 1612 2029 2658

Manaus S8 0.3843 0.3708 0.3941 0.3643 0.4946 0.2319 0.3172 – 885.3 1115

Guyana S10 0.8265 0.5484 0.8489 0.8340 0.7000 0.5210 0.7514 0.5898 – 848.1

French Guiana S11 0.9495 0.8161 0.09731 0.9707 0.8600 0.7638 0.9104 0.7711 0.5167 –
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2 corresponded to locations S10 and S11 from eastern Amazon

in Guyana and French Guiana, respectively (Fig. 1a). SAM-

OVA group 3 corresponded to location S8 from Manaus

(Fig. 1a). SAMOVA groups 4, 5 and 6 corresponded to

locations from western Amazon; group 4 included locations

S1, S3, S4 and S7 (clay and terrace locations), and group 5 and

6 included locations S6 plus S2 and S5 (white-sand locations),

respectively (Fig. 1b).

DISCUSSION

Phylogeographic patterns in specialist versus
generalist tree species

White-sand forests in the Peruvian Amazon occur as widely

separated habitat islands that can be quite distant from each

other. Thus it was predicted that white-sand specialist trees

would exhibit strong patterns of neutral genetic differentiation

among populations when compared with edaphic generalist

trees. This is because an edaphic generalist that occurs on both

white-sand and non-white sand soils could potentially inter-

breed across soil types reducing the effect of genetic drift

among widely separated habitats. Consistent with our expec-

tation, the edaphic specialist P. alvarezianum and the edaphic

generalist P. subserratum presented different patterns of

phylogeographic structure, with P. alvarezianum exhibiting

much higher /ST measures than P. subserratum.

Unexpectedly, results for the generalist P. subserratum

suggested very low overall sharing of haplotypes across

different habitat types from the same river basins, with the

white-sand populations showing relatively higher haplotypic

and nucleotide diversity, and exhibiting lower /ST measures

among widely separated white-sand habitat islands. These

results suggest that white-sand and non-white-sand popula-

tions of P. subserratum act effectively as distinct gene pools,

with the white-sand populations perhaps having more efficient

dispersal mechanisms and/or larger ancestral effective popu-

lation sizes than the specialist P. alvarezianum.

It is possible that differences in pollinator and dispersal

assemblages in these two species could be related to the average

dispersal distances of pollen or seeds, which would directly

influence /ST measures. Both the specialist P. alvarezianum

and the generalist P. subserratum are probably pollinated by

small bees (T.M.M., pers. obs.), which are unlikely to be able to

fly the 100 + km between the geographically separated white-

sand habitats in Fig. 1. Future population genetic studies at a

finer scale are under way to tease apart pollen versus seed-

mediated gene flow and their relative importance in inter-

population gene flow among white-sand habitat islands as well

as between habitat types, and how differences in demographic

parameters (e.g. bottlenecks, effective population sizes) may

affect patterns of genetic differentiation.

Evaluating the relative importance of edaphic
heterogeneity and geographic distance in
the generalist P. subserratum

Soil type and geographic distance both play a role in generating

population structure in P. subserratum, depending on the

spatial scale of analysis (Table 6). At the level of the continent,

geographic distance was correlated with neutral genetic

(a)

(b)

(c)

Figure 4 Haplotype networks of Protium subserratum for (a)
external transcribed spacers (ETS), (b) internal transcribed spacer
(ITS) and (c) phyC. Purple represents the French Guianan popu-
lations, blue represents the Guyanan population, green represents
the Manaus population, orange represents Peruvian white-sand
populations, and red represents Peruvian clay and terrace popu-
lations. The pie charts are labelled with their S1–S12 labels which
correspond to the sites in Table 1. The size of the circle approxi-
mates the number of individuals for each haplotype. A rectangle
means that tcs infers the haplotype to be ‘ancestral’. A hatched
line means there were two changes between linked haplotypes.
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divergences between Peruvian, Brazilian and Guianan popu-

lations. Within Peru, geographic distance among the three

river basins did not appear to be a significant barrier for

populations of P. subserratum within the same habitat type

(Tables 5 & 6, Fig. 4). On the other hand, there was significant

population structure between white-sand and non-white-sand

soils, even within the same river basin (Tables 5 & 6, Fig. 4).

This suggests that at the scale of the northern Peruvian

Amazon, geographic distance is not a strong factor shaping

population genetic structure while soil type is extremely

important, consistent with the idea that adaptation to soil type

may play a fundamental role in lineage divergence in these

trees. Whereas soil type was expected to be very important

given the morphological differences in leaflets between white-

sand and non-white-sand populations, the complete lack of

geographic structure among the three Peruvian river basins for

both white-sand and non-white-sand populations is surpris-

ing. Because white-sand islands are small habitats compared

with terrace and clay habitats in the Peruvian Amazon, as well

as geographically isolated from one another, we predicted low

levels of haplotype sharing among white-sand populations due

to population bottlenecks, which does not appear to be the

case. Instead, the neutral differentiation imposed by geo-

graphic distance is being balanced by significant amounts of

gene flow or the populations are maintaining high levels of

ancestral polymorphisms.

Table 6 Analysis of molecular variance (AMOVA) for populations of Protium subserratum grouped by geography (Guianas versus
Amazon), river basin (Peru only), or soil type (white sand versus non-white sand, Peru only).

Guyana and French Guiana versus Peru and Manaus

AMOVA d.f. Variance components % explained

Among groups 1 2.57* 59.55

Among populations, within groups 8 0.78*** 18.14

Within populations 54 0.96*** 22.31

/ST 0.77

*P < 0.05, ***P < 0.001.

AMOVA

River Basin, within Peru Soil type, within Peru

d.f.

Variance %

d.f.

Variance %

components explained components explained

Among groups 2 )0.34 )22.34 1 1.09* 52.31

Among populations, within groups 4 1.07*** 69.84 5 0.19*** 9.00

Within populations 34 0.81*** 52.50 34 0.81*** 38.69

/ST 0.47 0.55

*P < 0.005, ***P < 0.001.

Table 7 Comparison of fixation indices corresponding to the groups of populations detected by spatial analysis of molecular variance
(SAMOVA) in Protium subserratum based on two nuclear DNA regions: internal transcribed spacer–external transcribed spacer (ITS–ETS)
and phyC. K= 6 groups is highlighted in boldface because it corresponds to the best supported model.

No. of groups (K) Groups FSC FST FCT

2 [S10, S11] and [S1, S2, S3, S4, S5, S6, S7, S8] 0.44 0.77 0.59

3 [S10, S11], [S1, S3, S4, S7, S8] and [S2, S5, S6] 0.30 0.70 0.59

4 [S10, S11], [S1, S3, S4, S7], [S8] and [S2, S5, S6] 0.20 0.68 0.61

5 [S10, S11], [S1, S3, S4, S7], [S8], [S2, S6] and [S5] 0.10 0.68 0.65

6 [S10], [S11], [S1, S3, S4, S7], [S8], [S2, S6] and [S5] )0.05 0.67 0.69

7 [S10], [S11], [S1, S3, S4, S7], [S8], [S2], [S6] and [S5] )0.10 0.67 0.71

8 [S10], [S11], [S1, S3, S4], [S7], [S8], [S2], [S6] and [S5] )0.11 0.66 0.70

9 [S10], [S11], [S1], [S3, S4], [S7], [S8], [S2], [S6] and [S5] )0.20 0.65 0.70

FSC, proportion of genetic variance between populations within groups.

FST, proportion of genetic variance between groups and populations overall.

FCT, proportion of genetic variance among groups.
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White-sand populations of P. subserratum have a large

number of haplotypes compared with clay and terrace

populations (Table 3, Fig. 4). In a study of two edaphic races

of Jeffrey pine trees (Pinus jeffreyi) inhabiting serpentine and

non-serpentine soils, the more extreme and island-like

serpentine habitat specialist population had less genetic

diversity than populations on non-serpentine soils (Furnier

& Adams, 1986). Population size is a strong correlate of genetic

diversity (Linhart & Grant, 1996), and Jeffrey pine trees occur

at low densities in serpentine areas, compared to non-

serpentine areas where they often exhibit high densities in a

much larger geographic area. Protium subserratum, however, is

found in much higher densities in white-sand forest than clay

and terrace soils (Fine et al., 2005, 2010). Even though terrace

and clay soils cover much more relative area in the Peruvian

Amazon, the flora found on these soils is much more diverse,

and P. subserratum is neither extremely common nor found at

high densities where present (Fine et al., 2005; Fine & Kembel,

2011). Populations on clay and terrace soils therefore may be

inbred or perhaps clay and terrace populations are very recent

migrants from other source populations (perhaps representing

a genetic bottleneck). To further test these different possibil-

ities, we are currently collecting larger sample sizes of the

populations from different soil types and developing micro-

satellites. This will allow us to assess migration more quan-

titatively and estimate population contraction versus

expansion (Kuhner, 2009), allowing us to test hypotheses

about the relative size and migration rates of different

P. subserratum populations in different habitats.

Historical biogeography of P. subserratum

The Bayesian phylogeny of P. subserratum shows eastern

morphotypes as sister to the western and central Amazonian

populations (Fig. 3). Within the Peruvian Amazonian clade,

clay and terrace populations showed very little genetic

variation (Table 3, Fig. 3) and formed an unresolved clade

recently derived from within the grade including the white-

sand + Manaus populations. This putative recent switch to clay

and terrace soils in the western Amazon is consistent with the

older age of white-sand habitats and the origin of more fertile

soil types that has occurred post-Andean uplift in the mid to

late Miocene in the western Amazon (Hoorn, 1993; Frasier

et al., 2008). The Manaus population at ‘S8’ and ‘S9’ includes

P. subserratum trees from both sandy and clay soils plus one

individual from the extreme white-sand forest at S9 that had

similar leaflet morphology to Peruvian white-sand morpho-

types. All individuals sampled from S8 appeared similar in

their leaflet morphology to P. subserratum populations in Peru

on terrace and clay soils (Table 2). Together, the Manaus +

Peru terrace and clay populations form one single clade with

0.51 posterior probability. However, the Manaus population

showed a great diversity of haplotypes, while the Peruvian clay

and terrace populations did not. Thus Peruvian clay and

terrace populations may be younger and may have arrived only

recently from the central Amazon.

One advantage of our study system is that all individuals

sampled can be put safely into a broader phylogenetic context,

given that we are currently amassing all Protieae samples for a

large phylogenetic study (Fine et al., 2005; Daly et al., in

press). In addition, the fact that there are multiple fossils in the

Burseraceae (including one from the Protieae) means that we

will soon be able to use a fossil-calibrated tree for our DNA

sequence data to estimate minimum divergence dates among

species, and perhaps even population-level divergences within

P. subserratum. This will provide us with greater insight into

the timing of colonization events into different soil types and

geographic regions.

Broader implications: can edaphic specialization lead
to speciation?

Specialization to divergent soil types has occurred twice in this

small clade of four species of Protium sect. Papilloprotium

(Fig. 3). The most recent case is within the edaphic generalist

P. subserratum, where the evidence presented above suggests

that populations on clay and terrace soils diverged from

populations on white-sand soils. The morphological differences

between white-sand and clay/terrace populations are unlikely

to be due to phenotypic plasticity because there are strong

differences in population structure between these two mor-

photypes, even when the edaphically divergent populations

occur only a few kilometres apart. Instead, white-sand and

non-white-sand lineages in the phylogeny and haplotype

networks correspond to morphological differences in leaflet

pubescence, margin teeth and thickness (Table 2). That the two

morphotypes are not reciprocally monophyletic (Fig. 3) and

even share haplotypes (Fig. 4) is consistent with a scenario of

incipient parapatric speciation across strong edaphic gradients

(similar to Savolainen et al., 2006) with incomplete lineage

sorting. Extreme differences in soil fertility and substrate may

cause strong natural selection for divergent strategies involving

allocation tradeoffs. If the gradient is strong enough, speciation

can occur even in the face of gene flow between populations on

the opposite soil type (Endler, 1977). The mechanism by which

this ‘divergence with gene flow’ is thought to occur is that

intermediate phenotypes generated by crosses between parental

populations on divergent habitat types would be less fit in

either habitat type (Endler, 1977; Nosil, 2008). In the case of

Protium, tradeoffs in growth rate and defence investment have

been found in congeners specialized to white-sand and clay

soils (Fine et al., 2006). These physiological tradeoffs may

contribute to habitat-mediated speciation by conferring post-

zygotic isolation if intermediate phenotypes did not receive

adequate defence against herbivores in white-sand forests and

if they cannot compete in high-resource clay and terrace

soils. Reciprocal transplant experiments and hand-pollination

crosses among white-sand and non-white-sand morphotypes

are under way, which will allow us to assess parental and hybrid

fitness across habitat types.

Alternatively, speciation could have already happened (with

or without allopatry), with subsequent dispersal of edaphic

P. V. A. Fine et al.
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specialists to currently parapatric distributions on adjacent

areas of white-sand, clay and terrace habitats thus allowing

introgression between morphotypes (similar to red and silver

maples; Saeki et al., 2011). This implies that the populations

of P. subserratum in the western Amazon currently inhabiting

white-sand forests may have had wider distributions during

Pleistocene or Pliocene glacial maxima, and their geographic

range may previously have included a wide variety of soil

types. Warming and the re-expansion of contiguous aseasonal

lowland rain forest in the region (Bush, 1994; Haffer &

Prance, 2001) may have resulted in more recent competitive

exclusion of slower growing, highly defended trees such as the

white-sand morphotypes. In addition, the expectation that

reciprocal monophyly be present between white-sand and

clay morphotypes for them to be considered ‘good species’

may not be warranted, given that introgression among

morphologically divergent, habitat specialist species has been

reported for other trees (Quercus, Petit et al., 2004; Betula,

Thórsson et al., 2010).

CONCLUSIONS

We have found substantial phylogeographic structure in both

the white-sand specialist P. alvarezianum and the edaphic

generalist P. subserratum. For the specialist P. alvarezianum,

high /ST values among populations are consistent with the

likely difficulty of achieving gene flow among geographically

isolated habitat islands. Although geographic distance plays a

role in shaping continent-wide phylogeographic patterns in

the edaphic generalist species P. subserratum, it does not play

as important a role at a local geographic scale as it does for

the edaphic specialist P. alvarezianum. Within Peru, soil type

was an important factor differentiating white-sand from

non-white-sand populations. Moreover, phylogenetic and

phylogeographic analyses suggest that these populations act

effectively as distinct gene pools, with little sharing of

haplotypes. These results are consistent with the hypothesis

that P. subserratum may in fact be a complex of unrecognized

species. Whether this pattern is due to incipient speciation

via habitat specialization or past speciation with secondary

contact remains to be fully elucidated. In either case, the

edaphic heterogeneity present in the western Amazon as a

result of its complicated geological history is strongly

implicated in driving and maintaining population differenti-

ation in these lowland rain forest trees. Given the lack of

topographic complexity found throughout the lowland

Amazon Basin, we speculate that habitat heterogeneity and

the spatial arrangement of habitats may be a more general

driver of population-level differences than geographic dis-

tance per se for influencing genetic structure and speciation

in Amazonian species.
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