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1. RESUMEN

La diversidad genética dentro de poblaciones ha sido moldeada y estructurada por varios
procesos histéricos y actuales, tanto a una escala regional como local. Este estudio analiza
patrones de diversidad genética regional de Oenocarpus bataua, y las fuerzas historicas y
actuales que han estructurado su diversidad genética. Esta palmera arborescente se encuentra
ampliamente distribuida en la parte septentrional de Sudamérica, sin embargo su divergencia
genética intraespecifica permanece conflictual. Dos variedades intraespecificas y alopatricas,
bataua (poblaciones occidentales) y oligocarpa (poblaciones orientales), han sido descritas.
Oenocarpus bataua var. bataua estd ampliamente distribuida dentro de la region del Choco, la
Amazonia occidental y las estribaciones andinas, sin embargo, no se ha reportado ningdn tipo
de variacion morfoldgica o genética dentro de ésta. Los objetivos de este estudio fueron
identificar patrones genéticos intraespecificos, dentro de la variedad bataua, y entre las
poblaciones de la variedad bataua. Usando siete marcadores SSRs, 644 muestras de cinco
paises de la region Neotropical (Bolivia, Colombia, Ecuador, Guyana Francesa y Peru) fueron
analizadas en este estudio. Usando un analisis de agrupamiento bayesiano, una alta
divergencia genética fue identificada entre las poblaciones occidentales y orientales, lo que
coincide con la distribucién geogréafica de bataua y oligocarpa, respectivamente. Esta
divergencia sugiere que ambas variedades podrian ser consideradas como especies distintas
con una distribucion alopatrica, como fueron anteriormente descritas. Aqui se reporta una
localidad peculiar en el norte de Colombia (San Francisco) la cual esta relacionada
genéticamente con oligocarpa, pero se encuentra dentro del rango de distribucion de bataua.
Dentro de bataua, cinco agrupamientos genéticos fueron identificados (valle del rio

Magdalena, Chocd, Amotape-Huancabamba, Napo e Inambari). La divergencia determinada



entre estos agrupamiento esta principalmente asociada con el levantamiento de los Andes, lo
cual separd la region del Choco de la Amazonia; y con condiciones climaticas actuales
relacionadas con disponibilidad de agua, las cuales han estructurado principalmente a los
agrupamientos amazonicos (Napo e Inambari). Altos valores de divergencia genética fueron
reportados para los agrupamientos Napo (He = 0.83) e Inambari (He = 0.79), mientras que los
valores mas bajos fueron encontrados dentro del agrupamiento del valle del rio Magdalena
(He = 0.54). A una escala local, Intuto (He = 0.86) y Jenaro Herrera (He = 0.81), en el noreste
de Peru, reportaron los valores de diversidad genética mas altos. Finalmente, se discute sobre
prioridades de conservacion para O. bataua, inferidas a través de los patrones de diversidad

genética reportados en este estudio.

Palabras clave: divergencia genética, diversidad genética, Neotropico, regiones

biogeogréficas



2. ABSTRACT

Genetic diversity within populations has been shaped and structured by historical and current
processes at a regional and a local scale. This study analyses regional genetic diversity
patterns of Oenocarpus bataua, and the historical and current forces that have structured its
genetic diversity. This arborescent palm is widely distributed in northern South America;
however, its intraspecific genetic divergence remains conflictual. Two allopatric varieties,
bataua (western populations) and oligocarpa (eastern populations), have been previously
described. Oenocarpus bataua var. bataua is widely distributed within the Choco region,
western Amazonia and Andean foothills, nevertheless, as of yet no intraspecific morphology
or molecular variation has been reported. The main goals of this study were to identify genetic
patterns at an intraspecific level, within the variety bataua, and between variety bataua
populations. Seven SSRs markers on 644 samples from five countries in the Neotropical
region (Bolivia, Colombia, Ecuador, French Guiana and Peru) were analyzed in this study.
Using an individual-based Bayesian clustering analysis, high genetic divergence was detected
between western and eastern populations which in turn coincides with the geographical
distribution of varieties bataua and oligocarpa, respectively. This divergence suggests that
both varieties could be considered distinct species with an allopatric distribution, as formerly
described. Here we report a peculiar locality in northern Colombia (San Francisco) genetically
related to oligocarpa, but within the geographic distribution of bataua. Within bataua, five
genetic clusters were identified (Magdalena river valley, Choco, Amotape-Huancabamba,
Napo and Inambari). The major divergence among these genetic clusters is associated with the
Andean uplift, which separated the Choco from the Amazonian region; and with current

climatic conditions related to water-availability that have principally structured the Amazonian



clusters (Napo and Inambari). High genetic diversity was reported for the Napo (He = 0.83)
and Inambari (He = 0.79) clusters, whereas the lowest diversity was found within the
Magdalena river valley cluster (He = 0.54). At a local scale, Intuto (He = 0.86) and Jenaro
Herrera (He = 0.81) in northeastern Peru reported the highest levels of genetic diversity.
Finally, we discuss conservation priorities for O. bataua, inferred from the genetic diversity

patterns reported in this study.

Keywords: biogeographic regions, genetic divergence, genetic diversity, Neotropics



3. INTRODUCTION

Our knowledge about species and genetic diversification in the Neotropics is highly influenced
by our understanding on how climatic, geological and ecological processes have structured
and distributed biodiversity within this region (Cavallotto et al. 2011; Eiserhardt et al. 2011;
Roncal et al. 2013; Turchetto-Zolet et al. 2013). Macro-scale processes such as Pleistocene
glaciations, lacustrine events, orogenesis and modern climate have shaped present-day
diversity patterns of Neotropical species (Wesselingh et al. 2006; Lachenaud & Zhang 2008;
Eiserhardt et al. 2011; Thomas et al. 2012). These processes have modified Neotropical
landscapes (Storfer et al. 2007), promoting vicariant scenarios for genetic diversification
(Lachenaud & Zhang 2008; Antonelli & Sanmartin 2011; Turchetto-Zolet et al. 2013).
Diversity patterns in Neotropical species have also been shaped by micro-scale processes,
including topography and habitat heterogeneity (Kerr & Packer 1997; Kristiansen et al. 2011),
dispersal and other biotic interactions (Kissling et al. 2007; Svenning et al. 2008), and even by
anthropogenic intervention (Morcote-Rios & Bernal 2001). Since levels of species diversity
within communities correlate with levels of genetic diversity within populations in space and
time (Vellend & Geber 2005), it is expected that the aforementioned macro and micro-scale

processes can also explain intraspecific genetic patterns (Palma-Silva et al. 2009).

The palm family (Arecaceae) is one of the oldest monocotyledonous flowering plants (Janssen
and Bremer, 2004), and a conspicuous element of tropical and subtropical forests in the
Neotropics (Kahn & Granville 1992). In South America, this family is represented by 450
species within 50 genera (Pintaud et al. 2008). Palm communities exhibit a high geographical
variation in species richness, phylogenetic composition and life forms in this region

(Eiserhardt et al. 2011). With 36 to 54 different taxa previously reported, western Amazonian



palm communities (Yasuni, Intuto, Jenaro Herrera and Iquitos-Pebas), in particular, harbor the
highest amount of diversity (Vormisto et al. 2004; Montdfar & Pintaud 2006). Palm species
are also locally dominant (Pitman et al. 2001; ter Steege et al. 2013); for instance, in only one
hectare of primary forest in the Ecuadorian Amazonia, 1255 Oenocarpus bataua individuals
(at all the stages of development) have been reported (Vormisto et al. 2004). Their ecological
importance can be addressed by their biotic interactions with pollinators, dispersers and
decomposers (Wright & Duber 2001; Galetti et al. 2006; Stone 2007; Karubian et al. 2010;
ThianWoei et al. 2012) and by their carbon retention potential (Henson 2005). Additionally,
Neotropical palms are considered a major resource, at a socio-economic level, due to the large
quantity of uses applied by the local human communities (Brokamp et al. 2011). Because of
their diversity and abundance, palms are useful models for studying biotic diversification
patterns in tropical regions (Bjorholm et al. 2005; Svenning et al. 2008; Couvreur & Baker

2013).

Oenocarpus bataua is a widely distributed palm species in the tropical and subtropical areas of
northern South America and on the island of Trinidad (Henderson 1995). Within its wide
geographical distribution, only two intraspecific taxa are recognized: (i) O. bataua var.
bataua, which is located in northwestern South America and found within an altitude gradient
from 0 to 1200 m; this variety has been reported within the Choco region, Amazonia basin,
Andean forests, and even reported in the Guianas region (Henderson 1995) (ii) O. bataua
variety oligocarpa, distributed in northeastern South America at lower altitudes, up to 580 m
(Balick 1986), has been reported in the Guianas region, eastern Venezuela, central Amazonia
and on the island of Trinidad (Henderson 1995). The taxonomic separation of these two taxa

was based on morphological traits of the flower; such traits include number and localization of



pistillate flowers, length of staminate flowers, number of stamens, and number and diameter of
raquillae (Balick 1981; Borgtoft-Pedersen & Balslev 1993). Such morphological differences

are supposed to vary within a geographical gradient (Henderson 1995).

Since it was described in 1823 by Martius, O. bataua has had a complex history regarding its
intraspecific taxonomy (Montufar & Pintaud 2008). The two current varieties were originally
described as distinct species (O. bataua and Jessenia oligocarpa) (Balick 1986), but were later
on considered subspecies (Balick 1986), and finally treated as varieties by Henderson (1995).
The morphological stasis of this species, defined by a lack of change in characteristics of gross
external anatomy (Bickford et al. 2007), was considered an argument valid enough to group
them into one single species (Balick 1986; Henderson 1995). However, this morphological-
geographical taxonomic model (Henderson 1999) is a simplification of a complex and poorly
understood regional genetic structure. For instance, four taxonomic names (O. seje, J.
polycarpa, J. repanda and J. weberbaueri) were described as different Oenocarpus/Jessenia
species; However, these were lately put in synonymy with O. bataua var. bataua (Berry 1976;
Balick 1986; Henderson 1995). Thus, these former taxonomic names could either represent

distinct genetic pools, or cryptic diversity hidden within O. bataua.

This study explores the genetic variability of O. bataua within five countries of South
America (Bolivia, Colombia, Ecuador, French Guiana and Peru). The goals of this study were
to characterize the genetic diversity of O. bataua within three levels: (i) at an intraspecific
level, in order to determine genetic differentiation levels between bataua and oligocarpa
types; (ii) within var. bataua, to localize genetic clusters within this variety; and (iii) at a

population level, so as to identify genetic diversity patterns within var. bataua.



4. MATERIALS AND METHODS

4.1. STUDY SPECIES

The palm O. bataua is an arborescent, alogamous, monoic species within the tribe Euterpeae.
Growing up to around 35 m in height, it reaches the forest canopy, and has a stem diameter of
about 20-30 cm wide (Borchsenius et al. 1998; Dransfield et al. 2008). O. bataua is one of the
most abundant plant species within the Amazonia with up to 108 individuals per hectare (ter
Steege et al. 2013), displaying different ecological preferences by growing in many habitats
(Montufar 2008). For instance, in its westernmost distributional limit it grows on well-drained
soils (terra firme forests) (Borgtoft-Pedersen & Balslev 1993), whereas in the easternmost
extreme it grows on poorly drained soils (waterlogged areas, swamps) (Kahn & Granville
1992). The species flowers all year round, but has a peak between February and April in the
Amazonian region (Vélez 1992; Garcia 1998), and between December and January in the
Colombian Andes (Nufiez-Avellaneda & Rojas-Robles 2008). It exhibits thermogenic
nocturnal anthesis, and pollination is principally done by arthropods belonging to the orders
Coleoptera and Hymenoptera; wind, on the other hand, is poorly involved in pollen dispersion
(Nufez-Avellaneda & Rojas-Robles 2008). Although the palms fruits are consumed by birds
and mammals, birds are its principal long-distance seed dispersers (Balick 1992; Karubian et
al. 2010). Furthermore, its fruits and the oil extracted from them are an important alimentary
resource for local human populations (Borgtoft-Pedersen & Balslev 1993; Aguilar 2006;
Nufiez-Avellaneda & Rojas-Robles 2008; Montufar et al. 2010; Brokamp et al. 2011). The oil
extracted from the mesocarp of the fruits has a high concentration (> 70%) of oleic fatty acid

which is beneficial for human health in nutritional terms (Montufar et al. 2010).



4.2. PLANT MATERIAL

Young leaf and root tissue were collected from a total of 644 Oenocarpus bataua individuals
at 31 localities during several sampling periods extending from August 2006 to September
2012. After the collection, the samples were stored in plastic bags with silica gel. Five hundred
and ninety-one samples were collected from 26 localities in Colombia, Ecuador, Peru and
Bolivia, and were identified as var. bataua; 53 more samples were collected from six localities
in French Guiana and identified as var. oligocarpa (Table 1, Fig. 1). Only adult and juvenile
individuals were collected. Sampling from closely neighboring plants (distance < 5m) was
avoided to prevent temporal and full-siblings sampling bias. Additionally, two individuals of
O. mapora from Régina (French Guiana) were included as an out-group for phylogenetic

analysis.

Sampling of the localities ranged from one (Bahia Malaga) to 57 individuals (Zamora), and
was done in a variety of ecosystems, montane (Andes), semi — deciduous (southwestern
Ecuador/northern Peru) and tropical (Chocd and Amazonia) forests. Samples were obtained
mostly from primary and secondary forests, although some sampling was done in pastures
where deforestation has left few individuals standing. All the localities were sampled from
primary non-managed forests, although some sampling was done in pastures where
deforestation has left few individuals standing. The exception was the Amazonian locality of

Chiriap where the seeds of O. bataua are dispersed by their habitants within their land.
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4.3. DNA EXTRACTION, PRIMER SCREENING AND GENOTYPING

Laboratory procedures were performed in IRD’s (Institut de Recherche pour le
Développement) facilities in Montpellier, France. DNA extraction was done using the Dneasy
plant mini kit from Qiagen following the manufacturer’s instructions. After extraction, the
DNA concentration of each sample was analyzed with a Thermo Scientific NanoDrop™ ND-

100 spectophotometer, and then diluted with ultrapure water to a final concentration of 5

ng/ul.

A total of 35 microsatellite markers (SSR — simple sequence repeats) of, or related to, O.
bataua were screened (Gaiotto et al. 2001; Lepsch-Cunha et al. 2003; Montufar et al. 2006).
Six of these provided polymorphic SSR data and a strong signal and were therefore selected
for further analysis: Ob02, Ob06, Ob08, Ob16, AC5-3#4 and AG5-5#1. One additional intron
nuclear microsatellite (AG1) was used for genotyping (Ludefia et al. 2011). In the end, seven

microsatellites were used in the genotyping process.

SSR loci were amplified in two separate multiplex polymerase chain reactions (PCR), the first
one included four loci (Ob02, Ob06, Ob08, Ob16), while the second one included three (AC5-
3#4, AGH-5#1, AG1). Forward primers were fluorescently labeled using VIC, NED, 6-FAM
and PET dyes. PCR amplifications were performed in a final volume of 10 ul as follows: 4 pl
of DNA template (5 ng/ul), 5 pl of 2X Multiplex Mastermix, and 1 ul of 10X primer mix
(containing 3 or 4 pairs of primers at 0.2 uM each primer). Thermal cycling conditions
consisted of an initial denaturation step for 15 min at 96 °C followed by 30 cycles of
denaturation for 30 s at 94 °C, annealing for 90 s at 56 °C, and elongation for 90 s at 72 °C. A

final 10 min extension step at 72 °C was added.
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For each PCR product, 2 ul were taken and mixed with 58 pl of water (dilution factor 1/30).
Two pl of this PCR diluted product were then mixed with 17 ul of water and 0.15 pl of size
marker 500 LIZ (GeneScan™), resulting in a final dilution factor of ~1/300. The final product
of each PCR was then analyzed in a 3500 Genetic Analyzer sequencer (Applied
Biosystems™) and the resulting chromatograms were examined using GeneMapper software

v3.7 (Applied Biosystems™).

4.4. STATISTICAL ANALYSIS

The genetic population structure of Oenocarpus bataua was analyzed at three different levels:
(i) at an intraspecific level (ISL), (ii) at an intra var. bataua level (IVBL), and (iii) at a
population level (PL). For the first level (ISL), the goal was to identify any major genetic
divergence (intraspecific categories) within the taxa O. bataua. For this level we used five
random samples from 20 random localities (with the exception of Guainia and Bahia Malaga
where the sampling was smaller) that include the entire geographical distribution of O. bataua
(including both varieties bataua and oligocarpa). The final number of samples analyzed was
93. For the second level (IVBL), the goal was to identify regional genetic clusters or pools
within var. bataua. To attain this identification, we worked with all samples identified as var.
bataua (n = 591) obtained from 26 localities during the fieldwork phase. Within the PL, we
worked with 19 localities of var. bataua (n > 15) and aimed to establish genetic diversity

indexes from these populations. For this third level, each locality was treated as a population.

Intraspecific level analysis (ISL): A Bayesian clustering method, previously described by

Pritchard et al. (2000), was used to assign individuals to clusters and determine the genetic
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population structure of O. bataua. In order to do this, Structure v2.3 software was
implemented (Pritchard et al. 2010). Under this method, the optimal number of genetic
clusters (K) is usually determined by estimating likelihoods for an increasingly larger K, and
then choosing the K for which the log likelihood reaches a plateau (Pritchard et al. 2000). The
AK statistic, developed by Evanno et al. (2005), was obtained to infer the optimal number of

clusters (K).

To determine the optimal number of clusters (K), Structure was run under three models of
ancestry and population intercorrelation: (i) population admixture/correlated allele
frequencies, (ii) no admixture/correlated allele frequencies, and (iii) population
admixture/independent allele frequencies. Under each model, 5 independent Markov chain
Monte Carlo (MCMC) runs were performed using 10* burn-in generations followed by 10°

sampling generations, K ranging = 1-10. All other parameters were left at their default values.

To identify areas of genetic discontinuity within the distributional range of O. bataua, a spatial
Bayesian clustering analysis was performed using Geneland software (Guillot et al. 2005).
Each individual’s geo-referenced and genotypic information was used to determine their
posterior probability of belonging to a certain cluster. One MCMC run was performed using
the resulting K value obtained from the Structure analysis (following Evanno et al.’s method)
applying the following parameters: 10° iterations, thinning = 1000, allele frequencies
correlated, and with uncertainty in the coordinates. For the clusters obtained, inbreeding
values (Fis) and Fsr values among pairwise clusters were obtained through 10° permutations

using Arlequin 3.1 software (Excoffier et al. 2005).
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Intra var. bataua level (IVBL) analysis: For this second level of analysis, the number of
clusters (K) and the identification of areas of genetic discontinuity within var. bataua were
done as in the former (ISL) analysis. Because the San Francisco locality (northwestern
Colombia) samples were previously identified in the field as var. bataua, we decided to
include them in this analysis, despite they were previously grouped along with var. oligocarpa
samples in the ISL analysis. For each cluster, the average number of alleles per locus (A),
expected heterozygocity (He), observed heterozygocity (Ho), and inbreeding values (Fis),
were obtained with the use of Arlequin software (Excoffier et al. 2005). Fsr values among
pairwise clusters were obtained from the same aforementioned software with 103
permutations. The number of private alleles per cluster (PA) was obtained with the use of

GenAlEx 6.5 software (Peakall and Smouse 2012).

Population level (PL) analysis: The average number of alleles per locus (A), expected
heterozygocity (He), observed heterozygocity (Ho), and inbreeding coefficient (Fs) for each
population was estimated with Arlequin. GenAlEx software was used to identify the number of
private alleles per population. To estimate the genetic differentiation between pairwise
populations, we implemented Jost’s (2008) D Statistical assessment with Meirmans and
Hedrick’s (2011) statistical correction in GenAlEx with 9999 permutations. With the resulting
matrix, along with a geographical distance matrix between populations obtained with ArcMap
10 software (ESRI 2011), we then performed a Mantel test in GenAlEx in order to explore the
relationship between genetic structure and geographical space. Phylogenetic relationships
between populations were obtained by computing a Neighbour — Joining (NJ) tree with

PopTree2 software (Takezaki et al. 2010). The pairwise population distance measure Da (Nei
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et al. 1983) was used as implemented in the software, and bootstrap values were computed

with 10* replications.
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5. RESULTS

5.1. INTRASPECIFIC LEVEL ANALYSIS (ISL)

Based on the AK statistic (Evanno et al. 2005), we determined the best K at K = 2 under the
three ancestry/allele frequency correlation models used. The K = 2 peak made a clear
separation between eastern (French Guiana) and western O. bataua populations (Choco,
Andean and western Amazonian forests) (Fig. 2). This first level of genetic structuring
corresponds to the intraspecific variation recognized by taxonomists, which assigns the eastern
populations to the var. oligocarpa, and the western ones to the var. bataua. Under the three
ancestry/allele frequency correlation models, a second peak at K = 4 appeared. This second
peak groups the localities from the var. oligocarpa into one cluster, and splits localities of var.
bataua into three different clusters: (i) San Francisco, as one, (ii) localities from the Choco

region, into a second and (iii) the Amazonian localities into a third cluster.

Results produced in Geneland (Fig. 2) show a strong assignation of the samples to each
corresponding cluster; samples assigned to the oligocarpa cluster reported posterior
probabilities of membership between 0.9 — 1; meanwhile, samples assigned to the bataua
cluster reported posterior probabilities of membership between 0.7 — 1. However, an
outstanding result was the inclusion of San Francisco to the oligocarpa cluster (Fig. 2), which
was identified in the field as var. bataua. Geographically, var. oligocarpa is distributed in
eastern Amazonia (Guianas and eastern Venezuela) and has not been reported in northwestern
South America where the San Francisco population is located (Magdalena river valley,

Colombian western Andean cordillera).
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This result increments the potential geographical area of var. oligocarpa beyond eastern
Venezuela, suggesting the presence of the var. oligocarpa even within the Caribbean coast.
The Fgsr value between both clusters (bataua y oligocarpa) was moderate (0.167) but
significantly different from 0; furthermore, Fis values were 0.144 and 0.327 for bataua and

oligocarpa clusters, respectively.

5.2. INTRA VAR. BATAUA LEVEL ANALYSIS (IVBL)

In the Bayesian clustering analysis, a peak was identified at K = 5 under all the three models
of ancestry (Fig. S1). The K =5 peak represents five climatic and geological zones known as
the Magdalena river valley (MRV), the Choco region (Choco), the Amotape-Huancabamba
zone (AHZ), the Napo region plus northwestern Bolivia (Napo) and the Inambari region
(Inambari) (Fig. 3). Under the second model of ancestry, a second peak appeared at K = 2
which represents a grouping of the Choco and AHZ clusters, the other three clusters were
grouped separately. Regarding the third model of ancestry, a second peak appeared at K = 3.
This K value represents: (i) the Choco cluster, (ii) the union of the Napo, AHZ, and the
northern localities of the Inambari cluster, and (iii) the MRV with the southern localities from

both Napo and Inambari clusters.

The spatial Bayesian clustering analysis showed that the principal genetic barrier was the
Andes; however, no visible geographic barriers were identified to explain the separation of the
Napo and Inambari clusters (Fig. 3). Amazonian clusters (Napo and Inambari) showed the
highest genetic diversity (He = 0.83 and He = 0.79, respectively), whereas the lowest

diversity was found at the MRV cluster (He = 0.54). Napo and Inambari clusters also reported
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the highest A value (16.571 and 16.429, respectively) along with the largest amount of
samples (n = 186 and n = 155, respectively). The MRV cluster, on the contrary, showed the
lowest A value (A=3.429 and n=25) (Table 3). All five clusters showed private alleles, the
Amazonian clusters (Napo and Inambari) being the ones with the most PAs (9 and 10,
respectively). All clusters, except the MRV cluster which showed a slightly negative Fs value
(-0.002), were inbred and displayed positive but moderate Fs values. The highest genetic
differentiation (Fsr values) was observed in the MRV cluster against all the other clusters,
especially against the Choco cluster (Fst = 0.321), which is supported by ISL analysis. Napo

and Inambari clusters had the least amount of genetic differentiation (Fsr = 0.043).

5.3. POPULATION — BASED ANALYSIS

The highest genetic diversity was found in the Intuto (He = 0.86, A = 11.71) and Jenaro
Herrera (He = 0.81, A = 11.86) populations, which are located close to the town of Iquitos
(Peruvian Amazonia), within the Napo cluster (Table 4). On the other hand, the lowest genetic
diversity was found in northern Colombia (San Francisco), within the MRV cluster (He = 0.64,
A = 3.43). Despite its low genetic diversity, San Francisco displayed the most number of
private alleles (4). Genetic diversity tends to decrease from western Amazonia to western

Ecuadorian Choco populations, and then continues to decrease forward north.

Fis values tended to be low, even negative, with few exceptions (Table 4). High and significant
Fis values were coincidently found in populations located near the Andes; However,
populations with the highest altitude in southeastern Ecuador showed low Fs values. The

highest inbreeding value was observed in southwestern Ecuador, a heavily deforested area.
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Pairwise Dest values ranged from 0.054 (Chontal vs. Esmeraldas) to 0.985 (San Francisco vs.
Villaseca), showing a moderate to strong differentiation between populations. Geographical
distances ranged from 53 (Pachicusa vs. Zamora) to 2403 km (San Francisco vs. San
Buenaventura). The isolation by distance analysis showed a significant correlation between the
genetic and geographical distances of the populations. Fig. 4 shows an increase in genetic
divergence between populations conjointly with the increase in geographic distances between

them (p > 0.05, r? = 0.135).

The Mantel test showed that the structure observed in the Bayesian clustering and NJ analysis
is related with geographical and ecological constraints on gene flow. With few exceptions, the
NJ analysis grouped populations in the same pattern as the Bayesian clustering analysis, but

with low bootstrap values.



19

6. DISCUSSION

6.1. INTRASPECIFIC TAXONOMY

This study describes a strong genetic divergence among the varieties bataua and oligocarpa,
as shown in the Bayesian clustering analysis (Fig. 2). The molecular differentiation found
between these two varieties is supported by previous studies, which have reported similar
patterns using amplified fragments length polymorphism (AFLPs), plastid sequences (trnQ-
rpsl6, trnD-trnT, psbC-trnfM) and fatty acid composition (Montdfar 2007; Montufar &
Pintaud 2008). The molecular evidence presented here draws forth the hypothesis previously
reported by the botanists A. Grisebach and H. Wendland, who described the var. oligocarpa
formerly as Jessenia/Oenocarpus oligocarpa from the locality type on the island of Trinidad
in 1864 (Balick 1986); lately, this taxonomic name has been broadly used to denote eastern

Amazonian populations (Suriname, Guianas and Venezuela).

The strong genetic divergence shown in this study suggests that both varieties (bataua and
oligocarpa) could represent cryptic species. Cryptic species are defined as two or more species
classified as a single one because they are hard to distinguish morphologically, but can be
recognized by molecular data (Bickford et al. 2007). Particularly, cryptic diversity has been
reported to be more frequent in sympatric scenarios than in allopatric ones (Hebert et al. 2004;
Stuart et al. 2006; Bickford et al. 2007). In our case, however, both varieties follow an
apparently allopatric model, where each variety is strongly associated with a distinctive
geographical and geological region. In this sense, this intraspecific model is hard to fit into a
typical cryptic diversity scenario. The morphological variation, particularly of the floral traits,

has been poorly studied within the geographical distribution of O. bataua. This is mainly due
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to the fact that arborescent palms, such as this species, are generally neglected by plant
collectors due to their big size (Henderson 1995; Ruokolainen & Vormisto 2000); this
generates informational gaps regarding gene flow, gradients on morphological traits and their
real distributional ranges. Although O. bataua generally follows an apparently allopatric
model, the determination of sympatric zones in order to analyze gene flow between the
varieties, and the improvement of morphological information through botanical collections

will help to elucidate their biological divergence.

The assignment of the San Francisco locality, situated within the Magdalena river valley, to
the oligocarpa cluster was an outstanding result. Having based our results on Bayesian
clustering analysis and genetic differentiation indexes, we determined that this locality showed
a peculiar genetic composition which deviates from bataua. A possible explanation for this
biogeographical pattern lies within three main scenarios: (i) San Francisco could be a hybrid
population of O. bataua var. bataua x O. bataua var. oligocarpa; nevertheless, it was
assigned, and with a high probability (> 0.9), to the oligocarpa cluster. Wild hybrids of O.
bataua var. bataua x O. minor have been reported near San Francisco (Nufiez-Avellaneda
2007), however, its cespitous habit eliminates the possibility of being sampled by mistake. (ii)
Botanical studies have reported that the westernmost limit of var. oligocarpa is the Miranda
Department (north center Venezuela) (Stauffer 1999). However, the geographical range of
oligocarpa could be wider than what is proposed in the literature, even reaching localities in
the Magdalena river valley (northern Colombia). (iii) The San Francisco locality represents a
distinctive species within the genus Oenocarpus, which is strongly related to oligocarpa. This
hypothesis, in turn, agrees with the second peak, K = 4, observed in the Bayesian clustering

analysis (Fig. S1), which defined San Francisco as a unique genetic entity. Therefore, this
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locality could also be the result of a bottleneck event of an oligocarpa population, where
genetic drift has shaped its peculiar genetic footprint. The location of this population coincides
with the historical locality type for Jessenia repanda, collected and described by botanist H.
Engel in 1865 (Balick 1986), and lately put in synonymy with O. bataua. This last scenario is

particularly more realistic than the two previous.

6.2. BIOGEOGRAPHICAL INFLUENCE ON THE GENETIC STRUCTURE OF O. bataua

VAR. bataua

The five genetic clusters identified in the Bayesian analysis (Fig. 3) correspond to major
ecoregions within northwestern South America (Dinerstein et al. 1995). The geographical
distribution of the clusters correlates, at least partially, with ecological gradients and historical
events in this region. Here we discuss the structuring of four of the five clusters; the MRV
cluster (San Francisco) was previously discussed in the INTRASPECIFIC TAXONOMY

section.

Choco region.- The Andean cordillera extends over almost 9000 km along the western coast of
South America, and its orogeny has greatly influenced divergence processes in the region
(Jergensen & Ledn-Yanez 1999; Antonelli et al. 2010; Chaves et al. 2011; Turchetto-Zolet et
al. 2013). This mountain range is a major physical barrier between the Choco rainforests
(trans-Andean region) and the Amazon basin (cis-Andean). It has restricted, totally or at least
partially, gene flow between trans/cis-Andean populations; therefore, favoring their genetic
identity (Dick et al. 2004; Trénel et al. 2008). This Andean genetic divergence has been

reported for other palm species (Ceroxylon equinulatunm, Trénel et al. 2008; Euterpe
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precatoria, Barreiro 2013), rainforest trees (Dick et al. 2003; Dick et al. 2007; Dick &
Heuertz 2008; Hardesty et al. 2010; Rymer et al. 2013), vertebrates such as frogs, bats and
fish (Slade & Moritz 1998; Ditchfield 2000; Perdices et al. 2002; Hoffmann & Baker 2003),

and arthropods such as butterflies (Brower 1994).

Despite the Andean mountain range being a strong barrier to gene flow, dispersal and
pollination processes have occurred and have crossed over this barrier. In this study, genetic
differentiation values (Fsr) are fairly low between the Choco and Amazonian clusters (range:
0.09 — 0.12), suggesting that gene flow can be exchanged between trans/cis-Andean O. bataua
populations (Montufar 2007). Studies carried out in other palm species such as Ceroxylon
equinulatum and Euterpe precatoria showed evidence that trans/cis-Andean populations could
maintain its genetic connectivity through Andean dispersal corridors located in southern

Ecuador/northern Peru region (Trénel et al. 2008; Barreiro 2013).

Genetic flux across the Andes, as mentioned above, could have occurred by three non-
exclusive scenarios: (i) fluctuation of the Andean tree-line, (ii) historical dispersal and
pollination processes through areas of low topography, (iii) current dispersal processes.
Pleistocene fluctuations (~2.5 — 0.1 Ma) affecting the altitudinal distribution of Andean forests
tree-lines (Van der Hammen 1989) may have reduced the physical isolation between trans/cis-
Andean populations in the past. The altitudinal increase of the tree-line in the Andes would
have allowed species to ascend altitudinally (Weng et al. 2007), reducing the effect of the
Andes as a barrier. These altitudinal fluctuations could have favored gene flow events through
inter-Andean valleys (Montufar 2007). Under this scenario, dispersion across the Andes by
birds could have played a major role in the movement of alleles (de Queiroz 2005). The

second scenario maintains that corridors through Andean valleys, such as the Girdn-Paute



23

deflection in southern Ecuador, the Huancabamba depression in northern Peru or the
Caribbean lowlands in northern Colombia, would have allowed continuous gene flow through
the Andes (Brumfield & Capparella 1996; Dick et al. 2004; Trénel et al. 2008). Particularly,
pollinators such as bees and bats have been reported to have maintained pollen dispersal
through these Andean corridors (Ditchfield 2000; Hoffmann & Baker 2003; Dick et al. 2004).
Current dispersal processes, however, could also favor gene flow exchange between both sides
of the Andes. It is possible that O. bataua dispersers maintain some degree of gene flow
through these corridors, or even by crossing over the cordillera. For instance, O. bataua has
long-distance dispersers known as the oildbirds (Steatornis caripensis) that could currently
maintains some degree of genetic homogeneity between trans/cis-Andean O. bataua clusters.
It is reported that oilbirds (Steatornis caripensis) can travel up to 73.5 km in one day (Snow &
Snow 1978; Tannenbaum & Wrege 1978); there is, however, no actual evidence that they

transport O. bataua seeds across the Andes.

Amotape-Huancabamba zone.- This phytogeographical region, situated between the Rio
Jubones system (southern Ecuador) and the Rio Chamaya system (northern Peru) (Weigend
2002, 2004), is a complex geological zone characterized by high levels of species diversity
and endemic species (Jargensen & Ulloa 1994; Borchsenius 1997; Byg et al. 2006; Leon-
Yénez et al. 2011). The high biodiversity levels reported in this region are explained by: (i)
low species extinction rates due to the absence of Quaternary volcanic activity (Clapperton
1993; Struwe et al. 2009), (ii) the overlapping between most northern and southern Andean
plant groups (Weigend 2002), and (iii) the mosaic nature of its habitats (Weigend 2002). The
high endemicity rates reported are explained by the highly dissected landscape (geodiversity),

which may cause small but viable populations to diversify rapidly through drift and/or
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adaptive pressures (Weigend 2002). This zone also contains a dispersal corridor for trans/cis-
Andean plant groups known as the Huancabamba Depression, an area where the Andean
cordillera is interrupted by the Rio Chamaya/Rio Marafidén system located at an altitude of

2145 m (Duellman 1979; Weigend 2002, 2004).

A pattern of genetic structuring similar to that observed in O. bataua was also reported for
Theobroma cacao (Motamayor et al. 2008), where several populations were grouped together
into a distinct genetic cluster within this region. Nevertheless, these populations were
genetically related with a population in the Choco region, probably due to a genetic exchange
through the Huancabamba Depression. Based on molecular and morphological data, a clade
within the genus Macrocarpaea (Gentianaceae) was also reported within the location of the
Amotape-Huancabamba zone (Struwe et al. 2009). This region harbors particular
phyogeographical patterns, which are also reflected in the intraspecific genetic diversity of O.

bataua.

Oenocarpus bataua populations within the AHZ cluster are characterized for reaching and
passing a 1000 m altitude threshold, which is considered to be the limit between the lowland
rainforest and the montane vegetation (Dick et al. 2004). Andean O. bataua populations,
situated at an altitude of over 1000 m, were proposed as a unique ecotype because of their
ecological adaptation, which permitted them to grow at such high altitudes (Borgtoft-Pedersen
& Balslev 1993). However, the genetic distinctiveness of the AHZ cluster is not fully related to
altitude, since other Andean populations such as EI Chontal (northwestern Ecuador) or Shuaro

(central Peru) are genetically related with the Choco and Inambari clusters, respectively.
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Western Amazonia region.- Genetic diversity in western Amazonia was split into two clusters:
Napo and Inambari. The Bayesian clustering analysis recognized these two clusters, although
the Fsr value between them was less sensitive identifying this pattern (Fst = 0.03). This
genetic split is not explained by a modern physical barrier; rather, it could be explained
through historical climatic changes such as Pleistocene refuges (Haffer 2008) or by current

climate features (Eiserhardt et al. 2011).

The Pleistocene refuge theory maintains that the high biodiversity patterns within the
Amazonia are explained by allopatric/parapatric speciation processes between isolated
populations during the Pleistocene, ~2.5 — 0.1 Ma (Haffer 2008). Areas of the Neotropics with
high bird endemicity are hypothesized to developed during the Pleistocene due to vicariance
events (Cracraft 1985); two of these endemic areas are known as Napo and Inambari (Cracraft
1985), and their location coincide with two Amazonian genetic clusters for O. bataua (Napo
and Inambari). Phylogeographical breaks in birds are known to occur between both regions
(Burney & Brumfield 2009), which could have contributed to the genetic differentiation of

these regions by dispersal constraints.

Modern climate is one of the principal ecological factors that determine diversity patterns in
the Amazonia (Gentry 1988; Kreft et al. 2004; Eiserhardt et al. 2011). Water-related variables
such as annual rainfall and seasonal precipitation are the strongest determinants of plant
diversity patterns (Bjorholm et al. 2005, 2006; Kreft & Jetz 2007; Eiserhardt et al. 2011).
Localities within the Napo region, such as Iquitos (northeastern Peru), are characterized by
high annual precipitation, low seasonal precipitation (Kristiansen et al. 2011) and high
diversity of palm species (Vormisto et al. 2004). Another example is the locality of Yasuni,

which harbors diverse palm communities (Vormisto et al. 2004), is technically aseasonal
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because on any given month it receives at least 100 mm of precipitation, and has a mean
annual rainfall of about ~3200 mm (Pitman 2000). Puerto Maldonado, within the Inambari
cluster, on the other hand, is evidently seasonal, with > 80% of the precipitation falling
between October and April and with a mean annual rainfall of about ~2300 mm (Pitman
2000). Modern climate determines plant species diversity patterns (Eiserhardt et al. 2011), but
also as reported here for O. bataua, is a strong determinant of the main patterns of genetic

diversity in western Amazonian plants.

The split between the north and south sections of the Napo cluster (Fig 3) could be due to a
lack of sampling on more eastern localities. Both parts of the Napo cluster could be linked by
unsampled areas in western Brazil. A similar pattern, also due to a lack of sampling, was
reported in the regional genetic structure of Euterpe precatoria (Barreiro 2013), where
localities from northeastern Colombia were genetically related to localities in southeastern

Peru.

6.3. LOCAL DETERMINANTS OF GENETIC DIVERSITY LEVELS

Most genetically diverse populations were identified in western Amazonia, near the Iquitos
area (Intuto and Jenaro Herrera). Palm species richness (alpha and gamma diversity) is
negatively related to seasonal precipitation (Kristiansen et al. 2011); therefore, this variable
could also have an influence over genetic diversity levels within western Amazonia. Iquitos is
an area characterized by low seasonal precipitation (Kristiansen et al. 2011), thus, the high
levels of genetic diversity found in this area for O. bataua are related to water-availability

related determinants, which are the strongest forces shaping palm species diversity patterns in



27

the Neotropics (Bjorholm et al. 2005, 2006; Kreft et al. 2006; Eiserhardt et al. 2011). Another
possible explanation for this genetic diversity pattern is the long-term habitat stability of the
western Amazonia (Kristiansen et al. 2011), especially during glacial periods when climate
changes did not affect precipitation regimes in this area (Mayle et al. 2004), nor water
availability for palms. The highest levels of genetic diversity in Theobroma cacao (Sereno et
al. 2006; Motamayor et al. 2008; Thomas et al. 2012) and in Manihot esculenta (Fregene et al.
2003) were also found in western Amazonian localities. Apparently, the western Amazonian
region tends to harbor the highest levels of genetic diversity within Neotropical trees with a

wide geographical distribution, such as O. bataua and T. cacao.

The location of the highest genetic diversity in O. bataua reported in this study coincides with
the location of highly diverse palm communities in Neotropical forests (Vormisto et al. 2004).
The link between the levels of genetic diversity and species diversity has also been reported
for other plant species such as Trillium grandiflorum and Plantago lanceolata (Vellend 2004;
Odat et al. 2010); however, this is not a rule, as observed in the Alps region (Taberlet et al.
2012). Additionally, the locality of La Pedrera (southeastern Colombia; ~350 km from Iquitos)
harbors the greatest amount of diversity within the genus Oenocarpus, with six described
species (Bernal et al. 1991; Galeano & Bernal 2010). We do not have genetic diversity data
from southeastern Colombian populations, however the high amount of genetic and species
diversity reported in this area suggests that the Napo region and its surroundings are a center

of diversification for the genus Oenocarpus.

On the other hand, the lowest amount of genetic diversity was reported in northern Colombia
and within the Choco region. These populations are peripheral within the geographical

distribution of O. bataua, contrary to Amazonian populations which are more central. Because
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of low rates of gene flow and spatial isolation, peripheral populations have been proposed as
areas of lower diversity versus more central areas, (Vucetich & Waite 2003; Eckert et al.

2008), an hypothesis supported by our results.

No evident spatial patterns of inbreeding among O. bataua populations were reported.
Inbreeding is an indicative of the ecological health of populations because it reduces genetic
diversity within them (Hall et al. 1996; Montufar et al. 2011). The highest rate of inbreeding
in this study was reported in southern Ecuador (Villaseca), an area heavily fragmented by
deforestation, which represents the edge of the species ecological distribution within
semideciduos forests. Deforestation promotes the formation of isolated patches of vegetation
where gene flow tends to be low; this human-driven activity increases inbreeding levels within

populations (Ramanatha Rao & Hodgkin 2002).

Moderate inbreeding values were also reported for several Andean populations and also for an
Amazonian population (Yasuni) of O. bataua. Modern-day Andean populations are heavily
affected by deforestation and habitat fragmentation which highly exposes them to genetic drift
and low rates of gene flow. However, populations at the highest altitudes on the Andean
slopes (Zamora and Pachicusa) showed low inbreeding values, suggesting the existence of
genetic connectivity mechanisms despite habitat fragmentation. On the contrary, the Yasuni
population, located within a primary forest, also reported moderate inbreeding levels;
therefore, deforestation is not a unique explanation for the inbreeding rates observed within O.

bataua populations.
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6.4. IMPLICATIONS OF GENETIC DIVERSITY IN CONSERVATION

Intraspecific genetic diversity patterns allow the development of conservation and
management actions for wild species (Lemes et al. 2003; Eckert et al. 2008 Baskauf & Burke
2009). Several criteria can be applied to prioritize the conservation of genetic resources, such
as genetic diversity (He, A, Fis) and distinctive genetic patterns. In-situ conservation strategies
should be addressed to protect as much genetic variability as possible in order to maintain
most of the regional genetic diversity of O. bataua. Additionally, national conservation
strategies should be focused at local scales, addressing the protection of highly diverse
populations such as Intuto, Jenaro Herrera, Pucallpa or Ifiapari. These populations with the
highest levels of genetic diversity are useful in future breeding and domestication programs,

therefore, their conservation should be prioritized (Thomas et al. 2012).

Populations with distinctive ecological or genetic patterns are also addressed as conservation
priorities (Thomas et al. 2012). The population of Villaseca is located in the ecological limit of
the O. bataua palm distribution; therefore, it could display adaptive traits to this habitat.
Populations within the AHZ cluster, such as Zamora or Rioja, represent a singular genetic pool
adapted to high altitudes (> ~1000 m) and are an important oleaginous resource not yet
exploited by Andean human communities. Peripheral populations, such as San Francisco
(northern Colombia), are potential sites of genetic divergence because of reduced gene flow
with more central populations (Lesica & Allendorf 1995). Finally, highly diverse populations
of O. bataua within the Choco cluster, such as ElI Chontal or Bilsa, should be protected in

order to maintain its genetic and ecologic variability as a whole.
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Particularly, three genetic clusters were identified within Ecuador (Choco, AHZ and Napo).
These clusters should be included in conservation programs such as the National Program of
Protected Areas (SNAP), in order to conserve their genetic diversity patterns. Oenocarpus
bataua develops in several habitats within the Choco cluster, such as tropical forests in the
province of Esmeraldas, montane forests in Imbabura, and semi-deciduos forest in El Oro.
Despite it, its genetic variability is poorly protected by national parks. Mache Chindul and
Cotacachi Cayapas National Parks located at north of the Choco region, maintain wild
populations of O. bataua. However, populations located along the Andean foothills and at
southwestern of Ecuador are seriously threatened by deforestation and habitat fragmentation.
Populations within the AHZ cluster are also threatened by deforestation and by a lack of
natural regeneration. However, the genetic variability of O. bataua within this region is
virtually protected by the Podocarpus National Park, but this still requires to be evaluated.
Finally, the Napo cluster is better represented within the SNAP, particularly within the Yasuni
and Sumaco Napo-Galeras National Parks, and within the Cuyabeno Reserve of Faunistic

Protection.

Intraspecific genetic diversity studies give insights about diversification processes, and are an
important tool for the production of valuable indicators to prioritize conservation and
management strategies of wild populations in the Neotropics. Additionally, genetic diversity
patterns could be carefully used as a proxy of species diversity. In this way, these kinds of
studies are useful in order to elucidate taxonomic issues within species when morphological

traits have not been able to completely address it.
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Fig. 1 Locations of the 644 Oenocarpus bataua samples. The circles correspond to localities
of Oenocarpus bataua var. bataua while the squares correspond to Oenocarpus bataua var.
oligocarpa. The bigger circumferences and squares represent localities with an n>15.

Elevations over 1000 m of altitude are shown in grey.
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Fig. 2 Genetic clusters identified within Oenocarpus bataua (bataua and oligocarpa) using 93
samples. These were identified with a spatial Bayesian clustering analysis conducted in
Geneland (Guillot et al. 2005) using posterior probabilities to belong to one of K=2 clusters as
identified in Structure (Pritchard et al. 2000) with the statistical analysis developed by Evanno
et al. (2005). Each point represents a sampled locality while the lines represent the probability

of membership to a determined cluster.
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Fig. 3 Genetic clusters identified within Oenocarpus bataua var. bataua (Magdalena river
valley, Choco, Amotape-Huancabamba, Napo and Inambari) using 591 samples. These were
identified with a spatial Bayesian clustering analysis conducted in Geneland (Guillot et al.
2005) using posterior probabilities to belong to one of K=5 clusters as identified in Structure
(Pritchard et al. 2000) with the statistical analysis developed by Evanno et al. (2005). Each
point represents a sampled locality while the lines represent the probability of membership to a

determined cluster.
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Fig. 4 A Mantel test performed in GenAlEx (Peakall & Smouse 2012) with pairwise genetic
differentiation values (Des) obtained from GenAlEx (Peakall & Smouse 2012) and pairwise
geographical distances obtained from ArcMap (ESRI 2011). The test was performed with 19

Oenocarpus bataua var. bataua populations.
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Fig. 5 A Neighbour-Joining analysis was performed in PopTree2 (Takezaki et al. 2010) using

19 Oenocarpus bataua var. bataua populations. The different colors represent the genetic

clusters identified in the Bayesian clustering analysis conducted in Structure (Pritchard et al.

2000).



9. TABLES

Table 1 A general description of the Oenocarpus bataua localities sampled within northern

South America.

50

Locality Variety n  Latitude Longitude Altitude Forest type
San Francisco bataua 25 599336 -75.06756 750 Montane
Bahia Malaga bataua 1 392796  -77.34879 7 Chocoan
Guainia bataua 2 2.09109 -68.55888 8 Amazonian
Esmeraldas bataua 26 1.10 -78.71 57 Chocoan
El Chontal bataua 32 0.23419 -78.73266 928 Montane
Bilsa bataua 30 -0.39386 -79.53752 300 Chocoan
Tamarindo bataua 10 -2.6238 -79.45666 512 Chocoan
Villaseca bataua 19 -3.80583 -80.01916 700 Semideciduos
Gualaquiza bataua 6 -3.05 -78.50 1079 Montane
Pachicusa bataua 19 -3.66572 -78.61677 1140 Montane
Zamora bataua 57 -4.03408 -78.92052 1022 Montane
Rioja bataua 18 -6.06169 -77.16831 840 Montane
Tena bataua 6 -1.11 -77.80 500 Amazonian
Yasuni bataua 30 -0.67128 -76.40072 250 Amazonian
Pantoja bataua 26 -0.93277 -75.19194 190 Amazonian
Puyo bataua 7 -1.55 -77.89 980 Montane
Chiriap bataua 30 -2.2331 -77.52628 514 Amazonian
Intuto bataua 32 -3.62273 -74.75322 145 Amazonian
Jenaro Herrera bataua 30 -5.09299 -73.6879 110 Amazonian
Pucallpa bataua 43 -8.35266 -74.78484 165 Amazonian
Ahuaytia bataua 32 -8.96438 -75.62186 349 Amazonian
Shuaro bataua 15 -10.88333 -75.3 800 Montane
Ifapari bataua 30 -11.12727 -69.5596 228 Amazonian
Tambopata bataua 35 -12.58493 -69.04568 194 Amazonian
Carrasco bataua 6 -17.06603 -65.46832 478 Amazonian
San Buenaventura bataua 17 -14.41611 -67.62241 411 Amazonian
Régina oligocarpa 23 4.31666 -52.13333 0 Amazonian
Sadl oligocarpa 11 3.61666 -53.2 85 Amazonian
Aratai oligocarpa 8  3.98333 -52.56666 187 Amazonian
Cacao oligocarpa 6  4.52779  -52.49306 22 Amazonian
St. Elie oligocarpa 5  4.79636  -53.27718 188 Amazonian

n=sample size



Table 2 Fs (inbreeding coefficient) and pairwise Fsr (fixation index) values obtained from

Arlequin (Excoffier et al. 2005) for the bataua and oligocarpa genetic clusters.

Fst
Variety n Fis bataua  oligocarpa
bataua 591 0.144** 0
oligocarpa 53 0.327**  0.167** 0

n=sample size
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Table 3 Diversity and pairwise Fsr (fixation index) values obtained from Arlequin (Excoffier

et al. 2005) and GenAlEx (Peakall & Smouse 2012) for the five genetic clusters identified in

Structure (Pritchard et al. 2000) within Oenocarpus bataua var. bataua.

Fst
Cluster n A He Ho PA Fis MVR CH AHZ N |
MVR 25 3.43 054 054 4 -0.002** 0
CH 118 12 0.75 0.69 3 0.071** 0.32** 0
AHZ 107 1257 077 0.71 1 0.065** 0.30** 0.12** 0
N 186 16,57 0.83 0.73 9 0.086** 0.26** 0.09** 0.05** 0
| 155 1643 079 071 10 0.095** 0.27** 0.12** 0.09** 0.04** O

MRV=Magdalena river valley, CH=Choco region, AHZ=Amotape-Huancabamba zone, N

=Napo, I = Inambari. n=sample size, A=mean number of alleles per locus, He=expected

heterozygocity, Ho=observed heterozygocity, PA=private alleles, Fs=inbreeding coefficient.
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Table 4 Diversity values for the 19 Oenocarpus bataua var. bataua populations obtained from

Arlequin (Excoffier et al. 2005) and GenAIlEx (Peakall & Smouse 2012).

Locality Cluster n A He Ho PA Fis
San Francisco MRV 25 343 054 054 4 -0.002
Esmeraldas CH 26 643 070 081 0 -0.158
El Chontal CH 32 686 070 075 0 -0.074
Bilsa CH 31 686 073 084 0 -0.172
Villaseca CH 19 6.6 0.77 047 0 0.377**
Pachicusa AHZ 19 7 0.73 070 0 0.031
Zamora AHZ 57 8.29 071 074 0 -0.046
Rioja AHZ 18 814 076 061 0 0.157**
Yasuni N 30 843 075 060 2 0.17**
Pantoja N 26 843 074 065 0 0.038
Chiriap N 30 871 072 088 1 -0.314
Intuto N 32 1171 086 082 0 0.034
Jenaro Herrera N 30 1186 081 086 2 -0.066
Pucallpa I 43 1071 076 0.75 2 0.007
Ahuaytia | 32 814 067 066 2 0.01
Shuaro I 15 7.14 071 053 2 0.242**
Ifiapari I 30 1014 0.77 082 3 -0.064
Tambopata I 35 943 072 068 0 0.045
San Buenaventura N 17 6 075 060 1 0.23**

MRV=Magdalena river valley, CH=Choco region, AHZ=Amotape-Huancabamba zone, N

=Napo, I = Inambari. n=sample size, A=mean number of alleles per locus, He=expected

heterozygocity, Ho=observed heterozygocity, PA=private alleles, F,s=inbreeding coefficient.
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Table 5 Pairwise genetic differentiation values (Des;) between 19 Oenocarpus bataua var. bataua populations obtained from GenAIEx

(Peakall & Smouse 2012) are shown beneath the diagonal (all values statistically significance), and the geographic distances obtained

from ArcMap (ESRI 2011) are shown above the diagonal.

Localities Frai?:ri]sco ChErlwtaI Esmeraldas Bilsa Villaseca Yasuni Pantoja Chiriap Pachicusa Zamora Intuto Iflirr]?er?a Rioja Ahuaytia Pucallpa Shuaro Tambopata Ifiapari Buen§32ntura

San Francisco - 757 679 875 1198 757 771 955 1143 1193 1065 1237 1351 1660 1592 1870 2160 1992 2403
El Chontal 0.948 - 97 113 445 277 415 302 430 472 614 811 716 1074 1046 1285 1774 1613 2030
Esmeraldas 0.943 0.054 - 186 536 324 452 392 529 568 683 885 810 1167 1135 1378 1852 1690 2108
Bilsa 0.957 0.239 0.230 - 354 350 487 302 376 406 640 832 680 1043 1027 1250 1778 1624 2030
Villaseca 0.985 0.427 0.365 0.444 - 518 615 319 163 139 591 730 426 774 792 966 1570 1431 1821
Yasuni 0.933 0.512 0.452 0.383  0.339 - 137 212 413 463 372 574 601 922 868 1135 1547 1382 1801
Pantoja 0.969 0.65 0.64 0.484 0.658  0.268 - 297 486 537 300 488 606 888 822 1099 1456 1286 1707
Chiriap 0.914 0.603 0.574 0.248 0528 0.256 0.309 - 199 252 344 529 423 774 775 987 1477 1319 1732
Pachicusa 0.938 0.658 0.652 0.49 0583 0.286 0.393 0.388 - 53 429 570 309 674 673 879 1445 1296 1694
Zamora 0.942 0.617 0.617 0.499 0576 0309 0406 0444 0.061 - 463 590 295 656 662 856 1438 1295 1688
Intuto 0.815 0.585 0.558 0.479 0.53 0.261 0387 0.374 0.411 0.393 - 198 375 596 529 807 1175 1008 1428
Jenaro Herrera 0.882 0.61 0.575 0.276 0503  0.274 0.347 0.128 0.517 0.531 0.337 - 399 476 379 665 976 808 1225
Rioja 0.832 0.537 0.482 0.344 0276  0.165 0493 0.232 0.374 0.397 0.295  0.237 - 362 366 568 1144 1005 1392
Ahuaytia 0.959 0.688 0.624 0.527 0598 0430 0477 0.504 0.507 0.501 0.526 045 0542 - 116 213 822 707 1060
Pucallpa 0.91 0.641 0.576 0479 0481 0205 0.336  0.309 0.396 0.383 0.293 0.284 0.291  0.209 - 287 779 647 1027
Shuaro 0.861 0.623 0.57 0.385  0.422 0.3 0.598  0.262 0.601 0.61 0447 0146 0123 0.399 0.3 - 708 627 921
Tambopata 0.749 0.621 0.593 0.528 0573 0479 0515 0.350 0.565 0.606 0.388 0.364 0.408 0.374 0.294  0.336 - 172 255
Ifapari 0.78 0.617 0.548 0505 0572  0.383 0457 0.367 0.528 0571 0392 0313 0.397 0.254 0.213  0.324 0.168 - 421
San Buenaventura 0.872 0.522 0.502 0.326 0466  0.258  0.37 0.205 0.417 0.502 0.334 0.266 0.227  0.486 0.313  0.302 0.242 0.239 -




