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PREMISE: Events of accelerated species diversification represent one of Earth’s most
celebrated evolutionary outcomes. Northern Andean high-elevation ecosystems, or
paramos, host some plant lineages that have experienced the fastest diversification rates,
likely triggered by ecological opportunities created by mountain uplifts, local climate
shifts, and key trait innovations. However, the mechanisms behind rapid speciation into
the new adaptive zone provided by these opportunities have long remained unclear.

METHODS: We address this issue by studying the Venezuelan clade of Espeletia, a species-
rich group of pdramo-endemics showing a dazzling ecological and morphological
diversity. We performed several comparative analyses to study both lineage and trait
diversification, using an updated molecular phylogeny of this plant group.

RESULTS: We showed that sets of either vegetative or reproductive traits have conjointly
diversified in Espeletia along different vegetation belts, leading to adaptive syndromes.
Diversification in vegetative traits occurred earlier than in reproductive ones. The rate of
species and morphological diversification showed a tendency to slow down over time,
probably due to diversity dependence. We also found that closely related species exhibit
significantly more overlap in their geographic distributions than distantly related taxa,
suggesting that most events of ecological divergence occurred at close geographic
proximity within paramos.

CONCLUSIONS: These results provide compelling support for a scenario of small-scale
ecological divergence along multiple ecological niche dimensions, possibly driven by
competitive interactions between species, and acting sequentially over time in a leapfrog
pattern.

KEY WORDS Andes; Asteraceae; caulescent rosettes; evolution; frailejon; high-elevation
ecosystems; paramo; speciation; species diversification.

Evolutionary radiations, defined as events of accelerated species di-
versification on relatively short timescales (Simdes et al., 2016), have
often been documented in many high mountain floras, such as the
Rockies (Drummond, 2008), the New Zealand Alps (Joly et al., 2014),
the Himalayas and Hengduan Mountains (Ebersbach et al.,, 2017),
New Guinea (Brown et al., 2006), the European Alps (Roquet et al.,
2013), and the tropical Andes (Madrifian et al., 2013). The ecological
and historical setting of these high-elevation plant radiations likely
implies some sort of ecological opportunities provided by mountain
uplifts and climatic shifts (Hughes and Atchison, 2015), and by the
evolution of key trait innovations allowing the colonization of new
adaptive zones (sensu Simpson, 1944). Some of the best examples of
key innovations for high-elevation habitats in plants are specialized

growth-forms such as cushions (Boucher et al., 2016a) and caulescent
rosettes (Monasterio and Sarmiento, 1991; Pouchon et al., 2018), as
well as stem woodiness (Niirk et al., 2019) and several freezing-avoid-
ance mechanisms (Rada, 2016), which clearly improved adaptation
to life in these relatively cold, dry, and irradiated environments.
However, the precise mechanisms of increased speciation rate within
this adaptive zone remain uncertain. For instance, under a scenario
of ecological opportunity, speciation could be triggered either by
neutral processes such as the relative isolation and fragmentation of
high-elevation habitats favoring allopatric speciation without niche
differentiation (Boucher et al., 2016b), or alternatively, by disruptive
selection favoring ecological speciation (Lagomarsino et al., 2016), as
expected in adaptive radiations (Schluter, 2000).

American Journal of Botany 108(1): 113-128, 2021; http://www.wileyonlinelibrary.com/journal/AJB © 2021 Botanical Society of America - 113


mailto:﻿
https://orcid.org/0000-0002-2483-0178
mailto:jesus.mavarez@univ-grenoble-alpes.fr
mailto:jesus.mavarez@univ-grenoble-alpes.fr
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fajb2.1591&domain=pdf&date_stamp=2021-01-11

114 - American Journal of Botany

Comparative methods involving phylogenies and trait data are
particularly useful to study the outcome of ecological and neutral
processes acting on species radiations through different evolution-
ary models (Glor, 2010; Pyron and Burbrink, 2013; Soulebeau et al.,
2015). Under a scenario of predominant adaptive divergence, sym-
patric lineages should specialize ecologically on distinct resources,
leading to reduced competition and ecological speciation (Schluter,
2000; Givnish, 2015). Consequently, when lineages undergo adap-
tive radiations in a bounded ecological space, species’ phylogenies
should bear signatures of diversity-dependence on diversification
rates of both lineages and traits (Rabosky, 2009; Nuismer and
Harmon, 2015). This could be highlighted by a slowdown in diver-
sification rate towards the present, as species accumulate within a
delimited adaptive zone (e.g., the ‘time-dependent’ and ‘diversity-de-
pendent’ models; Gavrilets and Losos, 2009; Harmon et al., 2010) or
by competition models in which trait divergence depends on the
available phenotypic space (e.g., ‘Matching competition’ models;
Drury et al., 2016; Aristide and Morlon, 2019). Adaptive pheno-
typic divergence should therefore be particularly evident between
recently diverged species occurring in sympatry. However, despite a
wealth of phylogenetic studies of evolutionary radiations in moun-
tain environments (Weir, 2006; Drummond, 2008; Drummond et al.,
2012b; Madrinan et al., 2013; Price et al., 2014), these expected pat-
terns have remained relatively elusive among high-elevation biomes
(Nevado et al., 2019), probably because of a blurring of the adaptive
signal by non-adaptive divergence (Rundell and Price, 2009) and/or
lack of appropriate phylogenetic resolution (Glor, 2010).

High-elevation environments are notoriously heterogeneous in
soil conditions, topography, and exposition, thus allowing many
niche dimensions - that is, many axes of ecological divergence for
natural selection to act upon. It is unclear to what extent the in-
creased diversification rates observed in these environments are
driven by biotic or abiotic factors, or a combination of both. Recent
phylogenetic studies of Andean plant clades have showed that spe-
ciation has been mainly triggered by divergence in relation to bi-
otic factors such as pollinators and dispersal agents (Lagomarsino
et al., 2016, 2017), or to abiotic factors distributed along environ-
mental gradients (Testo et al., 2019). Moreover, these drivers of spe-
ciation may not only vary in space but also more importantly in
time, which could make the phylogenetic signatures of ecological
divergence difficult to detect. Indeed, Grant (1949) hypothesized
that diversification for reproductive traits should occur prior to di-
versification for vegetative traits in lineages depending on special-
ized pollinators. With similar reasoning, Chase and Palmer (1997)
proposed that plant clades could undergo adaptive radiation in a
‘leapfrog’ fashion, by adapting first to novel habitat opportunities,
and then to novel biotic factors. A recent study on New Caledonian
Oxera Labill. [Lamiaceae] tested these hypotheses and showed that
this clade diversified due to varied ecological and biological drivers,
perhaps acting in a leapfrog pattern, but that geographic processes
played an equally important role (Barrabé et al., 2019). This has en-
couraged us to wonder about the prevalence of leapfrog patterns
and ecological divergences in contrast to neutral processes during
the temporal building of high-elevation radiations, particularly in
the Andes.

Paramos, which are high-elevation ecosystems located be-
tween the upper tree-line (ca. 3200 m a.s.l.) and glacier limits (ca.
4800 m a.s.l.) in the Andes of Venezuela, Colombia, Ecuador, and
northern Peru, provide an ideal setting to study the evolutionary
processes that drove plant radiations. Indeed, paramos occupy a

relatively small area (ca. 35,000 km? Josse et al., 2009), have a re-
cent origin (ca. 2.7 Ma; Gregory-Wodzicki, 2000; Hooghiemstra
et al., 2006; Torres et al., 2013) and are characterized by relatively
harsh conditions (e.g., low average temperatures, extreme day-night
temperature oscillations; Luteyn, 1999). Four vegetation belts are
usually considered for paramos according to climate and vegetation
structure (Van der Hammen and Cleef, 1986): the upper part of the
Andean forest (ca. 2500-3200 m a.s.L.); the transitory shrubby sub-
paramo (ca. 3200-3500 m a.s.L.); the open grass paramo (hereafter
“proper paramo”) (ca. 3500-4200 m a.s.l.); and the rocky and sandy
super-paramo (ca. 4200 m a.s.l. to the lower limit of glaciers). Yet,
paramos are extraordinarily species-rich and are host to some of the
fastest plant radiations on Earth (Madrifian et al., 2013), probably
owing to their high environmental heterogeneity and their dynamic
history of habitat connectivity during the Pleistocene (Antonelli
and Sanmartin, 2011; Flantua et al, 2019). Many cases of rapid
species diversification have thus been documented in paramos,
such as in the genera Lupinus L. [Fabaceae] (Nevado et al., 2016,
2018), Bartsia L. [Orobanchaceae] (Uribe-Convers and Tank, 2015),
Hypericum L. [Hypericaceae] (Niirk et al., 2013), Diplostephium
Kuntz [Asteraceae] (Vargas et al., 2017) and Espeletia Mutis ex
Bonpl. (Diazgranados and Barber, 2017; Pouchon et al., 2018).

The genus Espeletia (Asteraceae, Millerieae) presently comprises
about 140 species endemic to the paramos of Venezuela, Colombia,
and northern Ecuador (see Fig. 1A). It evolved from a single ancestor
in less than 2.5 Ma, i.e., after the final uplift of the northern Andes,
and has two reciprocally monophyletic groups: (1) a group includ-
ing species distributed exclusively in the Colombian Andes plus one
species reaching northern Ecuador (hereafter Colombian clade);
and (2) a group mostly composed by species distributed exclusively
in the Venezuelan Cordillera de Mérida plus a few taxa from north-
eastern Colombia (hereafter Venezuelan clade) (Diazgranados and
Barber, 2017; Pouchon et al., 2018). The genus exhibits import-
ant morphological diversity for vegetative and reproductive traits,
particularly regarding growth forms (i.e., trees, shrubs, caulescent
rosettes), reproductive systems (i.e., monocarpic and polycarpic
species), and pollination vectors (i.e., wind or insects) (Smith, 1981;
Berry and Calvo, 1989; Diazgranados, 2012; Cuatrecasas, 2013;
Mavarez, 2019) (Fig. 1C). Many species in Espeletia, particularly
among caulescent rosettes, exhibit a series of morphological and
physiological traits with presumably high adaptive value in the rel-
atively harsh environments of paramos, such as covering of stems
by the remains of dead leaves, large pith volumes, dense leaf pu-
bescence, and super-cooling capacity (Luteyn, 1999; Rada, 2016).
In addition, Espeletia shows large ecological variation for habitat
preferences, i.e., from wetlands to open landscapes and dry rocky
slopes, and from the upper limit of the Andean forests to the edge of
glaciers in super-paramo habitats (ca. 2500-4800 m a.s.l.) (Fig. 1B).

All this wealth of morphological and ecological diversity in
Espeletia developed after the evolution of the caulescent rosette
growth-form in the common ancestor of the genus, which may
have provided the initial key innovation allowing the occupation
of the newly created adaptive zone of paramos (Cuatrecasas, 2013;
Pouchon etal., 2018). However, as for most high-elevation plant lin-
eages, the main drivers of such diversity in Espeletia remain uncer-
tain. Allopatry appears to be predominant in the Colombian clade
of Espeletia across paramos while ecological speciation seems to
have occurred at a microenvironment level (Padilla-Gonzélez et al.,
2017; Cortés et al., 2018). Hence, we can legitimately wonder how
ecological and geographical processes have driven speciation in the
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FIGURE 1. A, Map of the northern Andes with the distribution area of Espeletia. B, Examples of habitats occupied by Espeletia: (1) upper Andean
forest; (2) shrubby sub-paramo; (3) open grassland paramo; and (4) rocky super-paramo. C, Examples of morphological diversity in Espeletia regarding
growth-forms: trees (1. E. neriifolia); branched rosettes (2. E. jahnii; front); tall caulescent polycarpic rosettes (2. E. thyrsiformis; back, 3. E. timotensis); tall
caulescent monocarpic rosette (4. E. figueirasii); sessile polycarpic rosette (8. E. nana); sessile monocarpic rosette (9. E. jabonensis); and regarding traits:
broad leaves (6. E. badilloi); slender leaves (7. E. vergarae); lateral inflorescences (3, 8), terminal inflorescences (4, 9), large-size short-rayed wind-polli-
nated capitulum (5. E. moritziana); medium-size long-rayed insect-pollinated capitulum (10. E. schultzii). Photos by Andreas Gréger (5), Serge Aubert

(1-4,6-10).

Venezuelan clade of Espeletia, which exhibits a larger degree of mor-
phological and ecological variation than its Colombian counterpart
(Cuatrecasas, 2013; Pouchon et al., 2018; Mavarez, 2019). We posit
that arrays of vegetative traits related to habitat preference (e.g.,
growth-form, ramification capacity, stem height, etc.) or reproduc-
tive traits linked to pollination strategy (e.g., inflorescence size, ca-
pitulum diameter, flower orientation, etc.) have probably co-evolved
along environmental gradients, forming different adaptive trait syn-
dromes during the diversification of Espeletia. Furthermore, since

the spatiotemporal set-up behind the possible evolution of these
vegetative and reproductive trait syndromes would not necessarily
be the same, we can legitimately wonder whether they diverged fol-
lowing different dynamics, i.e., in a leapfrog pattern.

Here we performed a detailed comparative analysis of trait
evolution and species diversification within the Venezuelan clade
of Espeletia. Our goal was to untangle the ecological and neutral
drivers of diversification in this plant group by benefiting from the
genomic approach developed by Pouchon et al. (2018) to resolve its
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phylogenetic relationships. We tested for phylogenetic predictions
derived from scenarios of ecological divergence, such as whether:
(1) sympatry is more prevalent between closely related species; (2)
sets of vegetative or reproductive traits conjointly diverge between
species occupying different habitats, leading to different adaptive
syndromes; (3) vegetative and reproductive trait syndromes diverge
possibly at different time-periods in a leapfrog pattern; and (4) rates
of phenotypic diversification for these traits combinations show di-
versity-dependence. We also tested whether rates of species diversi-
fication change through time in relation to the species diversity (i.e.,
biotic factors), or as a function of variations in paleo-temperatures
during Pleistocene climatic changes (i.e., abiotic factors).

MATERIALS AND METHODS

Sampling, DNA extraction, and shotgun sequencing

We aimed to complete the sampling of species in the Venezuelan
clade of Espeletia in comparison to our previous phylogenetic analy-
sis (Pouchon etal., 2018). To achieve this, we sampled one individual
from 18 additional Espeletia species, 16 belonging to the Venezuelan
clade and two in the Colombian clade, plus the additional outgroup
taxon Ichthyothere garciabarrigae H.Rob. [Asteraceae] (Appendix
S1). To evaluate the efficiency of our approach at resolving phylo-
genetic relationships between and within species we also sampled
additional individuals for some species. In each case, leaf samples
were collected, most of their pubescence removed with razor blades
directly in the field and dried with silica gel in airtight plastic bags.
Genomic DNA was extracted from dried leaf fragments according
to the protocol described in Pouchon et al. (2018). Shotgun librar-
ies were prepared and sequenced (2 x 150 bp paired-ends) in an
Ilumina HiSeq 4000 at the French National Sequencing Center
(Genoscope, Evry, France) or in an Illumina Hiseq 2000 at Fasteris
(Geneva, Switzerland) (Appendix S1). In total, combined with the
sequence reads of 34 species in the Venezuelan clade of Espeletia
retrieved from Pouchon et al. (2018), we generated a new dataset
of 50 species representing 92.5% of the 54 recognized in this clade
(Mavarez, 2019), seven species in the Colombian clade, and three
external outgroups.

Alignments, phylogenetic inference, and dating

Sequence reads (ca. 13 million reads per sample, Appendix S2b),
were filtered based on a Phred score quality value of 20 using
the FASTX toolkit (http://hannonlab.cshl.edu/fastx_toolkit/). In
a recent study, Pouchon et al. (2018) first produced a set of 9880
nuclear multi-species’ metacontigs loci from the assembly of sin-
gle-species’ contigs, which served afterwards as a reference to align
the reads of each species that were used for the phylogenetic analyses
in Espeletia (Appendix S2a). Here, we applied this procedure from
its second step, by mapping directly the filtered reads into all the
9880 metacontigs of Pouchon et al. (2018) using BWA version 0.7.5
(Li and Durbin, 2009) (Appendix S2a). In order to reduce paralogs
for each taxon we kept only reads mapping to a single metacontigs
with a minimum MAPQ score of 60 for the variant calling, by using
the ‘mpileup’ workflow of SAMtools version 0.1.19 and BCFtools
version 0.1.19 (Li et al., 2009). Finally, a consensus sequence align-
ment was generated by metacontig from the variant call format file
using the vcfutils script (supplied with SAMtools), and by filtering

variants with a root-mean-square of the mapping quality > 15 and
a minimum read coverage of 10 per taxon.

Phylogenetic reconstructions were made from the concatenation
ofall consensus alignments, resulting in a median of 6629 alignments
per sample (Appendix S2b), by using Maximum Likelihood (ML) in
RAXML-HPC version 8.2.9 (Stamatakis, 2006) and Bayesian infer-
ence in ExaBayes version 1.4.1 (Aberer et al., 2014). The ML analysis
was performed using a GTRGAMMALI substitution model and 500
bootstrap replicates. Bayesian inference was conducted using the
default values for temperatures of chain heating and the number
of Metropolis-coupled Markov chain Monte Carlo (MCMC) under
500,000 generations. We assessed chain convergence and mixing us-
ing summary statistics of the postProcParam function in ExaBayes
(Aberer et al., 2014). We used a minimum sample size of 200 to es-
timate each model parameter, and kept the similarity within and
between chain-variance with a potential scale reduction factor be-
low and close to 1. A 50% majority-rule consensus phylogram with
posterior probabilities was obtained using the ExaBayes consense
function with a burnin fraction of 25%.

Calibration of divergence times was performed according to the
approach followed for the nuclear dataset described in Pouchon
et al. (2018), using the 2.0-2.6 Ma estimate of the age for the crown
node of Espeletia as a constraint for estimating divergence times in
r8s version 1.7.1 (Sanderson, 2003). Uncertainty in the estimation
of divergence time was assessed using 200 Bayesian trees randomly
selected from the stationary distribution of the MCMC. Cross-
validation was conducted on each tree replicate to determine the
optimal level of smoothing-rate for 100 estimates starting with a
log10 value of -5 and increments of 0.4. Finally, mean values and
95% confidence intervals for each node age were estimated from the
chronograms using TreeAnnotator (Drummond et al., 2012a). We
randomly selected 100 dating trees, pruned to the species level, to
incorporate topological uncertainty in the diversification analyses.

Geographic range overlap

We estimated the geographic range overlap between all species’ pairs
to describe the geographic context of recent speciation processes.
Based on the distribution of species on the main geographic units
of paramos (adapted from Mavdrez, 2019; see Fig. 3B, Appendix S3),
we estimated the degree of sympatry across all paramo units for
all species’ pairs in the phylogeny, using the Pianka index as im-
plemented in the R package ‘spaa’ version 0.2.2 (Zhang, 2016). This
index quantifies the frequency at which two species co-occur in the
geographic units, with a value ranging from 0 (no co-occurrence) to
1 (co-occurrence in all units). We tested for the correlation between
the range overlap of species’ pairs and their phylogenetic distance,
using a mantel correlogram as implemented in the R package ‘vegan’
version 2.5.4 (Oksanen et al., 2018). A comparison in range overlap
was also made between sister and non-sister species to document
how geographic ranges of species diverged right after speciation
events.

Models of lineage diversification

We tested whether past rates of species diversification varied with
time, climate, or species-diversity. The sampling fraction of taxa
was set to 0.925 (50/54) for each model. Models were compared
using the corrected Akaike Information Criterion (AICc), with
AAICc > 2 to pick the best model following the advice of Burnham
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and Anderson (2002). Moreover, as extinction rates are hardly es-
timable with current statistical approaches applied on molecular
phylogenies (Rabosky, 2010), only models allowing variations in
speciation rate were fitted to avoid the potential flaws recently high-
lighted by Burin et al. (2019) on models assuming temporally vari-
able extinction rates.

Time dependent models—We compared models assuming that
clade growth follows Pure Birth (PB) or Birth-Death (BD) processes,
as well as BD models with speciation rate that change through time
in exponential (BDX+T) fashion under a constant extinction rate.
These analyses were performed in R using the package ‘RPANDA
version 1.5 (Morlon et al., 2016). Linear-dependent models as im-
plemented in ‘RPANDA’ were not used in this analysis given the
recent concern raised by their possible estimation of negative spe-
ciation rates (Gamisch, 2020). Variation of speciation rate through
time was also explored in a Bayesian analysis using BAMM version
2.5.0, also assuming a constant extinction rate as above (Rabosky,
2014) (Appendix S4).

Climate dependent models—Global paleo-temperatures were re-
trieved from Zachos et al. (2008) and used to test for their direct
exponential relation with the speciation rates (BDX+E). These mod-
els were fitted in ‘RPANDA; following the approach of Morlon et al.
(2011). As above, linear-dependent models were not considered in
this analysis (Gamisch, 2020).

Diversity dependent models—We fitted models in which specia-
tion rate follows linear or exponential dependence with species di-
versity under constant extinction rate (DDL and DDX models). We
compared them to PB and BD models using the R package ‘DDD’
version 4.0 (Etienne et al., 2012). Each model inference was initiated
with a clade-level carrying capacity K = 54 (which equals contem-
porary species diversity in the Venezuelan clade of Espeletia).

Characterization of species’ morphologies, climatic niches, and
habitats

Morphology—In order to estimate how different sets of traits have co-
evolved to form vegetative or reproductive trait syndromes, we selected
a total of five vegetative and six reproductive characters, including both
quantitative and discrete, depicting the morphological diversity of
study species (Mavarez, 2019), given in Table 1. Quantitative traits were
scaled, and a Principal Component Analysis of mixed data (PCAmix)
was performed with the R package ‘ade4’ version 1.7.13 (Dray and
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Dufour, 2007) separately for vegetative and reproductive traits to re-
duce trait dimensionality and therefore identify trait syndromes using
both quantitative and discrete traits. We used the position of each spe-
cies along the different axes as new composite morphological trait (i.e.,
trait combinations) for further analyses.

Niches—To estimate the climatic niche of species, 1755 geo-refer-
enced occurrence points were collected for the study species from
Maviarez (2019) (i.e., a median of 26 points/species). To reduce
pseudo-replication between sampling localities, we kept for each
species only one occurrence per 30 arc-second grid cell (ca. 900 m
x 900 m resolution). For each record, we extracted values for ele-
vation, aspect, and slope from a digital elevation model, together
with values for the 19 climatic variables of the WorldClim dataset
(Fick and Hijmans, 2017). Niche positions were estimated using the
Outlying Mean Index (OMI; Dolédec et al., 2000) following the pro-
cedure of Thuiller et al. (2004).

Habitats—We used the habitat preferences of each species into the
four vegetation belts of paramos (i.e., upper Andean forest, sub-
péramo, proper paramo, super-paramo). Distribution of species in
these habitats was retrieved from Cuatrecasas (2013) and Mavdrez
(2019). A Multiple Correspondence Analysis (MCA) was per-
formed to capture the position of each species into these vegetation
belts, using ‘ade4’ (Dray and Dufour, 2007).

Trait-environment correlations

The ensemble of data depicting species’ positions on axes for mor-
phological variation, environmental gradients and habitat pref-
erences were analyzed against each other using phylogenetic
generalized least squares (PGLS) regressions with R packages ‘ca-
per’ version 1.0.1 (Orme et al., 2018) and ‘ape’ version 5.4-1 (Paradis
et al., 2020). This helped to identify which combinations of traits
show consistent relationships with particular niches or habitats,
while accounting for species’ phylogenetic relatedness. Phylogenetic
relationships used in the PGLS were derived from the time-cali-
brated tree. We tested all possible relationships between each type
of morphologic variation (PCAmix axes) and niches (OMI axes)
or habitats (MCA axes) using likelihood ratio tests. As we per-
formed multiple tests, a correction was used on p-values (Benjamini
and Hochberg, 1995). We also conducted these analyses separately
on the quantitative traits composing these PCA axes to investigate
whether particular traits follow the same evolutionary trajectories
as the morphological syndromes they belong to.

TABLE 1. Environmental and morphological data used to estimate divergence among species. Morphological traits were selected from Mavarez (2019). Here, the
growth-form (GF: tree/rosette) refers to the compactness of leaves surrounding the apical meristem (relaxed for trees/compact for rosettes), and to the shape of leaf

sheaths (tubular for trees/flat for rosettes).

Morphological

Environmental

Vegetative Reproductive

Climate (18 bioclimatic variables of WorldClim;
Fick and Hijmans, 2017); Elevation; Aspect &
Slope (Digital Elevation Model)

Quantitative

Macro-habitat: Andean Forest (0-absence/1-
presence); sub paramo (0-absence/1-presence);
proper paramo (0-absence/1-presence); super-
paramo (0-absence/1-presence)

Discrete

Stem Height (SH in cm); Lamina Length
(LL, cm); Lamina Width (LW, cm)

Growth Form (GF, O-tree/1-
rosette); Stem Structure (STEM,
0-branched/1-unbranched)

Inflorescence Length (IL, cm); Capitulum
Diameter (CD, cm); Corolla Length (CL, mm);
Flowers Ratio (FLOR, ray/disc flowers); Achene
Length (ALM, mm)

Inflorescence position (IPOS, 0- lateral/1-terminal)
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Models of trait evolution

To understand how the sets of vegetative and reproductive traits
have co-evolved during the radiation, we fitted seven phyloge-
netic models of trait evolution to the vegetative and reproductive
PCAmix axes described above: (1) the Brownian Motion model
(BM), assuming a random walk of trait evolution; (2) the Ornstein-
Uhlenbeck model (OU), assuming constrained trait evolution to-
ward a single optimum; (3) the Early-Burst model (EB), assuming
an exponential decrease of evolutionary rates over time, concor-
dant with a “niche filling” scenario (Harmon et al.,, 2010); (4) the
Delta model, analogous to the EB model, assuming a time-depen-
dent trait evolution by contrasting early and late evolution; (5) the
Matching Competition model (MC), assuming variation of trait in
alineage as a function of trait values in other lineages; and (6-7) two
Diversity-Dependent models, assuming that trait evolutionary rates
vary as a linear (DDL) or exponential (DDX) function of the num-
ber of lineages. Models BM, OU, Delta and EB were fitted in the R
package ‘geiger’ version 2.0.6.1 (Harmon et al., 2008) whereas mod-
els MC, DDL, and DDX were fitted in ‘RPANDA’ (Morlon et al.,
2016), as in Drury et al. (2016). Goodness-of-fit was determined
using AICc. We compared the tempo of trait diversification be-
tween vegetative and reproductive trait combinations from the esti-
mates of the Pagel’s delta parameter (8) of the Delta model on each
PCAmix axis separately. This parameter depicts whether a given
trait mostly diversified early in time with a slowdown to the present
(i.e., in deep branches, § < 1) or rather later in time (i.e., in recent
branches, 6 > 1).

We also visualized the evolutionary trajectories of both types of
traits through time using the phenogram function implemented in
the ‘phytools’ version 0.6.60 R package (Revell, 2012) with uncer-
tainty at ancestral nodes and along branches. This allowed testing
whether a sequential divergence in vegetative and reproductive
syndromes has occurred during the diversification of Espeletia as
expected in the ‘leapfrog’ radiation pattern proposed by Chase and
Palmer (1997).

RESULTS

Phylogenetic inference

The concatenation of consensus sequence alignments com-
prised > 4 million bp, including 5.94% of informative sites and
46.59% of ambiguous or missing data. Phylogenetic trees were both
well-resolved (96.8% of nodes showed support values > 70% for ML
and > 0.95 for BI) and highly congruent with the previous phylog-
eny of Espeletia in Pouchon et al. (2018) (Fig. 2). All intra-specific
samples clustered together within the same specific taxon, i.e., E.
purpurascens Cuatrec., E. badilloi Cuatrec., E. schultzii Wedd., and E.
tenorae Aristeg., indicating that the approach developed in Pouchon
etal. (2018) and used here appears reliable to estimate phylogenetic
relationships at the species level and below. By adding more species
in the final dataset, we confirmed all main findings of Pouchon et al.
(2018), such as the basal segregation of the genus in two geographi-
cally delimited radiations in Colombia and Venezuela, and the evo-
lution in the latter of two clades of trees: E. trujillensis Cuatrec. — E.
badilloi, and E. spectabilis Cuatrec. — E. lucida Aristeg. (this clade
includes the rosette E. cardonae Cuatrec.), three clades of mono-
carpic rosettes: E. jahnii Standl. - E. lopezpalacii Ruiz-Teran &

Lopez-Fig., E. grisea Standl.- E. lindenii Sch. Bip ex Wedd., and E.
floccosa Standl. - E. figueirasii Cuatrec., and two clades of polycar-
pic rosettes: E. angustifolia Cuatrec. — E. pannosa Standl., and E.
thyrsiformis A.C. Sm. — E. tenorae. Some ancient geographical dis-
junctions suggested in Pouchon et al. (2018) were also confirmed,
as for example within the clade of E. angustifolia to E. tenorae, in
which we observed a group of species distributed in the central/
northern paramos of the Cordillera de Mérida, i.e., E. floccosa - E.
tenorae (with the exception of E. thyrsiformis), and another with
species from the southern paramos, i.e., E. angustifolia - E. lindenii.
The only sensible topological difference with the previous work
consisted in the placement of the clade of trees E. spectabilis - E. lu-
cida, which now appears to have diverged earlier in the Venezuelan
radiation in comparison to Pouchon et al. (2018).

Divergence time estimations provided relatively narrow age
estimates for all nodes except the three most basal ones. The age
of the crown node of Espeletia was estimated at 2.23 Ma (95% CI:
2.06-2.55 Ma), which is highly consistent with the calibration using
the plastid-based age estimation of 2.03-2.56 Ma of Pouchon et al.
(2018). The crown age of the Venezuelan clade was estimated at 1.33
Ma (95% CI: 1.20-1.54 Ma), which is 200k years younger than the
previous estimate at 1.55 Ma (95% CI: 1.52-1.59 Ma).

Patterns of geographic range overlap

The analysis of geographic range overlap between species’ pairs
highlighted high levels of sympatry in the studied paramo units
(Fig. 3). For example, the average range overlap was estimated as
0.46 for sister-species and as 0.16 for non-sister species (P < 0.0001,
Appendix S5). Moreover, we observed a decrease in range overlap
with increasing divergence times, as illustrated in the Mantel cor-
relogram by a negative correlation between range overlap and re-
cent divergence times, and a null correlation for older divergence
times (Fig. 3C).

Models of species diversification

Species diversification models assuming an exponential varia-
tion in speciation rates of the Venezuelan clade of Espeletia ei-
ther over time (BDX+T) or in relation to lineage diversity (DDL)
appeared as best-fitting models (Fig. 4, Appendix S6). Both the
positive o estimate (a = 1.604, Appendix S6) and the plot of the
PBX+T model (Appendix S7) reflected a slowdown of speciation
rate toward the present. This was concordant with BAMM analy-
ses showing the same exponential decrease in speciation rate over
time (Appendix S7). The DDL model indicated that the diversi-
fication of species tends to be stabilized at a clade-level carrying
capacity K = 56.4, which is quite close to the current estimate of
54 extant species in the clade (Appendix S6). Thus, all three anal-
yses of lineage diversification pointed out a decrease of speciation
rates over time.

Patterns of traits, climatic niches, and habitats

The first two PCAmix axes of vegetative traits explained 79% of
trait variance among species. The first axis (PC1-VEG, 50% of the
variance) discriminated species with tall stems (SH), ramification
capacity (STEM), large leaves (LW), and tree growth-form (GF)
from others (Fig. 5, Appendix S8a-b). In other words, this axis
contrasted rosette vs. tree morphotypes, e.g., Espeletia neriifolia
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FIGURE 2. Phylogenetic relationships and divergence times in the Venezuelan clade of Espeletia. Node values: left, Bayesian posterior probabilities
(BP), right, Maximum-Likelihood bootstrap percentages (ML). Only values smaller than 1.00/100 are shown. Node bars represent 95% confidence in-
tervals for ages. Black star indicates node used for age calibration according to Pouchon et al. (2018). Blue line shows sea surface paleo-temperatures

(Zachos et al., 2008). Asterisk (*) represents herbarium sample (MCY 30237).

(Bonpl. ex Humb.) Sch. Bip. ex Wedd. (Fig. 1C1) vs. E. figueirasii
(Fig. 1C4). The second axis (PC2-VEG, 29% of the variance) dis-
criminated mainly species with long and wide leaves, such as E.
badilloi (Fig. 1C6), from species with short and narrow leaves (LL
and LW traits), such as E. nana Cuatrec. (Fig. 1C8; see Appendix

S8a-b, d).

The PCAmix for reproductive traits identified three axes ex-
plaining 77% of the variance. Species with large capitula (CD), long
ray corollas (RFCL), and long achenes (AL), such as Espeletia timo-
tensis (Fig. 1C3) and E. moritziana Sch. Bip & Ettingsh. ex Wedd.
(Fig. 1C5), were discriminated from other plants along the first axis
(PC1-REP, 38% of the variance, Fig. 5, Appendix S8a-b). The second
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axis (PC2-REP, 22% of the variance, Fig. 5, Appendix S8a-b, d) dis-
tinguished species with terminal inflorescences and low ray/disc
flower ratios, such as E. jabonensis Cuatrec. (Fig. 1C9), from species
with lateral inflorescences and high ray/disc flower ratios, such as
E. timotensis (Fig. 1C3). Species with long inflorescences (IL), such
as E. figueirasii (Fig. 1C4), were discriminated from others onto the
last axis (PC3-REP, 16% of variance, Appendix S8a-d).

The OMI analyses identified two main climatic gradients ex-
plaining over 76% of niche differentiation among species. The first
axis (PC1-CLIM, 62% of the variance) is defined by bioclimatic
variables related to seasonality in temperature and precipitation
regimes (e.g., annual and diurnal range in temperature, or annual
precipitation) (Appendix S8a-b). This axis mainly separated spe-
cies distributed in fluctuating environments in temperatures, with
lower precipitation regimes, such as Espeletia nana and E. tenorae,
from species occurring in more stable environments in temperature
ranges, with higher precipitation regimes, such as E. jahnii and E.
leucactina Cuatrec. (Appendix S8d). The second axis (PC2-CLIM,
14% of the variance, Appendix S8a-b) separated species typically
occurring in high vs. low elevations, e.g., E. timotensis vs. E. griffinii
Ruiz-Teran & Lopez-Fig. (Fig. 5).

For habitats, the two MCA axes of vegetation zonation explained
78% of the habitat variation among species (Appendix S8a-b). The
first axis (PC1-HAB, 61% of the variance), distinguished species
found in relatively closed habitats at lower ecotones (forest/sub-
paramo), such as most trees and a few rosettes (e.g., Espeletia figue-
irasii and E. marcescens S.F. Blake), from those occurring in open
habitats (proper paramo/super-paramo) (Fig. 5, Appendix S8a-b).
The second axis (PC2-HAB, 17% of the variance, Appendix S8a-b)

discriminated species found at super-paramo, such as E. timotensis,
E. spicata Sch. Bip ex Wedd., and E. moritziana, from those occur-
ring in proper paramos (Fig. 5).

Trait-environment correlations

Regarding vegetative traits, PGLS models indicated a strong posi-
tive correlation between PC1-VEG and PC1-HAB axes (P < 0.001,
Appendix S9a). This means that during the evolution of Espeletia
the tree morphotype became associated with the forest/sub-paramo
and the rosette morphotype with proper paramo/super-paramo
(Fig. 5). By investigating separately the quantitative traits that com-
posed the PC1-VEG axis, we found the same correlation between
stem height (SH) and habitat (PC1-HAB) (P < 0.001, Appendix
S9b). For reproductive traits, significant correlations were found
between PC1-REP and PC2-CLIM (P < 0.05), and between PC1-
REP and PC2-HAB (P < 0.05) (Appendix S9a). This means that
species with larger capitula and larger seeds were found at higher
elevations (PC2-CLIM) and in super-paramo (PC2-HAB) (Fig. 5).
Investigation of single trait contributing to the reproductive axis
indicated a similar correlation between capitulum diameter (CD)
and elevation (PC2-CLIM) (P < 0.005, Appendix S9b). We did not
find significant correlations between other principal components
of morphological traits and any other niche or habitat axes.

Models of trait evolution

For the PC1-VEG axis, the Delta model was the best-fitting model
with a AAICc > 3 in regards with MC (the second best-fit model)
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and a AAICc > 4 with EB (the third best-fit model) (Fig. 6A, see also
Appendix S10a for models’ parameters). The Delta model was also
selected as best-fitting model for the trait stem height (SH) consid-
ered alone, with a AAICc > 2 in regards with other models (Appendix
S10b). For the PCI1-REP axis, DD (i.e., DDL and DDX), OU, Delta
and BM models had similar statistical support (AAICc < 2) (Fig. 6B,
Appendix S10a). The same similarity among models of trait evo-
lution was observed for the capitulum diameter (CD) separately
(Appendix S10b). The ensemble of these results leads to uncertainty
regarding the best evolutionary model applicable to reproductive
traits.

Finally, we found contrasted estimates of the Pagel’s delta for
the two main axes of vegetative and reproductive traits (§ = 0.174
for PC1-VEG and § = 2.543 for PC1-REP), indicating that vegeta-
tive morphotypes diversified earlier than reproductive traits during
the evolutionary history of the Venezuelan clade of Espeletia (Fig.
7). A similar difference in Pagel’s delta was observed between sin-
gle traits contributing significantly to PC1-VEG and PC1-REP axes,
i.e., § = 0.282 for stem height (SH) and § = 1.684 for capitulum di-
ameter (CD) (Appendix S10).

DISCUSSION

In this work we used whole genome shotgun sequencing to perform
a comparative analysis of ecological and species diversification
in Espeletia, a genus that has long been acclaimed as a paradig-
matic example of adaptive radiation in paramos (Monasterio and
Sarmiento, 1991). Our analysis provides a more complete phylog-
eny of Espeletia, including novel insights into the phylogenetic
placement of several species that had remained unstudied until
now. But more importantly, our study provides a compelling ex-
ample of the ecological processes that drove the explosive plant
radiations documented in several lineages of tropical high-eleva-
tion regions (Madrifdn et al., 2013; Hughes and Atchison, 2015).

Phylogenetic signatures of ecological divergence in Espeletia

The high diversification rates that gave rise to the rich flora of para-
mos has traditionally been assigned to geographic isolation driven
by the combined action of Andean uplift and the climatic cycles
(Antonelli and Sanmartin, 2011; Flantua et al., 2019). In Espeletia,
allopatry was shown as a predominant driver of speciation for
Colombian lineages (Diazgranados and Barber, 2017; Padilla-
Gonzilez et al., 2017; Cortés et al., 2018) and that isolation-by-en-
vironment tends to mask isolation-by-distance (Cortés et al., 2018).
Our results indeed suggest that some degree of allopatry drove early
lineage split in the Venezuelan clade of Espeletia, as exampled by
some geographic disjunctions observed at deeper nodes of the phy-
logeny. Nevertheless, our results also show a strong and significant
sympatric build-up of closely related species, which tend to co-oc-
cur in the same paramo units. Even more interesting, we found that
this rate of sympatry tends to decrease over time after speciation,
which is a geographical pattern expected under a scenario of sym-
patric speciation (Pigot and Tobias, 2013). This suggests that sym-
patric speciation may have been an important mode of speciation
within the Venezuelan clade of Espeletia, although some degree of
spatial isolation within paramos may still have helped drive repro-
ductive isolation between closely related species.

Past climatic dynamics, considered as a proxy for past contraction
and expansion of high-elevation biotas, do not seem to have had a
significant effect on the diversification dynamics of the Venezuelan
clade of Espeletia, contrary to recent evidence in Chinese Primulina
Hance [Gesneriaceae] (Kong et al., 2017), or Andean Lobelioideae
[Campanulaceae] (Lagomarsino et al., 2016) and Lupinus (Nevado
et al,, 2018). Instead, diversification models show that speciation
rates in Espeletia appear time- and diversity-dependent, decreas-
ing as species accumulate towards a clade-level carrying capacity
close to the known extant number of species in this group. Indeed,
both PBX+T and DDL diversification models converged to the
same conclusion in regards with a slowdown of speciation rate
through time, a trend also recovered with the BAMM analysis. This
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agrees with Burin et al. (2019) who showed that both PBX+T and
BAMM models estimate well the slowdown in diversity dynamics
expected when speciation rate declines with time. Such a slowdown
in diversification rates could be interpreted by a saturation of the
ecological space with niche differentiation (Rabosky, 2009; Nuismer
and Harmon, 2015), but also by either a reduction of vicariance
events as species’ ranges tend to shrink (Moen and Morlon, 2014)
or by a lowering of extrinsic factors (e.g., in rate of environmen-
tal and geological changes) causing vicariance (Rundell and Price,
2009). Although Etienne et al. (2016) have shown that estimates

of clade-level carrying capacity could be biased in clades that are
young or subjected to high rates of extinction, so that results that
depend on this parameter must be interpreted with caution, the
high degree of sympatry observed here between recently diverged
species, along with additional results on trait and niche evolution
(see paragraphs below) make the existence of ecological limits as
species accumulated within paramos rather likely.

The study of trait evolution provides further insights into the
ecological drivers of speciation in the Venezuelan clade of Espeletia.
We showed that sets of vegetative or reproductive traits seem to
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have respectively diversified and converged in relation to a vari-
ety of ecological niches corresponding to environmental gradients
typically occurring within paramos. This is illustrated in this study
by the significant phylogenetic correlations between species trait
combinations and niches (i.e., climate, habitat), leading to adap-
tive syndromes for both vegetative and reproductive traits. A first
axis of adaptation seems to be associated with the ecotone between
closed vegetation (i.e., forest and subparamo) and open vegetation
(i.e., proper paramo), along which different lineages have repeat-
edly differentiated for some vegetative traits corresponding to tree

and rosette morphotypes, respectively. Species occurring in lower
elevations and closed habitats typically display a trait syndrome im-
plying taller and branched stems, and larger leaves disposed more
loosely around the apical meristem. Such correlation was also found
for single trait analyses of stem height. This trend is supported both
by the numerous adaptive values provided by these two morpho-
types in their respective habitats (Baruch and Smith, 1979; Smith,
1981; Monasterio and Sarmiento, 1991), and by the numerous tran-
sitions in herbaceaous/rosettes vs. woody growth forms associated
with open/closed habitats found in Andean taxa, e.g., Valeriana L.
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[Valerianaceae], Gentianella Moench [Gentianaceae], and Loricaria
Wedd. [Asteraceae] (Sklenar et al., 2011; Kolar et al., 2016), and
Senecio L. [Asteraceae] (Duskova et al., 2017). Another axis of ad-
aptation along environmental gradients concerned reproductive
traits, with the emergence of a trait syndrome implying larger ca-
pitula, corollas, and achenes in some lineages occurring at higher
elevations and/or in super-paramo habitats. Such correlation was
also shown for the capitulum diameter alone, independently from
other reproductive traits. As noted by Cuatrecasas (2013), high-el-
evation Espeletia plants typically develop inflorescences with fewer
but larger drooping to pendulous capitula with thickly lanate in-
volucres, greater flower number, and longer flowering period. Such
a transition in capitulum morphology very likely represents an
adaptive shift from insect to wind pollination, likely due to a lower
pollinator availability at high elevations in the Andes (Berry and
Calvo, 1989, 1994; Fagua and Gonzalez, 2007). On the other hand,
some of the reproductive trait shifts could also confer flower protec-
tion against snow or daily frosts at higher elevations (Sklenar, 1999;
Cuatrecasas, 2013).

Our study further suggests that the evolutionary trajectories
of vegetative and reproductive trait syndromes seem to have been
driven by species’ interactions within paramos. The main axis of
vegetative differentiation and the stem height alone, both associ-
ated with habitat segregation within paramos, show a clear pattern
of diversification slow-down overtime, illustrated by the choice of
Delta as the best-fitting model of trait evolution. Indeed, a § < 1
for this model suggests that vegetative morphotypes have rapidly
diversified during the radiation of Espeletia species, with a slow-
down towards the present, as would be expected under an ‘ear-
ly-burst’ evolutionary scenario (Pagel, 1999). Moreover, the next
choice models (MC, a competition model, and EB, a time-depen-
dent model), imply a diversity-dependence pattern. Indeed, match-
ing competition models such as MC explicitly account for species’
interactions in comparison to time-dependent models such as EB,
in which time can be viewed as a proxy of niche saturation (Drury
et al.,, 2016; Aristide and Morlon, 2019). All these models suggest
a slowdown of phenotypic evolution in vegetative morphotypes as
species accumulate and fill trait space (Weir and Mursleen, 2013;
Drury et al., 2018). This evolutionary dynamic provides further
support to the ecological divergence processes highlighted above
by the diversity-dependent pattern in lineage diversification and is
compatible with a scenario of divergent vegetative trait evolution
bounded by interspecific competition, as expected in adaptive radi-
ations (Rabosky, 2009; Nuismer and Harmon, 2015).

Compared with vegetative traits, both the main axis of repro-
ductive differentiation, or the capitulum diameter alone, show less
clear-cutresults, as DD, OU, Delta, and BM models had similar AICc
values (dAICc < 2). As a result, there remain some strong uncer-
tainties in the evolutionary trajectory and the ecological factors that
drove the diversification of reproductive morphology in Espeletia.

Sequential and leapfrog adaptive radiation in Espeletia

Our analyses showed that the main axes of trait variation along
which different lineages in the Venezuelan clade of Espeletia have
consistently diverged are associated with the main environmental
gradients of the paramos (i.e., macro-habitats given by PC-HAB
axes). All this supports a model of adaptive divergence proceeding
along sequential axes of habitats, in which divergence in traits cor-
relating to higher levels of resources precedes divergence of traits

correlating to lower niche levels (i.e., micro-habitats) (Gavrilets
and Losos, 2009). With the ample intra- and inter-specific evidence
confirming the adaptive value of many other traits in Espeletia, e.g.,
pubescence (Baruch and Smith, 1979; Meinzer et al., 1985), pith vol-
ume (Goldstein et al., 1984; Meinzer et al., 1985), or supercooling
(Goldstein et al., 1985; Rada et al., 1985), together with evidence of
species distribution along fine-scale environmental gradients in re-
gards with soil moisture, grain size, and ground slope (Smith, 1981;
Monasterio and Sarmiento, 1991; Pérez, 1996; see Appendix S11), it
is legitimate to posit that a large part of the dazzling morphological
diversity in the Venezuelan clade of Espeletia is also attributable to
the same divergent selective pressures that have driven the evolu-
tion of a wealth of particular traits in varied micro-environments
of the paramos.

We showed that the differentiation of vegetative and repro-
ductive traits combinations diverging among Espeletia species at
this macro-habitat scale also occurred at different periods of time.
Indeed, estimated values of Pagel’s delta demonstrate that the
evolution of vegetative morphotypes occurred earlier in the phy-
logenetic tree of Espeletia than the evolution of reproductive mor-
photypes, which is mostly concentrated in recent branches of the
tree. The difference in the tempo of evolution of vegetative and re-
productive trait syndromes is consistent with Grant’s divergence
rule for flowering plants (1949), for whom diversification of veg-
etative traits should have occurred earlier than reproductive ones
in plant clades pollinated by abiotic agents (e.g., wind or water)
and generalist biotic pollinators, which is the case in Espeletia
(Berry and Calvo, 1989, 1994; Fagua and Gonzalez 2007). Our re-
sults are also clearly in line with the idea of leapfrog adaptive ra-
diation (Chase and Palmer, 1997), stipulating that the acquisition
of particular vegetative traits should allow lineages to colonize a
new adaptive zone related to particular habitats, followed by the
acquisition of secondary reproductive traits (e.g., pollination, dis-
persal syndromes), allowing to evolve to novel biotic interactions
within these new habitats. This pattern was originally described
in the orchid subtribe Oncidiinae (Chase and Palmer, 1997) and
recently evoked in New Caledonian Oxera [Lamiaceae] (Barrabé
etal., 2019). Here, we provided a further example of such pattern,
this time in a high-elevation plant radiation.

CONCLUSIONS

Our study shows that the radiation of Espeletia in the Venezuelan
paramos depicts compelling phylogenetic signatures of ecological
divergence within these habitats. The evolutionary scenario pro-
posed here suggests that species diversify in a macro-evolutionary
adaptive landscape (sensu Simpson, 1944). This mode of pheno-
typic evolution has been proposed in some animal radiations, e.g.,
Anolis Daudin lizards of the Greater Antilles (Mahler et al., 2013),
or the African Cichlid fish (Aguilée et al., 2012; Brawand et al.,
2014; Malinsky et al., 2018). Among plants, evidence for adap-
tive radiations has emerged in American Asclepiadinae (Agrawal
et al., 2009), Hawaiian lobelioids (Givnish et al., 2009), Hawaiian
silverswords alliance (Baldwin and Wagner, 2010; Blonder et al.,
2016), as well as in other island or mountain taxa (recently re-
viewed in Nevado et al., 2019). In paramo taxa, adaptive radi-
ations have been shown in Lupinus (Drummond et al., 2012b;
Nevado et al., 2016), Calceolaria L. [Calceolariaceae] and Puya
Molina [Bromeliaceae\ (Nevado et al., 2019), and envisioned in



Colombian Espeletia (Cortés et al., 2018). As a whole, our results
suggest great levels of sympatry and diversity dependence pat-
terns in traits and lineages diversification, and highly support
phylogenetic predictions of ecological and adaptive divergence
during the radiation of Espeletia in the Venezuelan paramos. This
reinforces the idea that ecological and adaptive divergences are
prevalent in plant radiations from oceanic and sky island and
continental ecosystems (Nevado et al., 2019). Furthermore, this
study provides support to the idea that rapid diversification does
not depend on single factors but results from the combined action
of biotic and abiotic factors, making sense with previous concep-
tual (Bouchenak-Khelladi et al., 2015; Donoghue and Sanderson,
2015) and empirical studies (Lagomarsino et al., 2016; Ebersbach
et al., 2017; Condamine et al., 2018; Cortés et al., 2018). Besides,
the radiation of Espeletia seems dependent on ecological oppor-
tunities occurring at different temporal scales, which have prob-
ably been progressively filled up by species diversifying mostly
through pervasive ecological speciation, with different selection
pressures operating in a leapfrog fashion over time.

This study also opens new perspectives to fully determine adap-
tive processes leading to speciation in Espeletia from phylogenetic
data and other genomic approaches. Indeed, it could be interest-
ing to simulate phylogenetic trees with different trait evolution-
ary scenarios (e.g., assuming diversity- or time-dependency) to
check whether complex models could be spuriously retrieved as
best-fitting models (Pyron and Burbrink, 2013; Drury et al., 2016).
Moreover, it could also be interesting to perform additional ap-
proaches to model species’ interactions while incorporating the
geographical overlap between species or ancestral lineages (Drury
etal,,2016,2018; Harmon et al., 2019). This could provide a bio-geo-
graphical context to scenarios of trait evolution, and help further
assessment of the role of species’ interactions during the evolution
of this plant group. Such overlap could be estimated through species
distribution modeling, which has only been implemented so far in
28 Venezuelan Espeletia species (Mavarez et al., 2019). Furthermore,
alternative genomic approaches to phylogenetic reconstruction
(i.e., genome-wide studies) could be considered to clearly deter-
mine adaptive processes in evolutionary radiations, as it was shown
from transcriptomic or whole-genome sequencing data in plants’
(Nevado et al., 2016, 2019) and animals’ radiations (Brawand et al.,
2014; Cornetti et al., 2015; Malinsky et al., 2018). Such approaches
have remained rare so far but applied to this case would permit to
assess the correlation between the frequency of adaptive evolution
of genomes in Espeletia, the ecological space occupied by species
and the rate of lineage and trait diversification, which is expected
to be positive under a scenario of adaptive radiation (Nevado et al.,
2019).
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