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A B S T R A C T

Species are seen as the fundamental unit of biotic diversity, and thus their delimitation is crucial for defining
measures for diversity assessments and studying evolution. Differences between species have traditionally been
associated with variation in morphology. And yet, the discovery of cryptic diversity suggests that the evolution of
distinct lineages does not necessarily involve morphological differences. Here, we analyze 1,684,987 variant
sites and over 4,000 genes for more than 400 samples to show how a tropical montane plant lineage (Geonoma
undata species complex) is composed of numerous unrecognized genetic groups that are not morphologically dis-
tinct. We find that 11 to 14 clades do not correspond to the three currently recognized species. Most clades are
genetically different and geographic distance and topography are the most important factors determining this ge-
netic divergence. The genetic structure of this lineage does not match its morphological variation. Instead, this
species complex constitutes the first example of a hyper-cryptic plant radiation in tropical mountains.

1. Introduction

Understanding the characteristics of species formation is central to
our interpretation of current biodiversity patterns and future predic-
tions (De Aguiar et al., 2009; Butlin et al., 2009). Species diverge by
various processes, including geographical isolation between popula-
tions or vicariance (Grant 1981; Mayr 1942, 1970, Turelli et al., 2001),
ecological specialization (Coyne and Orr 2004; Arnold 2015; Nosil
2012), hybridization, and polyploidization (e.g., Rieseberg and Willis
2007; Shimizu 2022). Because species distributions often span wide
ecological and geographical ranges, understanding the tempo and
mode of species persistence in space and time amidst such heterogene-
ity is crucial to understanding what a species itself represents. So far,
however, our knowledge about different modes of species diversifica-

tion has been limited by the paucity of high coverage genetic informa-
tion needed to assess the boundaries between species.

Mountains are one of the most important arenas for species radia-
tions, as they impose geographical barriers that promote diversification
and create elevational gradients that lead to a high diversity of habitats
(Hughes and Atchinson 2015; Ebersbach et al., 2017). Geographical
barriers, on the one hand, can lead to dispersal limitation (Särkinen et
al., 2012) and the geographic diversification of numerous lineages (e.g.,
Cadena et al., 2012; Londoño et al., 2014; Lagomarsino et al., 2016). El-
evational gradients, in turn, open numerous opportunities for divergent
selection and local adaptation. This is the case of marginal populations
that initially occurred at the upper or lower elevation range limit of the
species, and which may adapt to new climatic conditions (Angert et al.,
2008). Importantly, the dynamism of mountains leads to fluctuations in
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both dispersal barriers and elevation zones through time (Simpson,
1974; Hooghiemstra and van der Hammen 2004). Such dynamism al-
ters the connectivity between species and populations (Flantua et al.,
2014; Sanín et al., 2022a), and therefore also the morphological and ge-
netic disparity between those groups (e.g., Jabaily and Sytsma 2013;
Vásquez et al., 2016).

Rapid and recent diversification or evolutionary radiations are an
important phenomenon in the evolution of biodiversity (Losos 2010;
Hughes et al., 2015). In montane systems, plant radiations result from
different speciation modes, including ecological adaptation (e.g.,
Hughes and Atchison 2015), progenitor-derivate speciation (e.g.,
Vargas et al., 2020), pollinator isolation (e.g., Lagomarsino et al.,
2016), and geographical isolation followed by local adaptation (e.g.,
Eaton and Ree 2013). Understanding the relative importance of each of
these speciation modes remains crucial to unravel the complexity of lin-
eage formation and species maintenance in highly biodiverse regions of
the world like the tropical Andes. However, revealing speciation modes
in a taxonomic group is complicated by the requirement of having a
large-scale sampling that encompasses the full distribution of the
group, as well as high-resolution phylogenetic data to distinguish be-
tween different populations and eventually species. Currently, only a
few montane plant groups have such genome-wide data (e.g., Costus:
Vargas et al., 2020; Lupinus: Contreras et al., 2018; Pedicularis: Eaton
and Ree 2013).

Montane plant radiations, spanning a large range of phenotypic and
ecological conditions, are mostly the result of speciation mediated by
island-like ecological opportunities following mountain uplift (Hughes
and Eastwood 2006; Hughes and Atchison 2015; Lagomarsino et al.,
2016). Little is known, however, about those montane lineages that do
not conform with morphologically innovative radiation models. Lin-
eages that are morphologically indistinguishable from each other while
showing genetic differences are known as cryptic (Bickford et al., 2007;
Struck et al., 2018) and these are important because they may represent
unique, overlooked evolutionary trajectories. Without an understand-
ing of the prevalence of such diversity our idea of biodiversity patterns
will be strongly skewed towards morphologically observable diversity,
perhaps not reflecting overall genetic and phylogenetic diversity. Thus,
research on current and future biodiversity patterns must involve the
study of cryptic groups (Bálint et al., 2011; Fišer et al., 2018). In fact,
Adams et al. (2014) warned about the potential existence of numerous
“hyper-cryptic” lineages. Hyper-cryptic groups are those in which
–based on the study of multiple, independent, nuclear genes– there is a
four-fold or higher increase in species-level diversity. The study of these
hyper-cryptic species complexes is paramount to achieve Global Biodi-
versity Assessments that approximate actual species estimates.

Cryptic diversity has been predominantly studied in animals (e.g.,
birds: Krabbe et al., 2020; mammals: Nicolas et al., 2012; reptiles:
Brown et al., 2012; arthropods: Miller et al., 2013; molluscs:
Vriejenhoeck 2009) and more recently in plants from temperate ecosys-
tems (Arctic: Grundt et al., 2006; Europe and Temperate Asia:
Theodoridis et al., 2019; North America: Jolles and Wolfe 2012;
Mastretta-Yanes et al., 2018; North America and Western Europe:
Medina et al., 2012; Boucher et al., 2021). Studies of cryptic tropical
plants are very scarce (e.g., Gale et al., 2018; Li et al., 2023; Pillon et al.,
2014) and, to our knowledge, no assessment of a cryptic plant lineage
has been carried out in the tropical mountains, except for the discovery
of a small clade of legumes restricted to dry inter-Andean valleys
(Gagnon et al., 2015).

Geonoma is one of the most species rich genera of American palms
(Arecaceae) with 68 species and 90 subspecies currently recognized
(Henderson et al., 1995; Henderson 2011). Species delimitation within
Geonoma is challenging because about one fifth of the species exhibit
great morphological variation that is not consistently related to geo-
graphical or environmental location (Henderson 2011). These species
may be considered species complexes or polymorphic species. The

Neotropical mountains are home to one such species complex, the
Geonoma undata lineage (hereafter undata complex). Henderson (2011)
recognised five species and 16 subspecies within the undata complex,
distributed from southern Mexico to central Bolivia. Geonoma origi-
nated ca. 18.5 (11.9–19.5) Ma, and the undata complex originated ca.
12.5 Ma with a crown age of about 5.3 Ma (3.8–9.2) (Roncal 2011).
Unlike other Geonoma, the undata complex occupies habitats at eleva-
tions at 800–3400 m, and previous studies inferred that this clade origi-
nated from lowland lineages through adaptation to cold environments
(Roncal et al., 2005; 2011).

The lack of genomic data and sampling at the species or subspecies
level has precluded our understanding of how much of the diversifica-
tion of the undata complex is the result of adaptation or genetic drift
due to geographical isolation. Targeted sequencing to evaluate the phy-
logenetic relationships of the whole Geonomateae tribe showed that all
species within the undata complex formed polyphyletic groups not cor-
responding to the latest taxonomic treatment (Loiseau et al., 2019).
This phylogenetic reconstruction suggested lack of genetic structure,
leading to few consistent clades each covering a large geographical re-
gion. However, a study using the same target sequencing approach, but
focused on populations of the undata complex in Colombia, identified
several genetic clusters, some of them even with sympatric distribution,
suggesting reproductive isolation and hence speciation (Sanín et al.,
2022b). Thus, the question remains as to how many genetic groups and
ultimately species make up the undata complex throughout its wide
continental distribution.

Here, we aim to understand the genetic structure of a montane lin-
eage that might well correspond to a cryptic evolutionary radiation.
Specifically, we tackle this by assessing the diversification of the undata
complex by conducting a regional analysis that encompasses most of its
distribution across the Neotropics. We do this by analysing the most ex-
tensive genomic dataset in any species complex of tropical montane
plants. This dataset consists of 419 samples from 70 different locations
(spanning a gradient of 30° of latitude and 2400 m in elevation) of the
three more widespread species within the undata complex – G. lehman-
nii, G. orbignyana and G. undata – that are all closely related and very
difficult to distinguish morphologically from one another; and an ex-
tended target sequencing approach covering 1,684,987 variant sites
across the genome for the population genetic analyses and over 4,000
genes for the phylogeny. We specifically asked: i) what is the extent of
genetic structure within the undata complex? ii) are genetic clusters
within the undata complex so broadly distributed as to be considered
part of a single extremely variable species? Or are the same clusters lo-
cally restricted? iii) What are the phylogenetic relationships between
the resulting clusters?

2. Materials and methods

2.1. The Geonoma undata complex

Geonoma is one of the richest palm genera in the Neotropics. This is
a group of mostly slender, understory palms with representatives in al-
most all forest types. The undata complex consists of high elevation
species. Based mostly on inflorescence characters, Henderson (2011)
recognized five species within the undata complex: G. undata, G. or-
bignyana, G. lehmannii, G. trigona, and G. talamancana. Using a combi-
nation of geographical distribution, stem, and leaf characters, he fur-
ther distinguished 10 subspecies of G. undata and two of each G. or-
bignyana and G. lehmannii. Studies on the ecology of the undata com-
plex are scarce, but it is known that oilbirds (Steatornis caripensis) are
important for the dispersal of these species across the Andes (Herzog
and Kessler, 1997; Cardenas et al., 2021). The pollination of this group
remains to be studied, but in other Geonoma species, Euglossine bees
and Drosophilidae flies are among the main effective pollinators (Bacon
et al., 2021).
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2.2. Taxon sampling

We sampled leaf tissue from 419 adult individuals located in ca. 70
sites across three species from the undata complex: G. undata, G. or-
bignyana, and G. lehmannii. Geonoma undata and G. orbignyana are the
most variable, abundant, and widespread species of the group, whereas
G. lehmannii occurs in small and disjunct populations from Panama to
Peru. These distributions explain why our sampling includes only eight
samples of G. lehmannii, 243 of G. undata and 168 of G. orbignyana. We
were unable to sample the locally endemic species G. trigona and G. ta-
lamancana. We aimed to cover the latitudinal and elevational gradients
of the clade, and thus sampled populations from ca. 800 m to 3,400 m
in elevation. As outgroups, we used 21 individuals from closely related
groups like G. macrostachys, and species from 14 different palm genera
(Appendix C in Supplementary Material). Overall, 98% of leaf tissues
came from field collections, and 2% were obtained from herbarium and
botanical garden collections.

2.3. Laboratory and bioinformatics protocol

The detailed protocols used for the laboratory (DNA extraction, li-
brary preparation, target capture) and bioinformatics (read trimming,
mapping and SNP calling) steps were described in previous publications
(de La Harpe et al., 2019; Loiseau et al., 2019). Below, we summarize a
few relevant points.

DNA was extracted using the standard instructions in the DNAeasy
Plant Mini Kit (Qiagen). Library preparation was done using a KAPA
LTP kit (Roche, Basel, Switzerland). Libraries were quantified with a
Qubit® Fluorometer v 2.2. For target capture de La Harpe et al. (2019)
developed a kit that targets 4,051 genes and 133 non-genic putatively
neutral regions. The pooled target capture reactions were sequenced
with an Illumina HiSeq3000 sequencer in paired-end 2 × 150 bp
mode.

Reads were trimmed using CONDETRI V2.2 (Smeds and Künstner
2011) selecting 20 as the high-quality threshold. We used BOWTIE2
v2.2.5 (Langmead and Salzberg 2012) to map reads to the G. undata
pseudo reference genome (NCBI project: PRJNA482221). Only reads
mapping at a unique location in the genome were kept for analyses.
PCR duplicates were masked using PICARD TOOLS v1.119 (https://
broadin tatute.github.io/picard). GATK v3.8 (McKenna et al., 2010)
was used to base-recalibrate and realign reads around indels. SNPs were
called for target regions and their surrounding 1,000 bp using UNI-
FIEDGENOTYPER also from GATK v3.8 to finally obtain the VCF
dataset.

2.4. Filtering of the VCF file

We filtered the VCF file to obtain a reliable dataset in which variants
occur in a significant number of individuals and are covered by a suit-
able number of reads. Sites were filtered with VCFtools v0.1.16 using
the options: no indels allowed, minimum quality score of 30, minimum
mean depth at 10 × and maximum mean depth at 100 × per site, and
a maximum of 50% missing data allowed per site. This resulted in a set
of 1,684,987 variant sites with an average depth of 32X and 13.5%
missing data. The whole data set containing 445 samples including the
outgroup samples were used for phylogenomic analyses, while a subset
of only the 422 ingroup samples of undata complex were used for down-
stream population analyses.

2.5. PCA analysis

To explore the distribution of genetic groups in our dataset we per-
formed a Principal Component Analysis (PCA) – We used PLINK 1.9be-
ta6.21 to prune variant sites in linkage disequilibrium by selecting a
window size of 50 Kb.We then used a window step size of 10 bp and we

pruned any variables that show an r2 equal or greater than 0.1 within
windows. Filtered variants were used to calculate the eigenvectors and
eigenvalues and produce a PCA.

2.6. Admixture analysis

We further assessed the population structure and ancestry across the
undata complex samples using Admixture (v.1.3) (Alexander et al.,
2009). We used the pruned output from the previous step which ex-
cluded the SNPs in linkage disequilibrium to run Admixture for a num-
ber of K clusters varying between 1 and 15. We plotted the results with
Pong (Behr et al., 2016).We used QGIS 3.4.12 (QGIS.org) to map the lo-
cations of each group.

2.7. Phylogenomic analyses

Given that the PCA and Admixture results showed that genomic
groups did not correspond to the taxonomic classification and that sev-
eral independent groups were present, we produced a phylogeny of all
samples to understand their genetic clustering. To obtain independent
and equally informative genomic regions for the phylogenomic analy-
ses, we used the following conservative approach: we split variant sites
into genomic windows of 10 kb, we used these windows to produce in-
dependent gene trees that would later be used to build a species tree us-
ing multispecies coalescent approaches (see below). Only contigs with
over 10 kb in length in the reference genome were considered. We
found variation in the number of variant sites between windows sug-
gesting that variant sites are not completely randomly distributed.
Thus, based on the distribution of the number of variant sites per win-
dow,we selected windows across all sample sequences with an interme-
diate number of variants to produce the phylogenetic trees. The reason
for this is that trees with too few variant sites (genomic regions without
markers) will overestimate the uncertainty in the relationship between
groups, in particular the relationship between terminal branches/
clades. Trees with too many variant sites will have the opposite effect.

From an initial number of 4,718 windows containing SNPs across all
samples,we obtained 2,624 windows with 200 – 750 SNPs per window.
Variant sites per window were used to produce local alignments by sub-
stituting variants sites into the refence genome sequence per samples.
This was performed using vcf2phylip.py (Available at https://
github.com/edgardomortiz/vcf2phylip). A maximum likelihood tree
was produced for each alignment, using IQ-Tree (Minh, et al., 2020).
For each tree the option MFP to search for the best suited model and the
ultrafast bootstrap option was used. Finally, the 2,624 trees were used
in ASTRAL (V. 5.7.8.) (Mirarab et al., 2014; Mirarab and Warnow
2015) to obtain the species tree and support values.

2.8. Divergence and diversity parameters

We calculated population genetic parameters including pairwise nu-
cleotide diversity (π) (Nei and Li 1979), average number of pairwise dif-
ferences (Dxy) (Nei and Li 1979) and pairwise FST (Reynolds et al.,
1983). All parameters were calculated using customised python scripts
(from Martin et al., 2019) both per genetic cluster inferred from admix-
ture analyses, as well as for geographical sampling point (populations).
Since our approach consist of targeting capture and not whole genome
sequencing, relative mean parameters (π, Dxy and FST) were calculatedfrom the average between genomic windows of 500 bp containing at
least one variant site. By excluding windows without variant sites, π
values might in general be high but this increase is proportional in all
measurements which allows the relative comparison between all clus-
ters and populations from this study.
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2.9. Environmental variation

Since the undata complex occurs along elevational gradients, we ex-
pected that the major environmental differences between populations
and clades will be related to differences in temperature. We obtained
the values for the mean annual air temperature from the CHELSA V2.1
database (Karger et al., 2017) for each sample and used them to analyze
the variance (ANOVA) in temperature between phylogenetic clades.We
did the same analysis to test for the differences in elevation between
clades.

3. Results

3.1. Genetic structure

Our Principal Component Analysis (PCA) showed that the current
taxonomical classification of our samples into the species G. lehmannii,
G. orbignyana, and G. undata is not supported by the genomic differenti-
ation between populations (Fig. 1). Therefore, to further understand
how individuals and populations cluster and relate to each other, we
used Admixture and phylogenomic analyses (see results in the follow-
ing sections).

To further understand the population structure of our undata sam-
pling we examined the outcome from the Admixture analyses. We se-
lected the number of clusters after which there are no significant
changes in the cross-validation error (Fig. S2) and loglikelihood values
(Fig. S3) (Alexander et al., 2009; Evanno et al., 2005). These corre-
spond to a number between nine and eleven clusters (K = 9–11): nine
independent clusters and two with high levels of admixture (Fig. 2a).

3.2. Phylogenomic structure

To understand the clustering patterns within these groups and the
relationships between them, we next assessed the phylogenomic re-
sults. Based on our maximum likelihood species tree (Fig. 2a),we found
14 well-supported clades in the undata complex, although the relation-
ships between some of the clades were not always well-supported. Our
phylogenetic tree has three basal and strongly supported splits: the first
split corresponds to Clade 1 that groups populations from distant geo-
graphical areas; the second split groups populations from Ecuador,
Peru, and Bolivia; while the third integrates populations from Colom-
bia, the Caribbean, Central and North America. The limit between the
last two clades occurs near the equator. These large clades are furthered
divided into smaller clades, some of which contain populations that are

Fig. 1. Population geonomics reveals lack of clustering in the current
taxonomic classification of the undata complex. Principal Component
Analysis (PCA) scatter diagrams show populations scattered in PC1 and PC2
and colored according to the current taxonomical classification.

geographically narrow, and others in which relatively distant popula-
tions group together.

The clades obtained from the phylogeny were then used to plot the
PCA again (Fig. 3a, b). We found that PC1 explained 11% of the genetic
variance. Except for one population from Colombia, PC1 separated pop-
ulations in a north–south gradient. PC2 explained a further 8% of the
variance and separated Clade 1 (C1, that combines populations from
southern Colombia, southern Ecuador, and northern Bolivia) from the
rest. PC3 and PC4 together explained 14 % of the variance and distin-
guished populations that occur in some of the extremes of the geo-
graphical boundaries of our sampling: the Darien region between
Colombia and Panama, Tapantí National Park in Costa Rica, La Paz
province in northern Bolivia, and the Sierra Nevada de Santa Marta in
Colombia (Fig. 4a).

Detailed descriptions of the geographic distribution and populations
that integrate each of the 14 clades can be found in the supplementary
material. Below, we provide details of the two most distinctive clades.

Clade 1 includes populations in three geographically remote high el-
evation sites, including specimens morphologically identified as both G.
orbigyana and G. undata. The most divergent population is from north-
ern Bolivia, sister to populations from southern Ecuador and southern
Colombia. We confirmed the robustness of this clade by calculating
pairwise Dxy and FST for the populations that compose Clade 1 and thosepopulations that occur nearby but that clustered in different clades as
this one. Both parameters supported the integrity of Clade 1 by showing
less or similar genetic distance between populations within the clade
than with populations from other geographically close populations
(Fig. S5).

Clade 5 comprises a rheophytic population from southern Ecuador,
corresponding to G. undata subspecies pulcherrima of Henderson
(2011). In the Admixture analyses, this population is not separated
from Clade 4, whereas in the phylogenetic analysis, Clade 5 is resolved
as sister to Clades 1–4. The relationships of this rheophytic population
are thus unclear.

In short, our phylogeny and population genetics results demon-
strated that the undata complex is composed of several genetically inde-
pendent groups that can occur in close geographical proximity to each
other. Three major clusters were strongly supported, one with a dis-
junct distribution and another two encompassing a north–south gradi-
ent. These clusters were further divided into smaller clades occupying
relatively small geographical areas or spread along elevation gradients,
as described in the following section.

3.3. Divergence and diversity parameters

The parameters Dxy, FST and π confirmed the results obtained previ-
ously with the Admixture analysis and later confirmed with the phy-
logeny. While FST values showed that the populations within each cladeare highly heterogeneous in terms of heterozygosity, Dxy showed i) thatthe biggest differences occur between Clade 1 and all the rest, followed
by the differences between southern clades and northern clades. And ii)
that northern clades are more divergent between them than those in the
south (Fig. S4). The genetic diversity (π) values mirrored the genetic
distance patterns by showing that clades spread over large geographical
distances (like clades 1, 6 and 13) have the highest diversity whereas
clades where individuals belong to a few nearby populations have the
lowest genetic diversity. The extreme case of low genetic diversity is
clade 7 in the southern Mexico where all individuals come from the
same population (Table S1).

We also calculated Dxy and FST to test for the robustness of Clades 1,
8 and 14. We calculated these parameters for i) the populations that
compose Clade 1 and populations in Clades 3, 4 and 12 which occur in
sites nearby Clade 1; ii) populations in Clades 14 and 8 which also have
some range overlap. Both parameters supported the integrity of Clade 1
(Fig. S5), Clade 8 and Clade 14 (Fig. S6) by showing that the divergence
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Fig. 2. Phylogenomic and population structure analysis show that the undata complex consists of 11 to 14 genetic lineages with various levels of admix-
ture and distinct geographical and elevational distributions. (a) Left: Simplified phylogeny including only two samples per population, tip-branches and their
background are colored according to their current taxonomic classification, branches with<0.8 support are indicated with gray dot-hexagons (see full tree and sup-
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Fig. 2.—continued
port values in Supplementary Material (Appendix B)). Right: Admixture results showing the resultant genetic groups. Notice that although nine groups (correspond-
ing to nine different colors) were supported by the cross-validation and loglikelihood values (Fig. S2, S3 in Supplementary Material), these are numbered G1–G11
because we differentiated two groups (G7, G9) that had a high level of admixture. (b) Maps for the distribution of the clades and corresponding genetic groups.
Mountain and temperature icons show the elevation and temperature ranges occupied by each clade. See Appendix C to check the precise elevation of each clade.
◀

Fig. 3. Populations clustering according to the major clades determined in the phylogenetic analyses. (a) Populations scattered in PC1–PC2 and in (b)
PC3–PC4. Some of the clades share their color accordingly with the genetic group they belonged to in the Admixture analysis (see Fig. 2). Most of the variation along
the four axes (shown in parentheses) is explained by the geographical location of each cluster (see details in the text).

between the populations that comprise each clade is smaller than with
other geographically closer populations. For instance, Dxy and FST be-tween populations 1–3 of clade 1 is lower (or in some cases very simi-
lar) than between populations 1–3 of clade 1 and populations 1–4 of
clade 3 (Fig. S5). The same is shown for the populations in clades 4 and
12 that occur nearby populations of clade 1.

3.4. Environmental variation

Some of the genetic groups identified by our previous analysis of the
undata complex occupied habitats with contrasting temperatures due to
their non-overlapping distribution (isolation) along elevational gradi-
ents. The analysis of variance showed that there are significant differ-
ences in the elevation (R2 = 0.5757; F = 39.45; p-value < 0.005) and
temperature (R2 = 0.6014; F = 43.87; p-value < 0.005) values of the
sites occupied by the different clades. While some clades occur in pre-
montane habitats (hereafter premontane habitats refer to < 1500
masl), others mostly occur in the cooler highlands (hereafter highlands
refer to greater than 1500 masl) (Fig. 2b).

4. Discussion

Here, we demonstrate that the palms of the undata complex corre-
spond to a model of hyper-cryptic speciation and that, as a result, about
a dozen of species might exist instead of the three species currently rec-
ognized and studied here. In other words, the morphological and geo-
graphical arguments currently used to delimit species in this complex
and probably others in the genus (Henderson 2011) require a complete
re-evaluation. In the following sections, we discuss the implications of
our results and highlight future research avenues that will contribute to
resolve species delimitation in these and other hyper-cryptic mountain
lineages.

4.1. Genetic structure within the undata complex

Our population analyses revealed strong population structure be-
tween different populations, even among those in the same mountain
range. A combination of topography, dispersal limitation, and environ-

mental conditions appear to drive the divergence between members of
the undata complex.

In contrast to iconic examples of Andean plant radiations, like Lupi-
nus (Hughes and Atchinson, 2015) and bellflowers (Lagomarsino et al.,
2016) where species diversification is characterised by multiple
changes in growth form, habitat preferences, and pollination syn-
dromes, the diversification of the undata complex has been much more
veiled. The three species included by us are traditionally differentiated
only by two subtle traits: the shape and texture of the inflorescences
first-bract. Our findings thus suggest that the undata complex matches
the definition of a hyper-cryptic species complex in which, due to ge-
netic differences, there is a four-fold or higher increase in species num-
ber that is largely not evident morphologically (Adams et al., 2014). It
is noteworthy that there is quite a lot of morphological variation in the
undata complex, particularly regarding size variation, that does not cor-
relate to the genetic structure. This means that unlike the traditional
lack of variation between cryptic species, the undata species have rather
a chaotic pattern of variation. However, two clades (Clades 2 and 5)
seem to derive phylogenetically from a progenitor-derivate pattern of
speciation (Crawford 2010). Individuals in these clades occupy some of
the lowest elevations recorded in our sampling and their morphology is
the most distinctive of all clades. Still, neither Admixture, Dxy, FST, or π
supported a strong divergence or reduced diversity of Clades 2 and 5 in
relation to their sister clades (Fig. S4 and Table S1 in Supplementary
Material, Appendix A). Therefore, the hypothesis that phenotypic dif-
ferentiation of these clades confers them evolutionary distinctiveness
remains to be tested.

4.2. Morphological and habitat variation

Our results show that the morphological traits used by Henderson
(2011) are probably not phylogenetically and taxonomically informa-
tive, and that a novel taxonomic classification is needed. Still, some of
the clades that we identified appear to correspond to subspecies previ-
ously recognized. For example, the distribution of Clade 5 corresponds
to G. undata subsp. pulcherrima and Clade 9 to G. undata subsp.
stenothyrsa, showing that these clades are morphologically distinctive
(See Clade 5 pictures in Fig. 4d).
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Fig. 4. a) Geographical distribution of the undata complex populations sampled in this study. Location and names of specific places and topographical features men-
tioned in the text are indicated. Dotted-red areas indicate the whole distribution of the undata complex based on botanical records (Henderson, 2011). Although
there is phenotypic convergence and differences among some of the clades, our results showed that these differences might not necessarily confer evolutionary dis-
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Fig. 4.—continued
tinctiveness. b) Morphological convergence of populations from high elevations but located in distant places. c) Differentiation in leaf division and inflorescence
thickness that can be typically observed in nearby populations of the undata complex. d) Distinct morphology of a rheophythic population from the eastern Ecuado-
rian premontane forests. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
◀

Our phylogenomic results showed that geographically close popula-
tions occurring at different elevations are often genetically isolated.
This elevational isolation likely affects the adaptation of the species in
the undata complex to the environment, which might manifest in some
contrasting morphologies. For example,we found that the distinct high-
elevation plants corresponding to the morphotype weberbaueri of G. un-
data subsp. undata (Henderson 2011) occur at distant geographic sites
and fall into distinct genetic clades. Thus, weberbaueri-type plants from
the Sierra Nevada de Santa Marta in northern Colombia were recovered
in Clade 6, those from southern Colombia in Clade 1, and those from
northern Bolivia in Clade 1 (Fig. 4b). As already suggested by
Henderson (2011), this suggests convergent morphological evolution
between populations as the result of adaptive selection.

Nevertheless, the limited morphological variation in the undata
complex is not consistent across topographic or environmental gradi-
ents. Thus, while there are cases like the example above in which there
seems to be convergence of high elevation populations or those in
which a specific morphotype can be expected under certain environ-
mental conditions (e.g., Clade 5: rheophytes with tall and stout stems,
and leaves with numerous narrow pinnae, Fig. 4d), there are other
cases in which populations exhibit little morphological variation
—relative to their sister groups— other than in the size of different or-
gans (e.g., Clade 2, a premontane population with plant size, leaf, and
inflorescence division above the average within the undata complex).
Also, the variation along the elevational gradient was not consistent.
We found nearby clades at different elevations that were sometimes
grouped in the same cluster, e.g., a premontane (Clade 2) with a high
elevation (Clade 3) clade; or placed in different ones, e.g., Clades 8 and
14.More studies will be needed to assess whether morphological differ-
ences actually relate to species boundaries, and how the genetic differ-
entiation relates to environmental factors.

4.3. Phylogenetic relationships between clades

In the phylogeny, the most divergent clade (Clade 1) has a peculiar
distribution (with disjunct populations in Colombia, Ecuador, and Bo-
livia) and is sister to all other clades. Although we cannot exclude the
possibility that further unsampled populations of this clade occur in be-
tween our records, the fact that numerous populations assigned to other
clades exist at geographically intermediate locations support the notion
that this is a genetically distinct, but geographically disjunct clade. The
distribution of Clade 1 is peculiar because, as detailed below, the rest of
the clades are consistently separated in northern and southern groups.
Future research that includes more populations and perhaps a whole
genome sequencing approach would help to elucidate the origin of the
relationship between these distant populations.

Regarding the remaining clades, the primary geographical division
is between a northern and southern group. This boundary coincides
with the Huancabamba biogeographical zone located between southern
Ecuador and northern Peru (ca. latitude 5° S) (Fig. 4a). Several studies
suggest that the distinct climatic conditions in this area, characterized
by extreme precipitation gradients, strong winds, and an atypically low
treeline elevation, act as a dispersal barrier for montane plants
(Simpson 1975; Ayers 1999; Cosacov et al., 2009; Jabaily and Sytsma
2013; Vargas et al., 2017, Contreras et al., 2018) and animals
(Bonaccorso 2009; Chaves and Smith 2011; Gutiérrez-Pinto et al.,
2012). However, it has also been demonstrated that the area offers a di-
versity of habitats that contribute to the diversification of several plant
groups (Weigend 2002). We found clades to the north (Clades 6–14)
and south of the Huancabamba zone (Clades 2–3) as well as clades that

overlap its range (Clades 4–5). Our findings suggest that the diversifica-
tion of the undata complex has been significantly influenced by the
Huancabamba biogeographical zone, which probably acted both as a
dispersal barrier and as an arena for species divergence.

Further subdivisions resulted in the recognition of several major ge-
netic clusters largely found in geographically distinct regions, and often
corresponding to separate mountain regions. These groups thus corre-
spond to geographically isolated populations in distinct mountain
ranges, suggesting a role of geographical (allopatric) speciation. In the
Colombian Andes, the genetic structure is more complex. Here, three
parallel mountain ranges are inhabited by six clades. There is evidence
that the clades found in Colombia have some degree of evolutionary in-
dependence even if they are geographically close, which is likely the re-
sult of reduced gene flow caused by the dissected topographical condi-
tions of the Andean mountains (Sanín et al., 2022b). In Colombia, two
taxonomically recognized groups turned into four genetically indepen-
dent groups, a pattern that was to some extent echoed at the continental
scale in this study. Despite there is evidence that some of the genetically
independent groups in the Western and Central Cordilleras of Colombia
are sympatric (Sanín et al., 2022b), further research shall reveal
whether populations are in syntopy. Our results provide a wider under-
standing of the taxonomic versus genetic variation of this and other
species complex with similar variation in the Neotropics.

The fact that some of the undata clades occur sympatrically in some
of the distribution areas implies that the diversification of the group is
not only the result of pure random drift caused by geographical isola-
tion. Previous studies with other species complexes within Geonoma
have found evidence of reproductive differences between sympatric
species (Listabarth 1993; Knudsen 1999; Borchsenius et al., 2016).
Thus, future studies will need to assess whether reproductive or any
other differences exist but also evaluate the environmental and biotic
pressures that might drive those differences to ultimately understand
the evolution of sympatric clades within the undata complex.

4.4. Pervasiveness of hyper-cryptic radiations

Given the similarity in variation patterns between G. undata and
several other palm species complexes in Geonoma (e.g., G.macrostachys,
Bacon et al., 2021) and other genera (e.g., Aiphanes, Sanín et al.,
2022c), it seems likely that a similar diversification pattern exists in
those other groups even when they are predominantly from the low-
lands. However, mechanisms for range fragmentation could be differ-
ent for them, linked e.g., to Pleistocene forest-cover dynamics, chang-
ing riverbeds or others. This makes the hyper-cryptic radiation ob-
served in G. undata a relevant pattern to understand plant diversifica-
tion in the Neotropics and likely in many other regions. If hyper-cryptic
radiations are so widespread then in addition to the taxonomy, the cri-
teria used for the conservation status of many of these species might
also need a re-evaluation.

4.5. Future directions for species delimitation

We propose that the undata complex consists of several clades that
are genetically so distinct even in close geographical proximity to other
clades (e.g., Clades 9 to 13) that they are likely independent. However,
there is also evidence of gene flow between some of the clades, suggest-
ing that species boundaries are not yet fully formed.We suggest that the
resulting clades likely correspond to roughly one dozen biological
species. Considering that our sampling did not include some geographi-
cally highly restricted and morphologically distinct populations recog-
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nized as subspecies by Henderson (2011), the actual number of species
in the undata complex may even be higher. As highlighted in section 4.4
several other groups in the Neotropics share the pattern of variation of
the undata complex which compels us to find new ways to resolve the
taxonomy of cryptic species.

Singhal et al. (2018) in their framework to resolving cryptic species
provided four steps to diagnose species boundaries across cryptic lin-
eages: 1) statistical species delimitation, 2) post hoc discovery of phe-
notypic differences between clades, 3) indirect or direct estimates of
evolutionary isolation between clades, and 4) calibration-based ap-
proaches. The present study contributes to step 1 and can be consid-
ered as the first step to determine which lineages are unique at the
regional scale. To tackle step 2, future studies will have to assess
morphological or other phenotypic (e.g., physiological) characters
that might relate to species distinctiveness. Step 3 will require future
research of genetic structure and reproductive biology across differ-
ent elevational or climatic gradients. Finally, calibration approaches
(step 4) combine information on genetics, morphology, and reproduc-
tive isolation directly from contact zones to delimit species bound-
aries. The latter is an appealing approach that will, however, require
the compilation of considerable information and which could consti-
tute a long-term objective in the study of hyper-cryptic lineages.

5. Conclusions

Our study shows the undata complex is an example of an active hy-
per-cryptic radiation. Current morphological classification of the un-
data complex was not supported by the genetic groups identified here.
Instead of three species, the samples studied here might better corre-
spond to about dozen species. Our results support a strong population
structure with little gene flow between most of the genetic clusters. We
found a combination of early divergent clades that might preserve the
ancestral genetic background and other genetic groups that likely rep-
resent well-defined species. A few groups showed evidence of gene flow
which might later lead to further species differentiation or to the unifi-
cation of current incipient species. We propose that topographical fea-
tures, dispersal limitation, and environmental changes along eleva-
tional gradients are the main factors driving the diversification of the
undata species complex. Since several species complexes in the
Neotropics show a similar variation-pattern to that found in G. undata,
we suggest that hyper-cryptic radiations might constitute a common
feature of Neotropical plant diversification. This would in turn impact
the Global Biodiversity Assessments by significantly increasing the esti-
mations of tropical biodiversity.

6. Data accessibility

Sequences for 162 samples used in this study were publicly avail-
able on NCBI (NCBI bioprojects PRJNA482221, PRJNA541164, PRJ-
NA707300 and PRJNA689999 from de La Harpe et al., 2019; Loiseau et
al., 2019; Sanín et al., 2022b; and Sanín et al., 2022c). Sequences for
the other 278 samples are available under XXX (These data are cur-
rently being uploaded and the project numbers and corresponding links
to NCBI will be added when we receive the manuscript proofs).
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