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A B S T R A C T

Tribe Euterpeae is an economically and ecologically important group of Neotropical palms (Arecaceae). Some
species are hyperdominant in the Neotropics, and many constitute a good source of revenue. To reconstruct the
biogeographical history and diversification of the Euterpeae, we inferred a robust dated molecular phylogenetic
hypothesis including 82% of the species sequenced for five DNA regions (trnD-trnT, CISP4, WRKY6, RPB2, and
PHYB). Ancestral range was estimated using all models available in BioGeoBEARS and Binary State Speciation
and Extinction analysis was used to evaluate the association of biome and inflorescence type with diversification
rates. All intergeneric relationships were resolved providing insight on the taxonomic controversy of Jessenia,
Euterpe and Prestoea. Three widely distributed Neotropical species were non-monophyletic, inviting a revision of
species circumscriptions. The Euterpeae started its diversification in the mid Eocene (40Mya), with most species-
level divergence events occurring in the last 10million years. Four colonization events from Central to South
America were inferred. Different diversification rates were associated with biomes. Lowland rainforest was in-
ferred as the ancestral biome of Euterpeae, attesting to the importance of lowland adapted lineages on the
assembly of the montane flora. The two-fold higher speciation rate for montane taxa (compared with lowland
rainforest taxa) was contemporaneous to the Andean orogenic uplift. The specialized beetle pollination of
Oenocarpus with its hippuriform (horsetail shape) inflorescence was not associated with diversification rates in
Euterpeae.

1. Introduction

The Neotropics or tropical American region stretches across the
North American, the Caribbean and South American plates, and harbors
more birds, mammals and amphibians than tropical Africa and Asia
(Jenkins et al., 2013). Phylogenetic-based biogeographic studies in the
Neotropics have revealed numerous examples of biotic migrations and
evolutionary connections among its composing biogeographic regions
and biomes (e.g., Simon et al., 2009; Nieto-Blázquez et al., 2017;
Schultz et al., 2017). Notably, Amazonia has been shown to represent a
source area of emigrant lineages to other Neotropical regions, with
lineages shifting across major biome types more often than previously
thought (Crisp et al., 2009; Antonelli et al., 2018). The direction of
transitions from forested/wet to open/dry Neotropical biomes is more

prevalent than the opposite direction (Simon et al., 2009; Antonelli
et al., 2018).

Biome shifts have often been associated with changes in diversifi-
cation rates (e.g., Koenen et al., 2013), but not always (e.g., Veranso-
Libalah et al. 2018). The question of what prompts certain biome shifts
to alter diversification rates can be better addressed by analyzing the
evolution of the suite of traits that facilitate ecological shifts. These
traits may be ecological pre-adaptations of migrating taxa (Wiens et al.,
2010), or new physiological adaptations under new environments
(Simon et al., 2009). In the Neotropics, two of the most important
biomes are the montane and the lowland rainforest (sensu Olson et al.,
2001). A more comprehensive understanding of the mechanisms and
effects of montane and rainforest biome migrations are needed espe-
cially because approximately 71% of plants in the Neotropics comply
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with the Andean-centered versus Amazonian-centered view of Gentry
(1982).

Palms (Arecaceae) originated in a tropical rainforest-like biome and
are considered models to study the evolutionary history of this biome
(Couvreur et al., 2011; Baker and Couvreur, 2013; Blach-Overgaard
et al., 2013; Eiserhardt et al., 2017). Members of the palm tribe Eu-
terpeae are among the most economically and ecologically important
groups of palms. The primary meristem of Euterpe Mart., known as
“heart of palm,” is consumed fresh or canned and had a world trade
volume of 132.6million US$ in 2008 (Anonymous, 2009). Euterpe fruit
(açaí) has anti-inflammatory and antioxidant properties (Kang et al.,
2012; Odendaal and Schauss, 2014) that have promoted its commer-
cialization in large urban markets worldwide (Brokamp et al., 2011).
High quality oil, reminiscent of olive oil in fatty acid composition, is
extracted from the fruit mesocarp of several Oenocarpus Mart. species
(Balick, 1986; Montúfar et al., 2010). The total market value of Oeno-
carpus fruit for human consumption and cosmetics was estimated at
115.92 US$/ha/year (Pyhälä et al., 2006). Lastly, American indigenous
people elaborate baskets, walls, roof thatch, and medicine from the
Euterpeae, contributing to their subsistence economy.

The tribe is also an important structural component of Amazonian
rain forests. Some species, like E. precatoria Mart., E. oleracea Mart., and
O. batauaMart., are among the 10 most abundant species with diameter
at breast height higher than 10 cm in Amazonia (ter Steege et al., 2013).
The tribe is restricted to the Neotropics, distributed from Central
America to Southeastern Brazil and Bolivia, including the Caribbean
islands. Species grow in a wide elevation range, from sea level to
2500m of elevation (m), and are found in a wide diversity of habitats
(Dransfield et al., 2008). The montane and lowland rainforests are the
preferred biomes of Euterpeae but the role of biome shifts on species
diversification has not been analyzed.

The Euterpeae belongs to the largest palm subfamily Arecoideae,
and comprises 33 species in five genera (Fig. 1; Euterpe, Hyospathe
Mart., Neonicholsonia Dammer, Oenocarpus, and Prestoea Hook.f.).
Henderson (1999) identified four synapomorphies for the tribe: (1)
presence of an ocrea (an extension of the leaf sheath), (2) inflorescences
branched to one order or spicate, (3) purple-black fruit, and (4) a
crustaceous endocarp. Other features of the tribe include fruits with
stigmatic remains and a smooth epicarp (Dransfield et al., 2008). Table
S1 describes the synapomorphies or character combinations useful to
identify each genus, their geographic distribution, and species number.
A sixth genus, Jessenia H. Karst., is monotypic and taxonomically con-
troversial. Jessenia was separated from Oenocarpus based on the pre-
sence of flowers with 9–20 stamens in contrast to six in Oenocarpus, the
presence of a ruminate endocarp instead of homogeneous, having bifid
eophyls instead of 4-blade eophyls, the presence of sicklelike trichomes
on the abaxial side of the pinnae, and different patterns of flavonoid
components (Burret, 1928; Balick, 1986; Bernal et al., 1991). The
taxonomic recognition and rank of Prestoea and Euterpe has also been
controversial (Table S2). Some authors had recognized Prestoea within
Euterpe based on overlapping morphological characters such as fruit
with subapical to lateral stigmatic remains (Burret, 1929; Wessels Boer,
1965).

Monographs or taxonomic treatments are available for every genus
(e.g., Burret, 1928, 1929; Balick, 1986; Skov and Balslev, 1989; Bernal
et al., 1991; Henderson and Galeano, 1996; Henderson, 2004). Despite
the economic and ecological importance of the tribe, there is no species-
level, taxonomically complete, and highly resolved phylogeny.
Henderson (1999) conducted a phylogenetic study of the tribe based on
54 morphological and anatomical characters. His maximum parsimony
analysis, however, did not provide a measurement of branch support.
Subsequently, Montúfar and Pintaud (2008) reconstructed a phyloge-
netic tree for only 36% of species using four chloroplast intergenic
spacers. Intergeneric relationships, however, were not recovered and
the tree had an overall low resolution because of the very low number
of informative characters (1.5%).

Besides biome shifts, inflorescence type may have also influenced
the diversification of Euterpeae through the different pollinators they
attract. Some species of Euterpe have a tendency for rachillae (i.e., in-
florescence branches) to be absent in the adaxial side of the main in-
florescence axis, a tendency that is further developed in Oenocarpus,
where the inflorescence is hippuriform (i.e., resembles the shape of a
horsetail) with long and pendulous rachillae (Fig. 1). Balick (1986)
proposed that the inflorescence of Oenocarpus is derived from an in-
florescence with rachillae all around the main axis as in most species of
Euterpe, through the loss of the adaxial rachillae. His hypothesis was
based on the observation of triangular bracts on the place where
aborted rachillae would occur. Oenocarpus is pollinated almost ex-
clusively by the Curculionidae beetle family (Núñez-Avellaneda and
Rojas-Robles, 2008; Núñez-Avellaneda et al., 2015), and therefore has
the most specialized pollination system in the tribe. The remaining
Euterpeae genera are pollinated by a range of insect families within
orders Coleoptera, Hymenoptera, and Diptera (Ervik and Feil, 1997;
Küchmeister et al., 1997; Listabarth, 2001), displaying a more gen-
eralist pollination. It has been shown that transitions to specialized
pollination systems are associated with increased diversification rates
(e.g., Givnish et al., 2014; Serrano-Serrano et al., 2017; Tripp and Tsai,
2017). We evaluate this hypothesis in the Euterpeae.

Our aim was to provide a robust dated molecular phylogenetic hy-
pothesis of tribe Euterpeae using combined chloroplast and nuclear
sequence data with the most comprehensive species sampling to date.
We inferred the tribe’s biogeographic history through an ancestral
range analysis, and reconstructed ancestral states for inflorescence type
and biome occupation. We also inferred whether inflorescence type and
biome could be correlated with diversification rates in Euterpeae. Our
results were used to: (1) verify the monophyly of tribe Euterpeae and its
genera and elucidate intergeneric relationships; (2) interpret ancestral
distribution and migration events among biogeographic areas in the
light of the Cenozoic geological events that shaped the Neotropics; (3)
test Balick’s hypothesis on the evolution of the hippuriform in-
florescence; (4) test the hypothesis that the hippuriform inflorescence
with specialized beetle pollination is associated with higher diversifi-
cation rates compared to all other inflorescence types with generalized
pollination; and (5) test the hypothesis that the lowland rainforest
biome allowed for greater diversification than the montane biome be-
cause palms are pre-adapted to the former.

2. Methods

2.1. Sampling

We sampled 27 of the 33 species in Euterpeae including seven infra-
specific taxa, thus achieving 81.8% taxon sampling. We used 33
Euterpeae samples from which we obtained 149 new sequences, and
103 new sequences from the 41 species we used as outgroup. Outgroup
was chosen from all major tribes in subfamily Arecoideae, but also from
subfamilies Ceroxyloideae and Coryphoideae. Since there are no fossils
available for calibration within Euterpeae we sampled extensively
throughout other palm tribes and subfamilies. Samples were obtained
from botanical gardens, herbaria, fieldwork, and donations from palm
specialists. The complete list of DNA samples, herbarium voucher in-
formation, and genbank numbers are reported in Table S3.

2.2. DNA extraction, amplification, and sequencing

Total genomic DNA was extracted from silica dried leaves and
herbarium specimens using a modified protocol of the Qiagen DNeasy
Plant Mini Kit (Germany). Changes in the procedure were as follows:
45mg of dried leaf material, 600 µL of Buffer AP1, incubation period of
15min at 65 °C after the addition of Buffer AP1, 195 µL of Buffer P3,
DNA eluted in 50 µL of Buffer AE, and incubation period of 10min at
room temperature before the final centrifugation step.
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We selected four low-copy nuclear markers and one chloroplast
DNA region for phylogeny reconstruction: intron 4 of RNA polymerase
II subunit 2 (RPB2; Roncal et al., 2005), a region amplified by the
conserved intron-scanning primer set number 4 (CISP4; Bacon et al.,
2008), partial exon 1 of phytochrome B (PHYB; Ludeña et al., 2011),
WRKY transcription factor 6 (WRKY6; Meerow et al., 2009), and a
chloroplast intergenic-spacer (trnT-trnD; Demesure et al., 1995). We
chose these five DNA regions because they have provided good re-
solution in previous palm phylogenetic studies. Primers are detailed in
Table S4.

The Qiagen Top Taq Master Mix Kit (Qiagen Inc, Valencia, CA, USA)
was used to amplify the chosen DNA regions. Amplifications were
performed on a 25 µL solution containing 12.5 µL of the TopTaq Master
Mix 2x, 0.4 µM of each primer, and ca. 60 ng of the template DNA.
When the amplification was unsuccessful with the Qiagen kit, we used

the Epicentre Failsafe PCR Premix Kit (Madison, WI, USA). We prepared
a 25 µL solution with 12.5 µL of Failsafe Buffer E 2x, 0.4 µM of each
primer, 0.25 µL of the Failsafe PCR enzyme mix (0.625 Units), and ca.
60 ng of the template DNA. Polymerase chain reaction (PCR) conditions
followed the publications for each primer pair. PCR product sizes and
annealing temperatures are found in Table S4. We could not obtain
RPB2 amplifications for most Euterpe species. Only Euterpe broadwayi
Becc. ex Broadway was successfully amplified when we performed a
two-step nested PCR following Roncal et al. (2005) and the Epicentre
Failsafe Kit.

PCR products were purified using the Qiagen QIAquick Plant
Purification Kit (Qiagen Inc, Valencia, CA, USA) before being sent for
Sanger sequencing to Eurofins Genomics (Germany, https://www.
eurofinsgenomics.eu/) and the Centre for Applied Genomics at the
Hospital for Sick Children (Canada, http://www.tcag.ca/). The

Fig. 1. Growth forms and inflorescence types in Euterpeae. Growth forms: A. Tall and multi-stemmed palm Euterpe oleracea; B. small understory palm Prestoea
pubigera. Inflorescences: C. Hyospathe macrorhachis and D. Prestoea acuminata var. montana, showing inflorescences with rachillae all around the rachis; E. Euterpe
broadwayi with partial loss of adaxial rachillae; F. hippuriform inflorescence of Oenocarpus mapora, showing a complete loss of adaxial rachillae. Non-branching
(spicate) inflorescences of G. Neonicholsonia watsonii and H. Oenocarpus simplex. Photos by Andrew Henderson, Rodrigo Bernal, and Fritz Pichardo-Marcano.
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resulting chromatograms were observed, assembled and edited in
Geneious 7.1.8 (https://www.geneious.com, Kearse et al., 2012).
IUPAC codes were used to treat heterozygotes. Sequences for each
molecular marker were aligned individually with MAFFT 7.271 (Katoh
and Standley, 2013). Alignments were later manually refined to get a
total concatenated DNA matrix consisting of 5476 aligned positions and
ca. 10% missing data.

2.3. Phylogenetic analyses

We used two model-based methods to reconstruct the phylogenetic
relationships of tribe Euterpeae. A maximum likelihood (ML) analysis
was conducted in RAxML 8.2.4. (Stamatakis, 2014), and a Bayesian
inference (BI) was carried out in BEAST 2.4.4 (Bouckaert et al., 2014).

RAxML was run with the GTR+G nucleotide substitution model
because the choice of substitution models in RAxML is limited to
parameter rich models of the GTR family, and the RAxML user manual
discourages the use of the proportion of invariable sites (+I para-
meter). Furthermore, the Bayesian information criterion in jModeltest2
(Darriba et al., 2012) implemented in the CIPRES Science Gateway 3.3
(Miller et al., 2010) supported the +G parameter for all DNA regions.
We performed 1000 rapid bootstrap replicates to assess branch support,
and a thorough ML search following Stamatakis (2014). For the BI, the
best nucleotide substitution model was selected for each DNA marker
using jModeltest2. The TPM1uf+G model of sequence evolution was
selected for trnD-trnT, the TPM3uf+G model for CISP4 and RPB2; and
HKY+G was selected for WRKY6 and PHYB. We used a birth-death
tree model without specifying a starting tree (random). We set mono-
phyly priors for subfamily Coryphoideae, and for the clade Cerox-
yloideae+Arecoideae in BEAST as the monophyly of these groups is
well supported (Baker et al., 2009; Faurby et al., 2016). We used two
runs of a Markov chain Monte Carlo (MCMC) chain length of 30million
generations sampling every 3000 trees.

We verified that the MCMC runs had reached convergence using
Tracer 1.7 (Rambaut et al., 2018), and by ensuring that all effective
sample sizes exceeded 200. Tree and log files were combined with Log
Combiner 2.4.4 (Bouckaert et al., 2014). Following the removal of 25%
burn-in, the remaining 15,002 sampled posterior trees were summar-
ized using Tree Annotator 2.4.4 (Bouckaert et al., 2014) to generate a
maximum clade credibility (MCC) tree and calculate the posterior
probabilities (pp) as branch support estimates. We visualized ML and BI
trees in FigTree 1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/).

2.4. Divergence time estimation

To obtain a chronogram we used the BEAST 2.4.4 settings as de-
scribed before with an uncorrelated log normal relaxed molecular clock
model, and TreeAnnotator 2.4.4 to calculate the mean and median ages,
and 95% highest posterior density intervals (95% HPD). We selected
seven calibration points. Five of these were fossils carefully selected
according to the five criteria proposed as best practices for justifying
fossil calibrations (Parham et al., 2012). In addition, we used two

secondary calibration points obtained from the literature.
Because of the lack of reliable fossils within the study group, we

searched for fossils in other tribes of Arecoideae. The fossil record of
tribe Cocoseae is abundant and reliable; thus two fossils were used to
calibrate nodes within Cocoseae: (1) Bactris pseudocuesco from the
Middle Oligocene of Puerto Rico (Collazo Shale Formation). Hollick
(1928) noted that the fossilized fruits of this sample resembled those of
the extant Bactris cuesco. (2) Tripylocarpa aestuaria from the late Danian
of Argentina (Salamanca Formation). This fossilized fruit shows meso-
carp with furrows or striations and three distinctive longitudinal
markings running from apex to base of the epicarp, similar to Attaleinae
(Futey et al., 2012). From the tribe Iriarteeae we used (3) Socratea
brownii from the Late Oligocene of Mexico (Quinta Formation). The
fossil is composed of staminate flowers preserved in amber with mor-
phological characters and stamen number similar to Socratea (Poinar,
2002).

Outside Arecoideae we selected two fossils as representatives of
subfamilies Ceroxyloideae and Coryphoideae: (4) Echimonoporopollis
grandiporus pollen fossil from Lower to Middle Eocene of India (Neyveli
Formation; Saxena et al., 1992), for which Harley (2006) found a re-
semblance with pollen of Ravenea in subfamily Ceroxyloideae; and (5)
Sabalites carolinensis from the late Coniacian to early Santonian of the
United States of America. This fossil consists of impressions of a fan
palm with very flabellate leaves and numerous rays that resemble those
of subfamily Coryphoideae (Berry, 1914). This last fossil served also to
calibrate the root of the tree. The two secondary calibration points
were: (6) the crown age of tribe Geonomateae as estimated in Roncal
et al. (2010); and (7) the crown age of tribe Chamaedoreeae based on
the work of Cuenca et al. (2008). Table 1 shows the settings used in
BEAST and the position of the seven calibrated nodes in the tree. We
used exponential distributions for the fossil calibrations and normal
distributions for the secondary calibrations, following the re-
commendations of Ho and Phillips (2009). Matrices and trees were
submitted to TreeBASE (http://purl.org/phylo/treebase/phylows/
study/TB2:S23200).

2.5. Biogeographical analyses

We defined seven biogeographical areas based on the geological
history of the Neotropics and the current distribution of tribes
Euterpeae and Areceae. These were: (A) Central America and Chocó;
(B) Caribbean; (C) Andes; (D) Amazonia; (E) Guiana Shield; (F)
Brazilian Atlantic Forest; and (G) Indo-Pacific region. We delimited
these biogeographical areas using The Nature Conservancy (2009)
terrestrial ecoregions of the world. We coded a distribution matrix in
presence-absence format for each taxon on each of the seven biogeo-
graphic areas (Table S5) based on verified data available at The Global
Biodiversity Facility (GBIF, https://www.gbif.org/), expert maps,
taxonomic revisions, and species identification guides (Henderson
et al., 1995; Henderson and Galeano, 1996; Borchsenius et al., 1998;
Henderson, 2004; Galeano and Bernal, 2010; Lorenzi et al., 2010).

To infer the biogeographical history of the Euterpeae we performed

Table 1
Fossil and secondary calibration points used to date the molecular phylogenetic tree of tribe Euterpeae. Parameter settings used in BEAUti 2.4.4. Mya=million years
ago.

Number Fossil name Calibrated node Hard lower bound (Mya) Soft upper bound 95% (Mya) Exponential mean (uncertainty)

I Sabalites carolinensis stem of subfamily Coryphoideae 84 90 2
II Echimonoporopollis grandiporus stem of Ravenea 41.2 65.2 8
III Socratea brownii stem of Socratea 22.5 31.5 3
IV Tripylocarpa aestuaria stem of subtribe Attaleinae 61.9 64.9 1
V Bactris pseudocuesco crown of subtribe Bactridiinae 26 33.5 2.5

Secondary calibrations Calibrated node Mean Standard deviation
VI Geonomateae crown of Geonomateae 30.7 4
VII Chamadoreeae crown of Chamaedoreeae 50 4.5
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an ancestral range estimation analysis using maximum likelihood with
the R package ‘BioGeoBEARS’ 0.2.1 (Matzke, 2013). For this analysis
we used an outgroup-reduced version of the dated Bayesian phyloge-
netic tree comprising only tribes Euterpeae and Areceae (the sister
tribe, see results Section 3.1). BioGeoBEARS implements commonly
used models of range evolution such as dispersal, extinction, clado-
genesis (DEC), BAYAREALIKE, and DIVALIKE. It also implements a
jump parameter +J to each of them, which adds a founder-event
parameter to the models. For each of these six range evolution models,
we tested three biogeographic models, which enforce different dispersal
probabilities among areas throughout different time periods. Therefore,
a total of eighteen models were compared using the Akaike information
criterion (AIC, Akaike, 1974) in BioGeoBEARS. The inferred ancestor
was constrained to a maximum of four areas since this was the max-
imum number of areas that any Euterpeae species occupies.

We defined a ‘null’ biogeographic model with equal probability of
dispersal among all biogeographic areas through time (values of 1). For
the ‘complex biogeographic models 1 and 2’, we stratified the evolu-
tionary history of Euterpeae into four and six time frames, respectively,
and elaborated a dispersal cost matrix for each one of them, reflecting
the American palaeogeographical history during the last 47million
years (Table S6). Throughout the first time frame (0–10Mya), the
Andes achieved their maximum elevation and thus could have acted as
a dispersal barrier (Gregory-Wodzicki, 2000). The second time frame
(10–15Mya) was characterized by the closure of the Panamanian
Isthmus, and the Andes had already risen up to approximately half of
their current elevation (Gregory-Wodzicki, 2000; Montes et al., 2015).
During the third time frame (15–20Mya), the Panama Isthmus was
open diminishing the potential of crossing between Central and South
America; the Andes also achieved around half their current elevation
(Gregory-Wodzicki, 2000; Montes et al., 2015). In the course of the
fourth time frame (20–47Mya), the Central and northern Andes did not
have an elevation that would impede movement of taxa across or into
these lands (Gregory-Wodzicki, 2000), and there was no landmass
uniting Central and South America (Montes et al., 2015). For the
‘complex biogeographic model 2’ we used a six-time partition. We used
the same time periods as in the ‘complex biogeographic model 1’ and
included a new time frame (33–35Mya), when a controversial land
bridge called GAARlandia existed (Iturralde-Vinent and MacPhee,
1999) and would have facilitated the movement of taxa between Cen-
tral and South America (Table S6).

Dispersal values closer to 0 represent a greater dispersal penalty,
and a value of 1 was assigned to adjacent areas with no dispersal bar-
riers (e.g., mountains, water). We imposed a dispersal value of 0.5 to
non-adjacent areas separated by two steps and no other dispersal con-
straints, or to dispersal from the Andes to adjacent areas or vice-versa,
between 10 and 20Mya (when the Andes were at half their current
elevation). A value of 0.33 was attributed to dispersal between non-
adjacent areas separated by three or more steps and no other dispersal
constraint. A dispersal constraint of 0.33 was also assigned for the
dispersal between the Andes and adjacent areas between 0 and 10Mya

(Andes at current elevation), or the dispersal across the Andes between
10 and 20Mya. A value of 0.1 was imposed for areas that lacked land
connectivity, taxa must have therefore dispersed across the water; and
for the dispersal across the fully formed Andes between 0 and 10Mya.
Lastly, we imposed a value of 0.01 for the dispersal to or from the Indo-
Pacific Region (Table S6).

2.6. Inflorescence evolution, biome shifts, and their association with
diversification rate

We reconstructed the evolution of the inflorescence branching
pattern and biome occupation in Euterpeae using a maximum like-
lihood approach with the function ‘rayDISC’ of the ‘corHMM’ package
1.22 (Beaulieu et al., 2015). The ‘rayDISC’ function allows coding
polymorphic taxa. We defined four inflorescence character states based
on the literature (Balick, 1986; Bernal et al., 1991; Henderson and
Galeano, 1996; Henderson, 2004; Dransfield et al., 2008): (1) in-
florescence with rachillae all around the main axis; (2) inflorescence
with a partial loss of adaxial rachillae; (3) inflorescence with a complete
loss of adaxial rachillae (hippuriform); and (4) unbranched in-
florescence (spicate). The Euterpeae occupies the montane and lowland
tropical rainforest biomes in the Neotropics with several species
growing on both (Table S5; Henderson et al., 1995; Henderson and
Galeano, 1996). Based on the distribution of Euterpeae species we used
a threshold value of 1000m above sea level (masl) to distinguish these
two biomes. We used the literature cited above to score a matrix of
taxon vs. inflorescence type and taxon vs. biome occupation for each
member of the Euterpeae+Areceae clade. The ancestral state at each
node was reconstructed on the outgroup-reduced version of the dated
Bayesian phylogenetic tree. Data were tested under three different
predefined character state transition rates models: (1) ER (equal rates
model); (2) SYM (symmetrical rates model); and (3) ARD (all rates
different model). The likelihood value and AIC score for each model
were compared.

To test our hypotheses on the association of inflorescence type and
biome with diversification rates, we implemented the Binary State
Speciation and Extinction model (BiSSE) (Maddison et al., 2007) using
the R package Diversitree 0.9.10 (FitzJohn, 2012). BiSSE estimates
speciation and extinction rates among lineages with different states of a
binary trait. For the inflorescence-associated diversification analysis,
we coded taxa as having a hippuriform versus non-hippuriform in-
florescence using the clade of all Euterpeae genera except Hyospathe.
We used this smaller clade since states represented in< 25% of the taxa
do not have the statistical power to confidently reveal diversification
rate differences (Maddison and FitzJohn, 2015). We used the outgroup-
reduced version of the dated Bayesian tree for the biome diversification
analysis. To account for missing taxa, we applied a sampling fraction
that varied by state (FitzJohn et al., 2009). These fractions were 0.71
for lowland rainforest taxa, 0.55 for montane taxa, 0.46 for taxa with
non-hippuriform inflorescence, and 0.67 for taxa with hippuriform in-
florescence. We compared eight models (Tables 2 and 3) of increasing

Table 2
Model comparison for the BiSSE analyses of inflorescence correlated diversification (0= non-hippuriform, 1= hippuriform), with parameter estimates for each
model without taxonomic sampling correction. The best-fitting model as determined by the lowest Akaike information criterion (AIC) and highest AIC weight is
highlighted in bold. λ=speciation rate; μ=extinction rate; q= transition rate; Df= degrees of freedom.

Models λ0 λ1 μ0 μ1 q01 q10 Df lnLik AIC AICw

full (λ0≠ λ 1; μ0≠ μ1; q01≠ q10) 0.279 0.215 0.226 0.258 0.049 < 0.01 6 −70.533 153.07 0.037781
equal l (λ0= λ 1; μ0≠ μ1; q01≠ q10) 0.25 0.25 0.185 0.297 0.058 < 0.01 5 −70.592 151.18 0.097203
equal m (λ0≠ λ 1; μ0= μ1; q01≠ q10) 0.29 0.205 0.243 0.243 0.045 < 0.01 5 −70.542 151.08 0.102187
equal q (λ0≠ λ 1; μ0≠ μ1; q01= q10) 0.3 0.185 0.265 0.17 0.032 0.032 5 −71.173 152.34 0.054424
equal lm (λ0= λ 1; μ0= μ1; q01≠ q10) 0.244 0.244 0.213 0.213 0.035 < 0.01 4 −70.999 150 0.175354
equal lq (λ0= λ 1; μ0≠ μ1; q01=q10) 0.244 0.244 0.206 0.221 0.035 0.035 4 −71.45 150.9 0.111811
equal mq (λ0≠ λ 1; μ0= μ1; q01= q10) 0.255 0.221 0.208 0.208 0.035 0.035 4 −71.34 150.68 0.124812
equal lmq (λ0= λ 1; μ0= μ1; q01=q10) 0.244 0.244 0.213 0.213 0.035 0.035 3 −71.475 148.95 0.296428
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complexity in which speciation, extinction and transition rates were
modeled to vary or remain equal between states. Fit of all models was
compared using AIC scores. We also ran BiSSE using MCMC estimations
for 10,000 generations based on an unconstrained model (full). The
resulting distribution of estimated speciation and extinction rates were
plotted with a helper function in Diversitree. In addition, to test the
effect of our sampling correction function, we ran all BiSSE analyses
assuming a taxonomically complete phylogeny.

3. Results

3.1. Phylogenetic relationships

PHYB DNA region was removed from the concatenated phylogenetic
analyses due to a very strong discrepancy in the phylogenetic signal
with other DNA markers. The genus Hyospathe and some Prestoea taxa
formed a strongly supported clade with tribe Geonomateae in the PHYB
gene tree (Fig. S1). Incomplete lineage sorting at the PHYB locus or
hybridization are potential explanations for this phylogenetic conflict.
The final concatenated 74-accession dataset contained 4593 aligned
positions.

Both ML and BI concatenated analyses recovered congruent topol-
ogies within Euterpeae and the outgroup (Figs. 2 and S2). The Eu-
terpeae was monophyletic (0.97 pp, 100% bootstrap support (BS)) and
was sister to tribe Areceae (0.96 pp, 96% BS). All genera within Eu-
terpeae were monophyletic, and all intergeneric relationships were
recovered with high support. Hyospathe was recovered as sister to all
other genera (0.98 pp, 100% BS). Oenocarpus was supported as sister to
Prestoea (0.97 pp, 73% BS) and Euterpe as sister to the monotypic genus
Neonicholsonia (0.98 pp, 100% BS, Fig. 2).

Most of the interspecific relationships were resolved with good
support (> 0.95 pp,> 90% BS), especially for Hyospathe and Euterpe.
The tropical rainforest widespread species Euterpe precatoria and
Hyospathe elegans Mart. were polyphyletic, and Prestoea acuminata
(Willd.) H.E.Moore was paraphyletic. Within Prestoea, the analyses re-
covered two main clades with good support (> 0.97 pp,> 99% BS).
One consisted of five species distributed in mostly montane habitats
(usually from 1000 to 2000m), and the second consisted of three spe-
cies distributed in lowland tropical rainforests (from 0 up to 900m). In
Oenocarpus, the widely distributed O. bataua was recovered as sister to
all other Oenocarpus species sampled (Fig. 2).

3.2. Divergence times

Mean and median node ages slightly differed (Table 4). Therefore,
we refer to mean node ages for divergence times hereafter. Based on the
analysis in BEAST the mean crown age for Euterpeae was 39.18Mya
(95% HPD 32.22–48.4), and the mean stem age was 45.28Mya (95%
HPD 38.97–54.65). Euterpeae diverged from Areceae during the Eocene
but cladogenesis within the extant genera of Euterpeae began around
10Mya and extended into the Pliocene and Pleistocene. The monotypic

Neonicholsonia diverged first at around 20Mya. Hyospathe, Prestoea, and
Euterpe had concurrent most recent common ancestors (MRCA) at
around 10Mya. Oenocarpus had the most recent crown age among all
Euterpeae genera at around 7Mya. Fig. 3 and Table 4 show the di-
vergence times for 30 nodes of interest and their confidence intervals
(95% HPD).

3.3. Biogeographical analyses

The AIC values showed that the DEC range evolution model under
the ‘complex biogeographical model 1’ was the best-fit model for our
data set (Table S7). The use of parameter j (founder-event speciation)
did not improve the fit of the DEC model, and all null models (no dis-
persal constraints) fit our data poorly (Table S7).

Central America-Chocó was the most likely inherited ancestral
range for the Euterpeae, although there was much uncertainty in this
reconstruction (Fig. 4, Table 4). Considering only the ancestral area that
received the highest probability at each node, four independent colo-
nization events from Central to South America were recovered. The first
was by the ancestor of Hyospathe between 40 and 10Mya to a wide area
in Amazonia, the Andes, and the Guiana Shield. Subsequently, di-
versification in the Andes was evidenced in Hyospathe with most di-
vergence occurring in the last 7 million years. The second event was by
the ancestor of Oenocarpus between 21 and 7Mya, migrating from
Central America to Amazonia, and a final expansion of this genus to the
Guiana Shield 1Mya. The third colonization event to South America,
and more specifically to the Andes, was found in the ancestor of the
montane Prestoea clade at around 9–5Mya. A subsequent expansion
occurred into the Guiana Shield and the Caribbean between 5 and
2Mya. Divergence of the Caribbean endemic P. acuminata var. montana
(Graham) A.J. Hend. & Galeano occurred at around 1Mya (95% HPD
0.06–1.59). Lastly, colonization to South America (broadly Andes,
Amazonia, Guiana Shield, and Atlantic forest) occurred in the ancestor
of Euterpe between 20 and 10Mya (Fig. 4). Divergence of the Caribbean
endemic E. broadwayi occurred later at ca. 2.2 Mya (95% HPD
0.05–4.0). Neonicholsonia evolved in Central America and did not mi-
grate to South America. Colonization of the Brazilian Atlantic forest
from Amazonia occurred at a minimum age of ca. 1.38Mya (95%HPD
0.0–2.84).

3.4. Inflorescence evolution, biome shifts, and their association with
diversification rates

We chose the simplest ER model to reconstruct the ancestral in-
florescence type and biome in Euterpeae since it received the lowest
AIC scores. The analysis suggested that the ancestral inflorescence
branching pattern in Euterpeae was an inflorescence with rachillae
distributed all around the main axis (Fig. 5). From this ancestral state,
the analysis recovered four shifts to different inflorescence types. One
shift was a complete loss of adaxial rachillae (hippuriform in-
florescence) as seen in Oenocarpus. One shift to an inflorescence with

Table 3
Model comparison for the BiSSE analyses of biome correlated diversification (0= lowland rainforest, 1=montane), with parameter estimates for each model
without taxonomic sampling correction. The best-fitting model as determined by the lowest Akaike information criterion (AIC) and highest AIC weight is highlighted
in bold. λ=speciation rate; μ=extinction rate; q= transition rate; Df= degrees of freedom.

Models λ0 λ1 μ0 μ1 q01 q10 Df lnLik AIC AICw

full (λ0≠ λ 1; μ0≠ μ1; q01≠ q10) 0.105 0.252 0.088 0.207 0.019 0.061 6 −128.01 268.02 0.096131
equal l (λ0= λ 1; μ0≠ μ1; q01≠ q10) 0.167 0.167 0.249 < 0.01 < 0.01 0.17 5 −128.71 267.42 0.129764
equal m (λ0≠ λ 1; μ0= μ1; q01≠ q10) 0.113 0.228 0.139 0.139 0.012 0.1 5 −128.11 266.23 0.235266
equal q (λ0≠ λ 1; μ0≠ μ1; q01= q10) 0.092 0.307 0.041 0.298 0.033 0.033 5 −128.25 266.51 0.20453
equal lm (λ0= λ 1; μ0= μ1; q01≠ q10) 0.145 0.145 0.114 0.114 0.018 0.067 4 −129.46 266.92 0.16662
equal lq (λ0= λ 1; μ0≠ μ1; q01=q10) 0.147 0.147 0.103 0.168 0.029 0.029 4 −130.74 269.48 0.046327
equal mq (λ0≠ λ 1; μ0= μ1; q01= q10) 0.09 0.181 0.049 0.049 0.012 0.012 4 −130.71 269.41 0.047977
equal lmq (λ0= λ 1; μ0= μ1; q01= q10) 0.145 0.145 0.114 0.114 0.017 0.017 3 −131.28 268.56 0.073385
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partial loss of adaxial rachillae in the ancestor of Euterpe. Two shifts to a
spicate (unbranched) inflorescence type were recovered: one in Neo-
nicholsonia and the other in Oenocarpus simplex R.Bernal, Galeano & A.J.
Hend. (Fig. 5). The biome occupied by the ancestor of tribe Euterpeae
was the lowland rainforest. From this ancestral state, the analysis re-
covered two main shifts to the montane biome: one in the ancestor of
Hyospathe, and the other in the ancestor of the Andean Prestoea clade
(Fig. 5).

The AIC scores from BiSSE analyses recovered equal lmq as the best-
fit diversification model for inflorescence type (Table 2), suggesting an
equal speciation, extinction and transition rates between taxa with
hippuriform and non-hippuriform inflorescences. However, for the
biome BiSSE analysis, the equal m was the best-fit model. Speciation
rates were twice as higher for the montane than for the lowland rain-
forest taxa (λ0=0.113, λ1=0.228, Table 3). The posterior density of
the parameters λ (speciation) was different between biomes but not

Fig. 2. A Bayesian maximum clade credibility tree of tribe Euterpeae and outgroup resulting from the combined analysis of three nuclear and one chloroplast DNA
markers. Values above the branches are the Bayesian posterior probabilities (pp > 0.8), and values below are the maximum likelihood bootstrap values (BS > 60).
Dashed lines depict relationships that were not recovered in the maximum likelihood tree. B. Maximum likelihood phylogram showing branch lengths.
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between inflorescence types, and the posterior density of parameters μ
(extinction) was not different in both cases (Fig. 6). The best-fit model
for biome- and inflorescence-associated diversification was the same
when the taxonomic sampling correction was used (Table S8). This
result suggests that taxonomic sampling does not have an effect on the
estimated diversification rates for Euterpeae.

4. Discussion

4.1. Systematics of tribe Euterpeae

The sister relationship of tribes Euterpeae and Areceae shown in our
study was previously recovered in studies of subfamily Arecoideae
using phylogenomics (Comer et al., 2016). Our analysis resolved all
intergeneric relationships with high support. The sister relationship
between Euterpe and Neonicholsonia was not recovered in any other
previous phylogenetic reconstruction (Henderson, 1999; Montúfar and
Pintaud, 2008; Baker et al., 2009; Faurby et al., 2016). Some previously
proposed clades, however, were supported in our study. For example, as
shown in the morphology-based phylogenetic tree of Henderson
(1999), we recovered Prestoea sister to Oenocarpus. Henderson (1999)
identified characters to support this relationship like transverse veins
forming a continuous pattern between longitudinal veins, free sepals on
the staminate flowers, fruit mesocarp with a distinctive layer of sub-
epidermal sclerosomes, and a layer of flattened, closely spaced fibers
forming a “stockade” around the fruit endocarp. The studies by Baker
et al. (2009) and Faurby et al. (2016) recovered Hyospathe sister to all
other Euterpeae genera as in the present study. Hyospathe has some
floral characters that are distinctive and unusual in the Arecaceae, e.g.,
the difference in length of antesepalous and antepetalous stamens, and
the adnation of the antepetalous filaments to the pistillode (Dransfield
et al., 2008). The intergeneric relationships recovered in the present
study support the recognition of Euterpe and Prestoea as separate

genera. Some infrageneric clades were concordant with those in
Henderson (1999), who identified morphological synapomorphies for
these clades. For example, the clade of Euterpe caatinga Wallace, E.
broadwayi, and E. precatoria; the clade of Prestoea pubens H.E.Moore, P.
decurrens H.E.Moore, and P. schultzeana (Burret) H.E.Moore; and sub-
genus Oenocarpus.

Oenocarpus bataua, previously Jessenia bataua (Mart.) Burret was
sister to the rest of the members of the genus, which does not clarify the
controversial recognition of Jessenia as a separate genus. The discovery
of Oenocarpus species that share some of the unique characters of
Jessenia, like the ruminate endosperm (in O. makeru R.Bernal, Galeano
& A.J.Hend.) and bifid eophyls (in O. simplex) weakens the argument of
a separate genus (Bernal et al., 1991). We thus consider this taxonomic
split unnecessary given the morphological and molecular evidence at
hand. Some widely distributed species in the Neotropics were para- or
polyphyletic. An increased sampling effort throughout the entire dis-
tribution range of these species, and the use of species delimitation
methods based on coalescent theory and taking into account gene flow
are necessary to unveil new species, resolve species complexes, and
infer the full evolutionary history of the Euterpeae.

4.2. Divergence times and historical biogeography of Euterpeae

Chief among fossil selection criteria is the reliability of the taxo-
nomic identity and their placement in the phylogenetic tree. Although
the palm family has a rich fossil record, there is no reliable fossil that
could be unambiguously identified to belong to Euterpeae. The fossil
Palmaepites eocenica was first assigned a relationship with Jessenia
(Oenocarpus) or Juania. However, Harley (2006), in a review of palm
fossils, found the association with either genus was unfounded. Poinar
(2002) mentioned a flower fossil found in Mexican amber with a re-
semblance to Neonicholsonia, but could not place this fossil in any ex-
tant genus with certainty. Hoorn (1993, 1994) described pollen fossils

Table 4
Divergence times and ancestral area probabilities for tagged nodes in Figs. 3 and 5. HPD=highest posterior density. Biogeographic areas: A=Central America and
Chocó, B=Caribbean, C=Andes, D=Amazonia, E=Guiana Shield, F=Atlantic Forest, G= Indo-Pacific. We show ancestral biogeographic ranges with a
probability above 0.10. N/A=not applicable.

Node number Node name Mean node age Median node age 95% HPD Ancestral biogeographic range probabilities

1 Crown of Euterpeae 39.18 40.23 32.22–48.4 A:0.14; ACDE:0.11
2 Crown of Hyospathe 9.34 9.31 5.72–14.7 CDE:0.41; C:0.19; CD:0.13
3 Clade within Hyospathe 6.19 6.13 2.95–10.44 C:0.37; CDE:0.32; CD:0.14
4 Clade within Hyospathe 6.77 6.73 3.66–11.1 C:0.42; CDE:0.28; CD:0.13
5 Sister clade to Hyospathe 28.45 29.03 21.91–36.61 A:0.59
6 Prestoea and Oenocarpus clade 21.16 21.48 14.88–29.16 A:0.48
7 Crown of Prestoea 9.25 9.11 5.49–13.88 A:0.40; ABCE:0.17
8 Lowland Prestoea 4.04 3.93 1.7–7.26 A:0.81; AD:0.19
9 Montane Prestoea 4.72 4.51 2.25–7.34 C:0.37; BCE:0.16; BC:0.13; CE:0.11
10 P. acuminata and P. tenuiramosa clade 2.27 2.05 0.76–3.82 BCE:0.66; BC:0.18; CE:0.13
11 P. acuminata var. montana and P. tenuiramosa clade 0.86 0.63 0.06–1.59 BE:0.99
12 Crown of Oenocarpus 7.12 7.02 4.01–11.78 D:0.47; DE:0.21; ADE:0.16; AD:0.12
13 Crown of O. bataua 1.17 1.04 0.02–2.47 N/A
14 Sister clade to O. bataua 4.0 3.92 1.91–6.72 D:0.98
15 O. bacaba and O. mapora clade 0.73 0.64 0.0–1.55 DE:0.73; ADE:0.13
16 Euterpe and Neonicholsonia clade 19.53 19.88 13.6–26.84 A:0.61
17 Crown of Euterpe 9.92 9.98 6.23–14.59 CDEF:0.24
18 Sister clade to Euterpe oleracea 8.04 8.04 4.72–12.67 CDEF:0.18
19 E. edulis and E. precatoria clade 1.38 1.25 0.0–2.84 CDEF:0.40; ADEF:0.19; ACDF:0.18; ACEF:0.13
20 E. broadwayi-E. precatoria-E. catinga 4.1 4.04 1.71–7 ABCD:0.20; CD:0.11
21 Tribe Euterpeae and Areceae clade 45.28 46.42 38.97–54.65 AG:0.15; ACG:0.10
22 Crown of tribe Areceae 33.3 34.28 26.55–42.14 G:1.0
23 Crown of tribe Geonomateae 32.98 33.13 26.68–39.19 N/A
24 Crown of tribe Cocoseae 62.63 62.4 61.9–64.04 N/A
25 Crown of subtribe Bactridiinae 31.14 30.62 26.37–37.58 N/A
26 Crown of subtribe Attaeliinae 28.02 28.2 16.58–43.69 N/A
27 Crown of tribe Chamadoreeae 47.73 48.73 39.84–57.21 N/A
28 Crown of tribe Iriarteeae 30.01 29.1 24.13–36.2 N/A
29 Crown of subfamily Ceroxyloideae 68.81 69.77 60.01–79.73 N/A
30 Crown of subfamily Coryphoideae 60.14 61.79 36.9–82.23 N/A
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Fig. 3. Chronogram of tribe Euterpeae and outgroup based on the maximum clade credibility tree from the BEAST analysis. Posterior estimates of divergence times
were estimated from a partitioned analysis using three nuclear and one chloroplast DNA markers. Blue bars represent the 95% highest posterior densities. Roman
numbers represent calibration points (Table 1). Arabic numbers represent nodes of interest (Table 4). Geological time-scale abbreviations: Paleo=Paleocene,
Oligo=Oligocene, Plio=Pliocene, Pl= Pleistocene. Bottom scale bar correspond to ages in millions of years.
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that resemble Euterpe (Psilamonocolpites amazonicus), and others having
an affinity to the palm family more generally (P. nanus). In a recent
publication, affinities of these fossils were changed without additional
data to Geonoma/Euterpe, and Euterpe, respectively (Salamanca Villegas
et al., 2016). Given this confusing history of their taxonomic affinity,
we decided not to include these fossils as calibration points.

Our analysis showed that the most probable ancestral area for the
Euterpeae was Central America-Chocó. Although this was the best es-
timation, the probability supporting this hypothesis is low (14%).
Internal nodes leading to all genera except Hyospathe (nodes 5, 6, 16)
show Central America as the most probable ancestral range with higher
confidence (≥48%), with subsequent colonization events to South
America perhaps facilitated by the early formation of the Panama
Isthmus (15–13Mya, Montes et al., 2015). The evolution of the palm
family followed a North to South America migration (Baker and
Couvreur, 2013), a trend that our results confirm. However, Baker and
Couvreur (2013) suggested that the ancestor of Euterpeae was

distributed only in South America, and subsequently expanded to
Central America. In this latter scenario, however, it remains difficult to
explain the possibility of extinction of most Euterpeae clades in South
America (as shown by the absence of South American ancestors in many
of the internal nodes; see ancestral reconstructions) and recolonization
of the south by the ancestor of extant genera. Tribe Areceae, the sister
clade to Euterpeae, is restricted to the Indo-Pacific region. Because of
the scale of our analysis no inference could be drawn for the direction of
migration but Baker and Couvreur (2013) proposed a long-distance
dispersal event from South America to the Indo-Pacific region.

The orogenic events of the Andes left an imprint in the evolutionary
history and biogeography of Neotropical plants. Evidence that plants
diversified tracking the geological history of the Andes is mounting:
Ceroxylon (Sanín et al., 2016), Iriarteeae (Bacon et al., 2018), Lobe-
lioideae (Lagomarsino et al., 2016), among many others. Most diver-
gence events in Hyospathe, an Andean-centered genus, and the Andean
Prestoea clade occurred in the last seven million years, a period

Fig. 4. Ancestral area estimation of tribe Euterpeae using BioGeoBEARS. The colored section of the pies show the most probable distribution for the ancestor at each
node and the white section represents the rest of the combined probabilities. Arabic numbers represent nodes of interest (Table 4). Colored squares at the tips indicate
the current distribution of each taxon. Inset shows map with biogeographic areas. Geological time-scale abbreviations: Plio= Pliocene, Ple=Pleistocene.
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characterized by an accelerated uplift of the northern Andes (Gregory-
Wodzicki, 2000), which could have played a role in the diversification
of these lineages.

We estimated that all Oenocarpus species had an exclusively
Amazonian ancestor, which diversified in the last seven million years.
This age postdates estimates of the formation of the transcontinental
Amazon River connecting the Atlantic Ocean and the Andes (Hoorn
et al., 2017; van Soelen et al., 2017). We conclude that Amazonian
Oenocarpus species evolved after Lake Pebas had receded (Wesselingh
et al., 2002), and the Amazon river had already achieved its current
easterly flow. Colonization of the Caribbean occurred twice from South
America at ca. 2Mya, a time when all the Greater and Lesser Antilles
were already above water in their current geographic position
(Iturralde-Vinent and MacPhee, 1999; Robertson, 2009). Lastly, based
on the ancestral range estimation, we propose that the dry forest belt
barrier imposed by the Cerrado and Caatinga biomes could have pro-
moted a vicariant split of Euterpe edulis from its widespread ancestor in
South America by isolating it in the Atlantic forest ca. 1.4 Mya.

4.3. Inflorescence evolution and biome shifts

Our result is concordant with Balick’s hypothesis on the evolution of
Oenocarpus’ horse-tail inflorescence from an inflorescence with ra-
chillae all around the main axis, the most common inflorescence type in
the tribe. The partial loss of adaxial rachillae occurred at least one time
within Euterpeae. However, the total number of shifts could not be
determined because two species with partial loss of adaxial rachillae
were not sampled (E. luminosa A.J.Hend., Galeano & Meza, E. long-
ibracteata Barb. Rodr.). Pollinators have been suggested to play an
important role on the morphological evolution of inflorescences in

palms (Henderson, 2002). Palm inflorescences have been classified as
condensed or elongated based on the length of the peduncle and rachis,
and on the branching order of the rachillae (Henderson, 2002). Con-
densed forms, like in Oenocarpus, are more likely to be pollinated by
coleopterans, while elongate forms, like in Prestoea, are more likely to
be pollinated by hymenopterans and dipterans (Henderson, 2002). The
evolutionary advantage of condensed inflorescences for coleopteran
pollination remains unknown. However, coleopterans have a symbiotic
relationship with the palm they pollinate, i.e., the inflorescence tem-
perature is increased during anthesis speeding up egg development and
larval growth of flower-breeding pollinators (Ervik and Barfod, 1999;
Núñez-Avellaneda and Rojas-Robles, 2008; Núñez-Avellaneda et al.,
2015). This specialized pollination system, however, cannot explain the
complete or partial loss of adaxial rachillae. A hypothesis for the loss of
adaxial rachillae and pendulous shape of Oenocarpus inflorescence is
that it evolved in response to the size and amount of fruit it bears.
Balick (1986) suggested that this morphology can hold a larger fruit
weight (15–20 kg), otherwise the adaxial rachillae would need to be
stiffer.

We found two main biome shifts from lowland rainforests to the
mountains and other minor shifts by individual taxa within Euterpe that
have expanded their range to the highlands. This kind of low to high
elevation colonization event has been proposed for other taxonomic
groups (e.g., Barkman and Simpson, 2001; Brumfield and Edwards,
2007; Chomicki and Renner, 2017; Pérez-Escobar et al., 2017). Our
results are concordant with the key role of lowland rainforest taxa as
colonizers of montane biomes. Furthermore, our findings agree with the
observation that the Andes very rarely constitute the primary source of
dispersal into Amazonia (Santos et al., 2009) since only Hyospathe ele-
gans expanded its range from the highlands to the lowlands. Previous

Fig. 5. Ancestral-state reconstruction of A. inflorescence type and B. biome on the Bayesian maximum clade credibility tree of tribe Euterpeae using rayDISC in R. Pie
charts show the probability of each state at ancestral nodes.
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studies, however, have shown that mountain flora is derived primarily
from immigration of cool pre-adapted lineages and that contributions
from lowland-adapted lineages are less common (Hughes and
Eastwood, 2006; Merckx et al., 2015; Uribe-Convers and Tank, 2015).

4.4. Different diversification rates are associated with biomes but not with
inflorescence type

Our study supports Gentry’s (1982) hypothesis that Andean-cen-
tered taxa are the product of recent and very dynamic speciation, an
idea based on floristics and not on actual diversification rates analyses.
Several studies on Andean-centered plant taxa have demonstrated in-
creased diversification rates contemporaneous to the Andean orogenic
uplift (e.g., Hughes and Eastwood, 2006; Madriñán et al., 2013;
Lagomarsino et al., 2016; Pérez-Escobar et al., 2017). These studies
proposed that the final period of Andean uplift triggered speciation
through the creation of novel niches, or allopatric speciation through
isolation. In agreement with these studies, but contrary to our ex-
pectations, we found a correlation between montane taxa and increased
speciation rates, likely facilitated by the acquisition of new montane
adaptations since palms are pre-adapted to lowland rainforest en-
vironments (Couvreur et al., 2011).

The coleopteran-Oenocarpus relationship was not associated with
increased diversification in the Euterpeae. Thus, the coleopteran spe-
cialized pollination could not be regarded as a key innovation (sensu

Heard and Hauser, 1995), and our expectation was not met. Flower
shape and scent might be more important than inflorescence shape for
the specialized beetle pollination (Luis Núñez-Avellaneda pers. comm),
and therefore a direct test of the effect of pollinators on palm diversi-
fication rates is needed. To accomplish this, more field studies are ne-
cessary to identify the exact pollinator guild for each species since
currently this information is only available for very few Neotropical
palms.

5. Conclusions and perspectives

The first robust dated molecular phylogenetic tree for the eco-
nomically and ecologically important Neotropical palm tribe Euterpeae
is presented here. This phylogenetic tree permitted the reconstruction
of the biogeographical history of the tribe and addresses questions on
trait-dependent diversification rates.

A complete resolution of all intergeneric relationships allowed ad-
dressing the controversy on the taxonomic circumscription of Jessenia,
Prestoea and Euterpe. Some interspecific relationships, however, were
not resolved and three hyperdominant Neotropical species were non-
monophyletic, suggesting that future studies should include several
individuals per species and use a high-throughput next generation se-
quencing approach to fully resolve the phylogeny at the species-level.
Gene flow should also be included in future species delimitation and
phylogenetic analyses since palms are known to hybridize. Despite

Fig. 6. Result of the Binary State Speciation and Extinction (BiSSE) analysis. A–B: Inflorescence type (0-non-hippuriform, 1-hippuriform). C–D: Biome (0-lowland
rainforest, 1-montane). Posterior probability distributions of A, C speciation (lambda0 and lambda1) and B, D extinction (mu0 and mu1).
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uncertainty in some ancestral area reconstructions, four colonization
events from Central to South America were elucidated. Most Euterpeae
species diverged in the last 10million years, and colonized the
Caribbean ca. 2 mya.

Tribe Euterpeae’s ancestral biome was the lowland rainforest at-
testing to the importance of lowland adapted lineages on the assembly
of montane flora. The two-fold higher speciation rate for montane taxa
was contemporaneous to the Andean orogenic uplift and likely fa-
cilitated by the acquisition of montane adaptations, which remain to be
elucidated. The similar diversification rates among inflorescence types
questions the evolutionary importance of the hippuriform inflorescence
for beetle-specialized pollination systems.
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