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ABSTRACT  

​
Aim: Mountains harbour a disproportionate share of global biodiversity, yet the geographic 
pathways through which this diversity arises remain debated. In the Andes, diversification 
has been linked both to geographic isolation generated by complex topography and climatic 
dynamics, and to ecological divergence across steep environmental gradients. Here, we 
assess the predominant geographic modes of speciation across Andean-centred clades using 
a large-scale comparative framework, while evaluating how alternative representations of 
species distributions influence macroevolutionary inference. 

Location: Andes, South America. 

Taxon: A total of 102 Andean-centred genera of animals, plants, and fungi. 

Methods: We combined time-calibrated phylogenies with species distribution data derived 
from two alternative spatial representations: concave polygons and potential distribution 
models. For each genus, we estimated 13 summary metrics capturing range overlap, range 
asymmetry, and phylogenetic structure. We then used simulation-trained, likelihood-free 
classification approaches, including linear discriminant analysis and two approximate 
Bayesian computation methods, to assign each clade to its most probable geographic mode 
of speciation: vicariant, peripatric, parapatric, sympatric, or mixed geographic scenarios. 

Results: Across clades, overlap-associated scenarios, corresponding to parapatric or 
sympatric classifications, were inferred as predominant in 57–67% of genera, whereas 
strictly allopatric scenarios, that is, vicariant or peripatric speciation, accounted for 
23–30%, depending on the spatial representation and classification method used. Sympatric 
scenarios alone were inferred in 38–52% of genera, particularly when potential distribution 
models were used. At least one-third of clades showed congruent classifications across both 
analytical methods and spatial representations. However, several genera were sensitive to 
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how species distributions were represented, with some shifting between allopatric and 
sympatric classifications depending on the spatial input used. 

Main Conclusions: Our results suggest that Andean diversification has not followed a 
single dominant geographic pathway, but instead reflects a mosaic of spatial contexts 
involving both isolation-driven and overlap-associated scenarios. However, classifications 
as parapatric or sympatric should be interpreted as hypotheses of geographic overlap during 
lineage divergence, rather than as direct evidence of speciation with gene flow. By shifting 
from single-clade case studies to a broad multi-taxon comparative perspective, this study 
suggests that the geography of Andean speciation reflects a heterogeneous process shaped 
by multiple spatial pathways to lineage divergence, while identifying candidate clades for 
future phylogeographic, ecological, cytogenetic, and population genomic studies of 
mountain biodiversity. 

 

 

1 | Introduction 

Mountains are among the most biodiverse regions on Earth. Although they occupy less than 
one-quarter of the terrestrial surface, they harbour nearly one-third of global species 
diversity and contain many of the world’s most prominent centres of endemism (Price and 
Butt, 2000; Spehn, Rudmann-Maurer and Körner, 2012; Körner et al., 2017). This 
disproportionate concentration of biodiversity has long motivated a central question in 
biogeography and evolutionary biology: why do mountains generate and maintain so much 
species diversity? Mountain systems combine steep environmental gradients, complex 
topography, climatic heterogeneity, and dynamic geological histories. As a result, they may 
act simultaneously as biodiversity reservoirs, dispersal corridors, and geographic barriers, 
creating multiple opportunities for population isolation, ecological divergence, and lineage 
diversification (Perrigo, Hoorn and Antonelli, 2020).  

The evolutionary role of mountains has often been linked to the interaction between 
landscape complexity and speciation (Rahbek et al., 2019). Geological uplift can generate 
new habitats, alter climatic regimes, and reshape connectivity among populations, while 
elevational gradients can promote ecological differentiation over short geographic distances 
(Muellner-Riehl, 2019). These processes have been associated with rapid diversification in 
several mountain systems, including the Andes, the Himalayas, and other topographically 
complex regions (Madriñán, Cortés and Richardson, 2013; Hughes and Atchison, 2015; 
Esquerré et al., 2019; Zhao et al., 2021). However, the relative contribution of different 
geographic pathways to mountain diversification remains unresolved. In particular, it is still 
unclear whether mountain biodiversity has arisen predominantly through spatial isolation 
among populations, divergence across environmental gradients in the presence of 
geographic proximity, or a combination of both. 

The Andes provide an exceptional setting for addressing this question. Extending along 
western South America, the Andes constitute the longest continental mountain chain and 
one of the most species-rich regions on the planet (Graham, 2009). They are recognized as 
a global biodiversity hotspot, with exceptionally high levels of species richness and 
endemism across multiple taxonomic groups (Myers et al., 2000; Pérez-Escobar et al., 
2022). Their complex geological history, including substantial uplift during the last 20–30 



 

million years, has generated strong spatial heterogeneity in climate, topography, and habitat 
availability (Gregory-Wodzicki, 2000; Luebert and Muller, 2015). This environmental 
complexity is especially evident in high-elevation ecosystems such as the páramo, where 
rapid diversification has been documented in several plant lineages (Madriñán, Cortés and 
Richardson, 2013). More broadly, the Andes offer a natural laboratory for examining how 
geographic isolation, ecological gradients, and landscape dynamics interact to shape the 
origin of species. 

Speciation is commonly classified according to the geographic context in which population 
divergence occurs and the degree to which gene flow is reduced during lineage splitting 
(Coyne and Orr, 2004; Butlin, Galindo and Grahame, 2008). Under allopatric speciation, 
divergence proceeds after geographic barriers strongly restrict or prevent gene flow among 
populations. Such barriers may arise through vicariance, when formerly connected 
populations become separated, or through peripatric isolation, when small peripheral 
populations become geographically isolated from the ancestral range. In contrast, parapatric 
and sympatric speciation involve divergence under geographic adjacency or overlap, where 
some degree of gene flow may persist. In these contexts, ecological differentiation, 
divergent selection, or other isolating mechanisms are expected to play a greater role in 
counteracting the homogenizing effects of gene flow (Turelli, Barton and Coyne, 2001; 
Bolnick and Fitzpatrick, 2007). Although these categories represent simplified endpoints 
along a continuum of spatial and demographic scenarios, they provide a useful comparative 
framework for evaluating how geography contributes to the buildup of biodiversity. 

Two broad, non-mutually exclusive hypotheses have been proposed to explain Andean 
diversification. The first emphasizes geographic isolation, suggesting that asynchronous 
uplift, valley formation, riverine barriers, habitat fragmentation, and climatic oscillations 
have repeatedly subdivided populations, promoting allopatric divergence (Kattan et al., 
2004; Ramírez-Barahona and Eguiarte, 2013). The second emphasizes ecological 
opportunity and environmental heterogeneity, proposing that the rise of the Andes created 
novel habitats and steep ecological gradients that facilitated adaptation and divergence, 
potentially under parapatric or sympatric geographic settings (Bates and Zink, 1994; 
Amico, Vidal-Russell and Nickrent, 2007). These hypotheses are often discussed as 
alternatives, but the spatial complexity of the Andes suggests that multiple geographic 
modes of speciation may have operated across clades, regions, and time periods. 

Despite extensive research on Andean diversification, most studies have focused on 
individual clades or particular taxonomic groups. As a result, we still lack a broad 
comparative assessment of the geographic modes of speciation across the Andean biota. 
This gap limits our ability to evaluate whether Andean diversification is best explained by a 
dominant geographic mode or by a mosaic of spatial pathways to speciation. Here, we 
address this question using a large-scale comparative analysis of 102 Andean-centred 
genera of animals, plants, and fungi. By integrating time-calibrated phylogenies with 
species distribution data and simulation-based classification approaches, we infer the 
predominant geographic mode of speciation across clades. Given the topographic, climatic, 
and ecological heterogeneity of the Andes, we expect allopatric, parapatric, and sympatric 
scenarios to be represented, but with their relative prevalence varying among clades. More 
broadly, our study aims to clarify whether the geography of Andean speciation reflects a 
single dominant mechanism or a heterogeneous set of spatial pathways underlying 
mountain biodiversity. 



 

2 | Methods 

2.1 | Taxonomic sampling 

We compiled a candidate list of Andean-centred genera of animals, plants, and fungi using 
occurrence records available through the Global Biodiversity Information Facility (GBIF; 
https://www.gbif.org/). To identify genera represented in the Andes, we queried GBIF 
occurrence data using the following filters: occurrence status = “present”, records with 
geographic coordinates, continent = “South America”, and geographic location within the 
spatial extent of the Andean mountain system. The Andean spatial extent was defined using 
the mountain polygon available from the Global Mountain Biodiversity Assessment 
(GMBA; https://www.gmba.unibe.ch/). The resulting occurrence dataset was downloaded 
as a CSV file and processed in R. Records were retained only when they corresponded to 
accepted species-level taxa belonging to animals, plants, or fungi. 

Candidate genera were then filtered according to three main criteria: (1) availability of a 
time-calibrated phylogeny for the genus or, when appropriate, for the Andean clade within 
the genus; (2) sufficient species richness to allow inference of geographic speciation mode; 
and (3) availability of georeferenced occurrence records for the species included in the 
clade. Phylogenetic availability was evaluated using the TimeTree database 
(http://www.timetree.org/), which synthesizes published molecular timetrees from more 
than 4,000 studies (Kumar et al., 2022). For each candidate genus, we searched for 
genus-level synthetic timetrees and downloaded available trees in Newick format. Genera 
lacking phylogenetic information in TimeTree were excluded from further analyses. 
Because the calculation of several summary metrics requires resolved sister-lineage 
relationships, species involved in unresolved polytomies were excluded from the 
corresponding downstream analyses. The final set of species retained for each genus 
therefore depended on the overlap between the resolved phylogeny and the cleaned 
occurrence dataset. 

We retained genera with at least 12 species, following the minimum clade size used by 
Skeels and Cardillo (2019) for inferring geographic modes of speciation from summary 
statistics. Candidate genera represented biologically relevant Andean-centred clades, 
defined here as clades in which the majority of species in the available phylogeny occur 
within the Andes. Specifically, after cleaning occurrence data, we excluded genera 
containing fewer than 11 Andean species with at least five occurrence records each. We 
also excluded genera where Andean species represented less than 75% of species in the 
phylogeny, ensuring our analyses focused on strictly Andean-centred clades rather than 
those with marginal representation. Finally, we excluded genera with a sampling fraction 
below 25%; the total number of species per genus was calculated using accepted species 
with more than two georeferenced occurrences in GBIF. 

2.2 | Occurrence data processing 

Species occurrence records for each selected genus were downloaded from GBIF using the 
R package ‘rgbif’. Occurrence data were cleaned before spatial analyses to reduce 
taxonomic, geographic, and sampling errors. We removed duplicate records, records with 
coordinates equal to zero, and records whose taxonomic status was not “accepted”. Records 
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falling outside terrestrial areas, including marine or oceanic localities, were excluded 
through spatial inspection against land boundaries using QGIS software (https://qgis.org/). 
To reduce spatial clustering and minimize the probability of multiple records falling within 
the same environmental pixel, we applied a spatial thinning procedure that retained 
occurrence points separated by a minimum distance of 1 km using the thin_data function 
from the ‘ellipsenm’ package in R. 

The cleaned occurrence records were used to estimate species ranges using two alternative 
spatial representations: concave polygons and potential distribution models. These two 
approaches were implemented to evaluate how different assumptions about species 
distributions influence the inference of geographic speciation mode. Concave polygons 
provide a conservative approximation of occupied geographic space based directly on 
known occurrences, whereas potential distribution models estimate areas of environmental 
suitability and may therefore represent broader potential ranges. Together, these approaches 
capture different balances between omission and commission error in species range 
estimation. 

2.3 | Concave polygons 

For each species, we generated concave polygons from cleaned occurrence records using 
the R package ‘concaveman’, with the concavity parameter set to 3. This approach 
provided a spatially constrained approximation of species distributions based on known 
occurrences, reducing overestimation relative to convex hulls. Each polygon was then 
rasterized at a spatial resolution of 5 km to match the spatial format required for 
downstream analyses of range overlap and phylogenetic structure. 

2.4 | Environmental predictors 

Potential distribution models were calibrated using bioclimatic variables from WorldClim 
version 2.1 (https://www.worldclim.org/data/worldclim21.html) at 30 arc-second 
resolution. We initially considered 15 of the 19 standard bioclimatic variables, excluding 
variables BIO 8, BIO 9, BIO 18 and BIO 19 previously identified as prone to spatial 
artefacts following Escobar et al. (2014). To reduce dimensionality and collinearity among 
environmental predictors, we performed a principal component analysis (PCA) using 
environmental data for the Americas. The PCA was implemented with the prcomp function 
in the R ‘stats’ package, adapting the workflow used in the Principal Component Analysis 
function of NicheA. The first three principal components, which together explained 91% of 
the total environmental variation, were retained as predictors for potential distribution 
modelling. 

2.5 | Potential distribution models 

Potential distribution models were calibrated using Maxent (Phillips et al., 2006) through 
the R package ‘kuenm’ (Cobos et al., 2019). For each species, occurrence records were 
randomly partitioned into two equal subsets: 50% of the records were used for model 
calibration and the remaining 50% were used for model evaluation. Candidate models were 
calibrated using five combinations of feature classes: linear (L), linear-quadratic (LQ), 
linear-quadratic-product (LQP), linear-quadratic-product-threshold (LQPT), and 
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linear-quadratic-product-threshold-hinge (LQPTH) and a range of regularization multipliers 
from 0.1 to 1 in increments of 0.1 and from 2 to 5 in increments of 1. Model selection was 
performed in ‘kuenm’ using statistical significance, omission rate, and Akaike’s 
information criterion corrected for small sample size (AICc). Among statistically 
significant models with omission rates below the default threshold of 5%, the model with 
the lowest AICc was selected as the final model. When multiple models showed similar 
support (ΔAICc ≤ 2), the model with the lowest regularization multiplier was retained, and 
if several candidates shared that value, the one with the simplest feature class was selected. 
For each species, the accessible area (M) was defined as a 200-km buffer around its cleaned 
occurrence records, following the conceptual framework of Barve et al. (2011). This 
accessible area was used for both model calibration and spatial projection, thereby 
restricting predictions to regions considered biogeographically accessible to each species.  

Models were calibrated using the first three bioclimatic principal components as 
environmental predictors. After calibration, continuous suitability outputs were converted 
into binary presence–absence maps using the minimum training presence logistic threshold 
provided by Maxent. The resulting binary maps were used as an alternative representation 
of species distributions for subsequent analyses of range overlap, range asymmetry, and 
geographic speciation mode. Given that several species were represented by few occurrence 
records, this modelling strategy was intended to limit overfitting by combining 
low-dimensional environmental predictors, spatially restricted accessible areas, and a 
conservative threshold that retained all training occurrences in the final binary predictions. 
Accordingly, these models were not intended to provide definitive estimates of realized 
distributions, but rather to generate a standardized alternative representation of potentially 
suitable areas for comparative analyses.  

2.6 | Inference of geographic modes of speciation 

We inferred the predominant geographic mode of speciation for each clade by combining 
species distribution data with time-calibrated phylogenies. For each genus, analyses were 
performed independently using the two alternative spatial representations: concave 
polygons and potential distribution models. From each spatial dataset and its corresponding 
phylogeny, we calculated 13 summary metrics to characterize geographic and phylogenetic 
patterns associated with alternative modes of speciation. These metrics summarize range 
overlap, range asymmetry, and the phylogenetic distribution of spatial relationships among 
species (Table 1).  

To classify genera according to their most probable geographic mode of speciation, we used 
the simulation framework of Skeels and Cardillo (2019). Specifically, we downloaded the 
simulated summary-statistic dataset made available by those authors in the Dryad Digital 
Repository (https://dx.doi.org/10.5061/dryad.d9j09bm) and used it to train likelihood-free 
model classification approaches. Following Skeels and Cardillo (2019), we considered four 
geographic modes of speciation: vicariant, peripatric, parapatric and sympatric, in addition 
to a mixed model. In their simulation framework, the mixed model represents clades in 
which all four modes occur during diversification, implemented by assigning equal 
speciation-rate parameters (λ) to each mode. We therefore interpreted support for the mixed 
model as indicating geographically heterogeneous speciation histories within a clade, rather 
than a single predominant geographic mode. 
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We implemented three likelihood-free classification methods. First, we used linear 
discriminant analysis implemented in the R package ‘caret’ (Kuhn, 2008). Second, we used 
two approximate Bayesian computation approaches implemented in the R package ‘abc’ 
(Csilléry et al., 2012): multinomial logistic regression and neural networks. For each genus, 
these methods were applied separately to the two spatial representations to estimate the 
most probable geographic mode of speciation. Because these approaches differ in their 
statistical interpretation, we refer to their outputs collectively as classification support. We 
then compared classifications across methods and spatial representations to assess the 
robustness of inferred speciation modes to the analytical approach and species-range 
estimation. Congruence was defined as the recovery of the same geographic mode across 
all six classifications for a given genus, corresponding to the three classification methods 
applied to both spatial representations.  



 

Table 1. Summary metrics used to infer geographic modes of speciation. The 13 metrics 
proposed by Skeels and Cardillo (2019) to summarize patterns of range overlap, range asymmetry, 
and phylogenetic structure and used to classify clades according to alternative geographic modes of 
speciation. 

Metric  Abbreviation Description 

Age-range correlation ARCslope 
ARCintercept 

Slope and intercept of the regression between phylogenetic node age and 
geographic range overlap (RO) among descendant lineages (Fitzpatrick 
and Turelli 2006). 

Sister-species RO x 
divergence time 

ROintercept Intercept of the regression between RO among sister species and their 
divergence times. This metric is analogous to ARC but is calculated only 
for sister-species pairs. 

Mean sister-species RO ROmean Mean proportion of the range of the smaller-ranged sister species that 
overlaps with the range of the larger-ranged sister species. 

Sister-species sympatry 
proportions 

RO90 
RO100 

Proportion of sister-species pairs with RO ≥ .9 or RO equal to 1.00, 
respectively. 

Range asymmetry x 
divergence time 

Asymslope 
Asymintercept 

Slope and intercept of the regression between range-size asymmetry 
among sister species and their divergence times. 

Mean and standard 
deviation of the 
standardized range size 

RSmean 
RSSD 

Mean and standard deviation of standardized species range size across all 
terminal taxa in the phylogeny. Standardized range size is calculated as 
each species’ range size divided by the largest species range size in the 
clade.  

Standard deviation of the 
standardized distance 
between sister ranges 

RDSD Standard deviation of standardized geographic distances between 
sister-species ranges. Standardized range distance is calculated as the 
minimum distance between sister-species ranges divided by the 
maximum distance between any two species ranges in the clade. 

Range isolation x 
divergence time 

RDintercept Intercept of the regression between standardized geographic distance 
among sister-species ranges and their divergence times. 

Sackin’s index SI Measure of phylogenetic tree imbalance (Blum and François, 2006) 

 



 

3 | Results 

3.1 | Predominant geographic mode of speciation inferred at the genus level 

For each genus, we estimated the relative support of five alternative geographic contexts of 
speciation: vicariant, peripatric, mixed, parapatric, and sympatric scenarios. Full 
genus-level results are provided in Supporting Information. To visualize how geographic 
modes were inferred across clades, Figure 1 presents three illustrative genera, Menonvillea, 
Diglossa and Nicotiana, representing contrasting predominant geographic scenarios. For 
each genus, classification probabilities are shown under two spatial representations, 
concave polygons and potential distribution models (PDM), and three classification 
approaches, linear discriminant analysis (LDA), multinomial logistic regression (mnL), and 
neural networks (NN).  

In Menonvillea, the vicariant scenario received the strongest relative support across all 
analytical combinations (Figure 1a). Under the polygon-based representation, its 
classification probability reached 0.97 (LDA), 0.81 (mnL), and 0.79 (NN), with the latter 
two methods assigning moderate support (0.15) to the mixed geographic scenario. The 
PDM-based representation yielded similar values of 0.99 (LDA), 0.88 (mnL), and 0.76 
(NN), with mnL and NN also favouring the mixed scenario at 0.1 and 0.21, respectively. 
The consistency between concave polygon- and PDM-based representations indicates a 
robust inference of vicariant speciation for this genus.  

In Diglossa, parapatric speciation received the highest classification support as the 
predominant geographic scenario (Figure 1b). For the polygon-based representation, the 
parapatric scenario received high support, with classification probabilities of 0.93 (mnL), 
0.96 (LDA), and 0.81 (NN). The PDM-based representation likewise supported parapatric 
speciation, albeit at lower probabilities of 0.84 (mnL), 0.77 (LDA), and 0.64 (NN). Under 
the PDM representation, the sympatric scenario received secondary support, with 
classification probabilities of 0.15 (mnL), 0.22 (LDA), and 0.26 (NN), indicating some 
sensitivity to the choice of distributional representation. 

In Nicotiana, the sympatric geographic scenario consistently received the highest support 
across spatial representations and classification methods (Figure 1c). Support was 
particularly strong under the PDM representation, with classification probabilities of 0.97 
(mnL and NN) and 0.92 (LDA). The polygon-based representation likewise supported 
sympatric speciation, albeit at lower probabilities of 0.86 (mnL), 0.58 (LDA), and 0.83 
(NN). Under this representation, the mixed, parapatric, and vicariant scenarios received 
minor secondary support. This pattern indicates that Nicotiana represents a case in which 
overlap-associated scenarios are consistently favoured, though with greater uncertainty 
when distributions are represented more conservatively.  

Together, these genus-level examples illustrate the range of geographic scenarios recovered 
across Andean-centred clades and show that some inferences were robust across spatial 
representations and classification methods, whereas others were more sensitive to the input 
distribution data. The predominant geographic mode inferred for each of the 102 clades is 
summarized in the Supporting information (Table S1), with full classification probabilities 
provided in Table S2.  



 

 

Figure 1. Classification support for alternative geographic modes of speciation inferred for 
three example clades: (a) Menonvillea, (b) Diglossa, and (c) Nicotiana. For each clade, 
results are shown under two spatial representations of species distributions, concave 
polygons and potential distribution models (PDMs), and three classification approaches: 
linear discriminant analysis (LDA), multinomial logistic regression (mnL), and neural 



 

networks (NN). Bars represent relative classification support for each geographic scenario: 
vicariant, peripatric, mixed, parapatric and sympatric. 

 

3.2 | Overall patterns of inferred geographic modes 

We inferred the predominant geographic mode of speciation for 102 Andean genera using 
three likelihood-free classification methods and two alternative spatial representations of 
species distributions: concave polygons and PDMs (Figure 2). Overall, classifications 
consistent with sympatric geographic scenarios were the most frequent across clades, 
although their prevalence varied depending on the spatial input and classification method 
used. When concave polygons were used, sympatric geographic scenarios were inferred as 
predominant in 38–41% of all genera, depending on the method: 41% (NN), 39% (LDA), 
and 38% (mnL). When PDMs were used, the proportion of genera classified as 
predominantly sympatric increased to 50–52% across methods: 52% (NN) and 50% with 
both LDA and mnL. 

Strictly allopatric scenarios, including both vicariant and peripatric speciation, were 
inferred as predominant in 23–28% of genera when concave polygons were used as spatial 
input: 23% (mnL), 26% (NN), and 28% (LDA). Under PDM-based representations, 
allopatric scenarios were inferred in 29%–30% of genera across the three classification 
methods: 29% with both LDA and mnL and 30% (NN). Parapatric speciation was less 
frequently inferred than sympatric or allopatric modes. Using concave polygons, parapatric 
speciation was inferred as predominant in 19–28% of genera, depending on the 
classification method. This proportion decreased under PDMs, where parapatric speciation 
obtained the highest classification support in 8–13% of genera. In addition, some genera 
showed mixed signals, with no single geographic mode clearly favoured by the 
classification methods. These mixed classifications occurred in 5–21% of genera using 
concave polygons and in 8–13% of genera using PDMs. 

3.3 | Taxonomic variation in inferred speciation modes 

Patterns varied among major taxonomic groups. In arthropods, allopatric speciation 
(vicariant + peripatric) was the most frequently inferred mode across methods and spatial 
representations, accounting for at least 44% of genera. Under the concave polygon 
representation, allopatric scenarios were inferred in 67% of genera (NN) and 55% with both 
LDA and mnL; under the PDM representation, this proportion was 44% (NN) and 55% 
with both LDA and mnL. In chordates, sympatric speciation was generally the most 
frequently inferred mode, though this pattern was not consistent across all combinations of 
method and spatial representation. Under the concave polygon representation, parapatric 
speciation was inferred as the most frequent mode under both LDA (41%) and NN (30%), 
whereas sympatric speciation predominated under mnL (33%) and all PDM-based 
representations: 33% (LDA) and 41% with both mnL and NN.  

Among plants, results were summarized separately for angiosperms and non-flowering 
plants. In angiosperms, the sympatric scenario was consistently inferred as the predominant 
speciation mode across all methods and spatial representations. Under the concave polygon 
representation, sympatric speciation showed the highest classification support in 46% of 
genera (LDA), 44% (mnL), and 48% (NN), followed by parapatric speciation (31%, 17%, 
and 17%, respectively) and allopatric speciation (20%, 15%, and 19%, respectively). Under 



 

the PDM representation, the proportion assigned to the sympatric scenario increased to 
60% (LDA), 54% (mnL), and 58% (NN), with vicariant speciation emerging as the second 
most frequent mode (23%, 29%, and 27%, respectively).  

A comparable pattern was recovered in non-flowering plants, in which the sympatric 
scenario again predominated but at generally higher proportions. Under the concave 
polygon representation, sympatric speciation received the highest classification support in 
62% of genera (LDA), 38% (mnL), and 54% (NN), whereas under the PDM representation 
it reached 62% (LDA) and 69% with both mnL and NN. Allopatric speciation was 
consistently the second most frequent mode under the PDM representation, inferred in 31% 
of genera (LDA) and 23% under both mnL and NN (in the latter two, only vicariant 
speciation showed the highest classification support). Overall, both plant groups showed a 
shift toward higher sympatric support under the PDM representation relative to concave 
polygons, although the magnitude of this shift varied among methods.  



 

 

Figure 2. Relative frequency of inferred geographic modes of speciation across major 
taxonomic groups. Bar plots show the proportion of genera assigned to each predominant 
geographic mode of speciation for the full dataset and for major taxonomic subsets: vertebrates, 
insects, angiosperms, and non-flowering plants. Results are shown for the three model classification 
methods used to estimate classification support for each geographic mode: neural networks, linear 
discriminant analysis, and multinomial logistic regression. Within each method, bars are grouped by 
the two spatial representations used to calculate geographic summary metrics: concave polygons 
and potential distribution models (PDMs). Values below 10% are not displayed. 

 



 

3.4 | Congruence among methods and spatial representations 

Across the full dataset, 37 genera showed congruent classifications across all three model 
classification methods and both spatial representations, although this number decreases to 
14 when considering only clades with sampling fraction >50% (Table 2). Sympatric 
geographic scenarios were consistently inferred for the amphibian genus Craugastor; the 
mammal genus Akodon; the insect genus Pseudomyrmex; the dicot genera Bunchosia, 
Capsicum, Centropogon, Drymonia, Heliotropium, Inga, Lupinus, Nicotiana, Nolana, 
Psammisia, Senna, Stachys, Symplocos and Viburnum; the fern genera Adiantum, 
Asplenium, Lindsaea and Serpocaulon; and a fungal genus Sticta. Parapatric speciation was 
consistently inferred as predominant in the bird genera Diglossa, Pachyramphus, and 
Synallaxis; the insect genus Napeogenes; and the monocot genera Aristida and Bactris. 
Vicariant speciation was consistently inferred as predominant in the amphibian genera 
Gastrotheca and Rhinella; the insect genera Ithomia, Morpho, and Trigona; the dicot 
genera Fuchsia and Menonvillea; and the conifer genus Podocarpus. Finally, peripatric 
speciation was consistently inferred as predominant in the bird genus Polioptila (Table S1). 
The remaining 65 genera showed discrepancies in the predominant inferred mode, either 
among classification methods, between spatial representations, or both. 

3.5 | Sensitivity to species distribution representation 

The comparison between concave polygons and PDMs indicates that the representation of 
species distributions can strongly influence inferred speciation modes in some clades. In 
several genera, the predominant inferred mode shifted between sympatric and allopatric 
speciation depending on the type of spatial input used. This pattern was observed in 
Atlapetes, Eresia, Burmeistera, Canavalia, Chaetanthera, Cobaea, and Danaea. Other 
genera also showed differences between spatial representations, although these involved 
less pronounced shifts, such as changes between sympatric and parapatric or between 
parapatric and allopatric classifications (Table 2; Table S2). Together, these results suggest 
that inferred geographic modes of speciation are partly contingent on how species ranges 
are estimated, highlighting the importance of evaluating the sensitivity of 
macroevolutionary inferences to spatial data representation. 

 

 

 

 

 

 

 

 

 

 



 

Table 2. Distribution of genera across congruent geographic modes of speciation. For the two 
summary categories ("Congruent across all methods and spatial inputs" and "Non-congruent across 
methods and/or spatial representations"), values are given as absolute frequencies of genera, both 
for the full dataset and for the subset of genera with ≥ 50% sampling fraction. For the allopatric 
(vicariant, peripatric) and overlap-associated (parapatric, sympatric) sub-modes, values are given as 
percentages of the total number of genera in each subset 

 

Category 
Number of 

genera 
Number of genera​

 (≥ 50% sampling fraction) Main interpretation 

Congruent across all 
methods and spatial inputs 

37 14 Robust candidates 

Non-congruent across 
methods and/or spatial 
representations 

65 43 Methodologically informative 
clades 

Strictly allopatric scenarios     Isolation-associated 
divergence 

Vicariant 23% 21% 

Peripatric 3% 7% 

Overlap-associated scenarios     Candidate non-allopatric / 
secondary-contact systems 

Parapatric 15% 29% 

Sympatric  59% 43%  

 

4 | Discussion 

4.1 | Multiple geographic pathways to Andean speciation 

Our comparative analysis of 102 Andean-centred clades indicates that diversification in the 
Andes has not been dominated by a single geographic mode of speciation. Depending on 
the classification method and spatial representation used, strictly allopatric scenarios, 
including vicariance and peripatry, were inferred as predominant in 23–30% of clades, 
whereas overlap-associated scenarios, corresponding to parapatric or sympatric 
classifications, were inferred in 57–67% of clades. The remaining clades showed mixed 
signals, with no single geographic mode consistently favoured. Together, these results 
suggest that Andean diversification has proceeded through a mosaic of geographic contexts, 
involving both spatial isolation and geographic overlap among diverging lineages. 

This finding is consistent with the exceptional spatial complexity of the Andes. Mountain 
systems can simultaneously promote isolation, connectivity and ecological divergence by 
combining steep environmental gradients, complex topography, climatic heterogeneity and 
dynamic geological histories. In the Andes, asynchronous uplift, valley formation, habitat 
fragmentation and Quaternary climatic oscillations may have repeatedly isolated 
populations, favouring allopatric divergence (Kattan et al., 2004; Ramírez-Barahona and 



 

Eguiarte, 2013; Muñoz-Ortiz et al., 2015). At the same time, elevational gradients, 
ecological turnover and environmental heterogeneity have created opportunities for 
divergence among geographically adjacent or partially overlapping populations, 
particularly where divergent selection acts across steep environmental gradients (Turelli et 
al., 2001; Rundle and Nosil, 2005; Bolnick and Fitzpatrick, 2007; Nosil, 2012; 
Rodríguez-Cajarville et al., 2022). Our results therefore support a view of the Andes not as 
a system governed by a single speciation mechanism, but as a heterogeneous evolutionary 
landscape in which different clades may have diversified through different spatial 
pathways. 

According to Hernández‐Hernández et al. (2021), allopatry may be the most frequent 
geographic mode of speciation across the Tree of Life, although the authors also noted that 
"there are few groups in which sympatric speciation might be as or more common." This 
variation in the predominant mode of speciation across taxa is consistent with our results, 
and both suggest that the prevailing geographic mode of speciation may be shaped by 
lineage-specific ecological and life-history traits rather than by a general process. Our 
analysis did not recover strictly allopatric scenarios as the most frequent genus-level 
predominant speciation mode. However, this result should not be interpreted as evidence 
that allopatric speciation has been less frequent across all Andean lineages or individual 
speciation events. Several considerations must be taken into account when assessing 
speciation in the presence of gene flow, which we discuss throughout the following 
sections. 

The multi-pathway interpretation is particularly relevant because Andean diversification 
has often been framed around alternative explanations emphasizing either geographic 
isolation or ecological divergence. The geographic-isolation perspective highlights the role 
of uplift, climatic oscillations and landscape fragmentation in subdividing populations, 
whereas the ecological-divergence perspective emphasizes the creation of novel habitats 
and adaptive opportunities along elevational and climatic gradients (Bates and Zink, 1994; 
Kattan et al., 2004; Rundle and Nosil, 2005; Amico et al., 2007; Ramírez-Barahona and 
Eguiarte, 2013). Our results suggest that these explanations should not be treated as 
mutually exclusive. Instead, the same mountain system may generate repeated opportunities 
for both isolation-driven and overlap-associated divergence, depending on the spatial scale, 
taxonomic group, dispersal ability, ecological specialization and historical context of each 
clade. By showing that allopatric and overlap-associated scenarios coexist across a broad 
set of Andean-centred clades, our results shift the emphasis from identifying a single 
dominant geographic mode in the region to understanding how different spatial pathways 
are assembled across taxa, landscapes and evolutionary timescales. 

4.2 | Interpreting overlap-associated classifications with caution 

A central result of our study is the relatively high frequency of clades classified as 
predominantly sympatric or parapatric. However, these classifications require careful 
interpretation. The methods used here infer geographic modes of speciation from 
present-day species distributions and phylogenetic relationships; they do not directly 
estimate historical gene flow, reproductive isolation or the demographic conditions under 
which species originated. Consequently, classifications as “sympatric” or “parapatric” 
should be interpreted as indications that current spatial and phylogenetic patterns are 



 

consistent with overlap-associated divergence, rather than as definitive proof of speciation 
with gene flow. 

This distinction is important because sympatric speciation remains one of the most debated 
modes of species formation (Coyne and Orr, 2004; Bolnick and Fitzpatrick, 2007; Smith, 
1966). Demonstrating sympatric speciation requires evidence that sister species are 
geographically overlapping, reproductively isolated, historically unlikely to have passed 
through an allopatric phase and differentiated through mechanisms capable of overcoming 
the homogenizing effects of gene flow (Coyne and Orr, 2004). Our study can address only 
part of this evidentiary framework, namely the association between phylogenetic 
relatedness and geographic overlap. It does not evaluate reproductive isolation, historical 
demography, genomic introgression or the ecological basis of divergence. Therefore, the 
high proportion of clades classified as sympatric should be regarded as a 
hypothesis-generating result rather than as a direct estimate of the frequency of true 
sympatric speciation in the Andes. 

The same caution applies to parapatric classifications. Parapatric speciation implies 
divergence across adjacent ranges, potentially under reduced but non-zero gene flow 
(Coyne and Orr, 2004; Butlin et al., 2008). However, present-day adjacency may also result 
from secondary contact following an earlier allopatric phase, a well-recognized challenge in 
the study of speciation geography (Smadja and Butlin, 2011; Pettengill and Moeller, 2012; 
Dong et al., 2020). Although the simulation-based framework used here was designed to 
distinguish among geographic modes under scenarios that include post-speciation range 
change, no method based exclusively on current distributions can fully reconstruct the 
spatial history of divergence (Losos and Glor, 2003; Skeels and Cardillo, 2019). For this 
reason, we use the broader term “overlap-associated scenarios” to describe clades classified 
as sympatric or parapatric, while recognizing that these patterns may reflect either 
divergence with gene flow, secondary contact after allopatry or a combination of both 
across different speciation events within a clade. Accordingly, the value of these 
classifications lies not in resolving the demographic history of each clade, but in identifying 
systems in which overlap-associated divergence, secondary contact or recurrent spatial 
transitions can be explicitly tested. 

4.3 | Spatial representation as a source of macroevolutionary uncertainty 

Our results also show that inferred geographic modes of speciation can be sensitive to how 
species distributions are represented. In several genera, classifications differed between 
concave polygons and potential distribution models, and in some cases the inferred 
predominant mode shifted between allopatric and sympatric scenarios. This sensitivity 
highlights a key methodological issue for studies of speciation geography: estimates of 
range overlap, range asymmetry and range isolation are not intrinsic properties of clades, 
but depend on the spatial representation used to approximate species distributions. 

Comparative approaches to speciation geography have long relied on present-day range 
configurations to infer historical processes of lineage divergence (Lynch, 1989; Chesser and 
Zink, 1994; Barraclough and Vogler, 2000; Losos and Glor, 2003). However, the reliability 
of such inferences depends strongly on how species distributions are represented. Range 
maps, point localities, spatial polygons and species distribution models capture different 



 

dimensions of geographic distributions and differ in their susceptibility to omission and 
commission errors (Graham and Hijmans, 2006; Rondinini et al., 2006; Hurlbert and Jetz, 
2007; La Sorte and Hawkins, 2007; O’Connor et al., 2019; Hughes et al., 2021). 
Expert-based range maps have been widely used, particularly in conservation biology, but 
concerns remain regarding their objectivity, reproducibility, accuracy assessment and 
potential inclusion of unsuitable areas (Mainali et al., 2020; Aronsson et al., 2024). 

The two spatial representations used here therefore bracket different assumptions about 
species distributions. Concave polygons provide conservative approximations of occupied 
areas based directly on known occurrences, but they are sensitive to sampling gaps and may 
underestimate ranges for poorly collected species. Potential distribution models, by 
contrast, estimate areas of environmental suitability and may reduce omission error, but 
they can overestimate realized occupancy when dispersal limitation, biotic interactions, 
historical barriers, or non-climatic habitat requirements are not accounted for (Graham and 
Hijmans, 2006; Rondinini et al., 2006; Barve et al., 2011). These differences are especially 
relevant in the Andes, where sampling is spatially uneven and species ranges are shaped by 
fine-scale topography, elevational turnover and ecological specialization. 

The contrast between spatial inputs therefore provides more than a methodological caveat; 
it is itself a biogeographical result. Genera whose inferred mode changes depending on 
spatial representation may represent cases in which current knowledge of distributions is 
insufficient, occurrence records are geographically biased or potential suitable areas are not 
equivalent to realized ranges. Conversely, genera with congruent classifications across both 
spatial inputs and all classification methods provide stronger candidates for future 
evolutionary investigation. We therefore suggest that sensitivity to spatial representation 
should be treated explicitly in comparative studies of speciation geography, rather than as a 
secondary technical issue. 

4.4 | Congruent clades and testable hypotheses 

Despite methodological sensitivity in some genera, 37 clades showed congruent 
classifications across all three classification methods and both spatial representations. 
These clades are particularly valuable because their inferred geographic mode was robust to 
both analytical approach and range-estimation method. Among them, several genera were 
consistently classified under overlap-associated scenarios, including clades of amphibians, 
mammals, birds, insects, angiosperms, ferns and fungi. These lineages provide a prioritized 
set of candidates for future studies aimed at testing whether geographic overlap reflects 
divergence with gene flow, secondary contact after allopatric divergence or recurrent 
combinations of both.  

The three example clades highlighted in Figure 1 illustrate this range of outcomes. 
Menonvillea represents a robust vicariant signal, Diglossa a predominantly parapatric 
signal with secondary support for sympatry under PDMs, and Nicotiana a consistently 
overlap-associated signal that warrants further ecological, cytogenetic and genomic 
investigation. More broadly, several congruent clades already have independent evidence 
consistent with ecological differentiation, coexistence among close relatives or spatially 
complex divergence. For example, ecological divergence and coexistence among congeners 
have been discussed in genera such as Centropogon (Lagomarsino and Muchhala, 2019), 



 

Senna (Robbiati et al., 2022) and Diglossa (Mauck and Burns, 2009). Similarly, 
non-allopatric or geographically complex divergence has been suggested for lineages such 
as Heliotropium (Luebert et al., 2014) and Napeogenes (Elias et al., 2009). However, for 
many genera included in this study, the geography of speciation has not been evaluated 
explicitly. Our results therefore provide a comparative framework for identifying clades in 
which fine-scale phylogeographic, ecological and population genomic analyses would be 
especially informative. 

Such studies should focus on testing the mechanisms that cannot be resolved by the present 
comparative approach. These include the timing and direction of gene flow, the strength of 
reproductive isolation, the role of divergent ecological selection, the history of range shifts 
and the possibility of secondary contact. In particular, genomic analyses of sister species, 
combined with ecological niche comparisons and explicit demographic modelling, would 
allow researchers to distinguish among alternative histories that can produce similar 
present-day patterns of range overlap (Pinho and Hey, 2010; Smadja and Butlin, 2011; 
Seehausen et al., 2014). Thus, the most robust contribution of our comparative framework 
may be not the assignment of any individual genus to a definitive mode of speciation, but 
the prioritization of clades in which competing hypotheses about isolation, secondary 
contact and divergence with gene flow can now be tested explicitly. 

The prevalence of congruent sympatric classifications among dicotyledonous and fern 
genera is particularly intriguing because plant lineages may diversify through mechanisms 
capable of producing reproductive isolation under geographic overlap. Polyploidy is one 
such mechanism: whole-genome duplication can promote reproductive isolation, generate 
phenotypic novelty and facilitate ecological differentiation among cytotypes or closely 
related lineages (Soltis et al., 2004; Soltis et al., 2015; Van de Peer et al., 2021). Because 
polyploidy is often associated with environmentally heterogeneous, stressful or mountain 
environments, it represents a plausible hypothesis for some Andean plant clades classified 
under overlap-associated scenarios (Brochmann et al., 2004; Theodoridis et al., 2013; Rice 
et al., 2019). However, our analyses do not test polyploidy directly. Future studies 
integrating chromosome counts, genome-size estimates, cytogenomic data, ecological niche 
comparisons and elevational range analyses could assess whether polyploidy has 
contributed to overlap-associated divergence in Andean plant lineages. 

4.5 | Implications for the biogeography of mountain biodiversity 

Our findings refine the common view of mountains as engines of diversification primarily 
through geographic isolation. Although barriers, fragmentation and climatic oscillations 
remain central to Andean diversification (Kattan et al., 2004; Ramírez-Barahona and 
Eguiarte, 2013; Muñoz-Ortiz et al., 2015), the frequent recovery of overlap-associated 
classifications suggests that mountain landscapes may also promote divergence under 
geographic proximity. In topographically complex systems, geographic proximity does not 
necessarily imply ecological similarity: nearby populations may experience sharply 
contrasting climatic, elevational or habitat conditions, allowing divergent selection to 
contribute to lineage divergence even in the absence of complete spatial isolation (Turelli et 
al., 2001; Rundle and Nosil, 2005; Bolnick and Fitzpatrick, 2007; Nosil, 2012; 
Rodríguez-Cajarville et al., 2022). 



 

This perspective supports a more integrative view of mountain speciation, in which 
isolation, environmental heterogeneity and range dynamics interact across spatial and 
temporal scales (Rahbek et al., 2019; Muellner-Riehl, 2019; Perrigo et al., 2020). Under 
this view, allopatric, parapatric and sympatric classifications are best understood as 
simplified representations of a more complex geographic continuum. The relative 
importance of each geographic scenario is likely to vary across organisms with different 
dispersal capacities, habitat requirements, generation times and ecological tolerances. 
Future comparative studies could test whether overlap-associated classifications are more 
common in clades with low dispersal ability, narrow elevational ranges, specialized habitat 
requirements or strong ecological turnover across elevational gradients (Hughes and 
Atchison, 2015; Muellner-Riehl, 2019; Niu et al., 2019; Rodríguez-Cajarville et al., 2022). 

4.6 | Limitations and future directions 

Several limitations should be considered when interpreting our findings. First, present-day 
species distributions may not preserve a perfect signal of the geography of speciation. 
Range expansion, range contraction, extinction, dispersal and secondary contact can all 
alter spatial patterns after species formation (Losos and Glor, 2003). Although the 
simulation-based approach used here accounts for some degree of post-speciation range 
change (Skeels and Cardillo, 2019), historical range dynamics remain a major source of 
uncertainty. 

Second, species distributions in the Andes are affected by uneven sampling. Many Andean 
regions remain under-collected, and sampling intensity varies strongly among countries, 
elevations, habitats and taxonomic groups. This may affect both concave polygons and 
potential distribution models, although in different ways. Third, our analyses were 
conducted at the genus level, and genera may contain multiple speciation events that 
occurred under different geographic contexts. Therefore, the inferred “predominant” mode 
should not be interpreted as applying uniformly to every speciation event within a clade. 
This issue is particularly relevant for species-rich genera, where the inferred predominant 
mode may summarize heterogeneous histories across many independent divergence events 
(Losos and Glor, 2003; Skeels and Cardillo, 2019). 

Fourth, our analyses relied on available synthetic timetrees and did not propagate 
phylogenetic uncertainty across alternative tree topologies or divergence-time estimates. 
This may influence summary metrics based on sister-lineage relationships and node ages, 
particularly in poorly resolved clades (Kumar et al., 2022; Skeels and Cardillo, 2019). Fifth, 
our taxonomic sampling depends on the availability of phylogenies and occurrence data, 
which may bias the dataset toward better-studied groups. Because sampling fractions varied 
substantially among genera, inferences for poorly sampled clades should be treated with 
greater caution than those for clades with more complete phylogenetic and occurrence 
sampling. This limitation is common in large-scale comparative analyses, but it should be 
acknowledged because it may influence the apparent prevalence of particular speciation 
modes. 

An additional caveat concerns the interpretation of the mixed model. In the simulation 
framework of Skeels and Cardillo (2019), the mixed model represents clades in which all 
four geographic modes contribute to diversification. However, the original cross-validation 



 

analyses showed that this category had lower reclassification accuracy than single-mode 
models. Consequently, mixed histories may be difficult to detect and could be 
underrepresented in empirical classifications. For this reason, clades classified under a 
single predominant mode should not necessarily be interpreted as having diversified 
exclusively through that mode.  

Finally, our classification framework does not incorporate ecological traits, dispersal traits, 
reproductive systems or genomic evidence. Including these additional data types would 
allow future studies to move from geographic inference toward mechanistic explanations of 
Andean diversification. In this sense, the classifications reported here should be interpreted 
as comparative, hypothesis-generating inferences about the geographic context of 
diversification, rather than as direct reconstructions of individual speciation events. Future 
studies integrating spatially explicit demographic models, ecological niche comparisons, 
genomic data, cytogenetic information and trait-based analyses will be essential to test the 
mechanisms underlying the geographic patterns identified here. 

5 | Conclusions 

Our study provides a broad comparative assessment of speciation geography across 
Andean-centred clades and shows that Andean diversification is best understood as a 
geographically heterogeneous process. Strictly allopatric scenarios explain a substantial 
fraction of clades, but overlap-associated scenarios were inferred more frequently across 
methods and spatial representations. These results do not demonstrate that speciation with 
gene flow has predominated in the Andes, but they do indicate that many clades exhibit 
spatial and phylogenetic patterns consistent with such scenarios. 

By shifting the focus from single-clade case studies to a multi-taxon comparative 
perspective, this study highlights the Andes as an evolutionary landscape shaped by 
multiple spatial pathways to lineage divergence. The congruent clades identified here 
provide a set of candidate systems for future phylogeographic, ecological, cytogenetic, and 
population genomic research aimed at testing the mechanisms underlying mountain 
biodiversity. 
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Table S1. Predominant geographic mode of speciation inferred for each genus across 
classification methods and spatial inputs. Inferences are shown for three classification 
methods—linear discriminant analysis (LDA), neural networks (NN), and multinomial logistic 
regression (mnL)—and two spatial representations: concave polygons and potential distribution 
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models (PDMs). When no method is indicated, all three classification methods inferred the same 
geographic mode. n = number of species in the phylogeny. f = the sampling fraction, calculated as 
the ratio of species included in the phylogeny to the total number of accepted species with more 
than 2 georeferenced occurrences in GBIF.  Genera with congruent geographic modes of speciation 
are shown in bold.  

 

 

  Genus Mode Polygon Mode PDM n f 

Amphibia Allobates parapatric sympatric, parapatric (LDA) 14 0.33 

  Alsodes peripatric vicariant 14 0.88 

  Craugastor sympatric sympatric 32 0.33 

  Dendropsophus parapatric vicariant 36 0.39 

  Gastrotheca vicariant vicariant 21 0.38 

  Hyloxalus sympatric, parapatric (LDA) sympatric 16 0.47 

  Leptodactylus sympatric mixed, sympatric (LDA) 34 0.48 

  Pristimantis vicariant, sympatric (LDA) sympatric 122 0.30 

  Rhinella vicariant vicariant 22 0.31 

Aves Atlapetes sympatric vicariant 18 0.56 

  Cinclodes parapatric, sympatric (mnL) sympatric, parapatric (LDA) 14 1 

  Diglossa parapatric parapatric 18 1 

 

  Elaenia sympatric mixed 19 0.95 

  Grallaria peripatric mixed, sympatric (NN) 30 0.68 

  Myrmotherula peripatric, mixed (mnL) peripatric (LDA), vicariant 
(NN), mixed (mnL) 

23 0.96 

  Pachyramphus parapatric parapatric 17 0.94 

  Polioptila peripatric peripatric 12 0.80 

  Scytalopus mixed, peripatric (LDA) vicariant 42 0.86 

  Synallaxis parapatric parapatric 31 0.86 

  Thamnophilus parapatric mixed, vicariant (NN) 30 1 

Mammalia Akodon sympatric sympatric 29 0.83 

  Artibeus parapatric (LDA), mixed 
(NN), sympatric (mnL) 

mixed, parapatric (LDA) 16 0.73 

  Sturnira parapatric sympatric 13 0.62 

Reptilia Anolis sympatric, parapatric (LDA) sympatric 154 0.62 

  Kinosternon vicariant vicariant, sympatric (mnL) 18 0.82 



 

  Liolaemus mixed, peripatric (LDA) sympatric 117 0.54 

  Stenocercus peripatric, mixed (NN) sympatric 27 0.39 

Insecta Centris mixed, sympatric (NN) mixed 49 0.40 

  Eresia vicariant sympatric 17 0.57 

  Euglossa peripatric vicariant 62 0.64 

  Ithomia vicariant vicariant 20 0.74 

  Morpho vicariant vicariant 20 0.49 

  Napeogenes parapatric parapatric 16 1 

  Parides mixed, vicariant (NN) peripatric, mixed (NN) 20 0.63 

  Pseudomyrmex sympatric sympatric 36 0.31 

  Trigona vicariant vicariant 21 0.66 

Monocots Aristida parapatric parapatric 46 0.39 

  Bactris parapatric parapatric 25 0.32 

  Chamaedorea parapatric sympatric 47 0.47 

  Fosterella mixed, peripatric (LDA) vicariant 18 0.58 

  Geonoma parapatric sympatric 40 0.59 

  Heliconia mixed sympatric 107 0.63 

Dicots Bunchosia sympatric sympatric 31 0.47 

  Burmeistera vicariant sympatric 30 0.26 

  Caiophora peripatric parapatric 17 0.61 

  Canavalia sympatric vicariant 23 0.66 

  Capsicum sympatric sympatric 19 0.46 

  Cayaponia mixed mixed, vicariant (LDA) 16 0.25 

  Centropogon sympatric sympatric 63 0.38 

  Chaetanthera sympatric mixed, vicariant (LDA) 21 0.78 

  Cobaea sympatric vicariant 16 0.94 

  Coursetia mixed, peripatric (LDA) vicariant 23 0.66 

  Cremastosperma sympatric, parapatric (LDA) sympatric 20 0.61 

  Crotalaria parapatric, mixed (NN) sympatric, mixed (mnL) 45 0.63 

  Disterigma mixed, peripatric (LDA) vicariant 31 0.86 

  Drymonia sympatric sympatric 31 0.41 

  Eschweilera vicariant, sympatric (LDA) sympatric 50 0.51 

  Fuchsia vicariant vicariant 29 0.30 

  Glossoloma mixed, parapatric (LDA) mixed, sympatric (LDA) 18 0.64 

  Guarea sympatric vicariant, sympatric (LDA) 37 0.58 

  Hedyosmum parapatric sympatric 25 0.64 



 

  Heliotropium sympatric sympatric 30 0.43 

  Hypericum vicariant, sympatric (LDA) vicariant, sympatric (LDA) 105 0.58 

  Hypochaeris mixed, sympatric (LDA) vicariant, mixed (LDA) 16 0.36 

  Inga sympatric sympatric 74 0.28 

  Iochroma sympatric, parapatric (LDA) parapatric 12 0.57 

  Jaltomata parapatric sympatric 20 0.50 

  Lecythis sympatric, parapatric (LDA) sympatric, parapatric (LDA) 25 0.86 

  Lupinus sympatric sympatric 95 0.26 

  Lycianthes parapatric (LDA), sympatric 
(NN), mixed (mnL) 

sympatric 28 0.31 

  Macrocarpaea peripatric (LDA), parapatric 
(NN), mixed (mnL) 

vicariant, mixed (LDA) 27 0.33 

  Menonvillea vicariant vicariant 16 0.89 

  Mimosa sympatric, parapatric (LDA) sympatric 219 0.43 

  Nicotiana sympatric sympatric 36 0.71 

  Nolana sympatric sympatric 34 0.64 

  Portulaca parapatric sympatric 28 0.50 

  Pouteria sympatric sympatric, mixed (LDA) 46 0.25 

  Protium vicariant, sympatric (LDA) vicariant, sympatric (LDA) 72 0.63 

  Psammisia sympatric sympatric 13 0.25 

  Ranunculus sympatric, mixed (mnL) mixed 55 0.42 

  Senna sympatric sympatric 62 0.30 

  Siphocampylus parapatric (LDA), vicariant 
(NN), mixed (mnL) 

vicariant 48 0.32 

  Stachys sympatric sympatric 31 0.31 

  Symplocos sympatric sympatric 54 0.35 

  Valeriana vicariant vicariant, sympatric (NN) 71 0.37 

  Vasconcellea parapatric sympatric 13 0.65 

  Viburnum sympatric sympatric 61 0.56 

  Vicia peripatric, mixed (mnL) vicariant 30 0.56 

Ferns Adiantum sympatric sympatric 52 0.36 

  Ascogrammitis peripatric (LDA), mixed 
(NN), vicariant (mnL) 

vicariant 12 0.8 



 

 

  Asplenium sympatric sympatric 56 0.25 

  Danaea sympatric vicariant 19 0.37 

  Lellingeria mixed, peripatric (LDA) mixed, peripatric (LDA) 22 0.49 

  Lindsaea sympatric sympatric 38 0.76 

  Melpomene parapatric, peripatric (NN) sympatric, parapatric (LDA) 18 0.64 

  Pleopeltis sympatric, mixed (mnL) sympatric 41 0.49 

  Polystichum sympatric, mixed (mnL) sympatric 41 0.61 

  Serpocaulon sympatric sympatric 30 0.67 

Other 
Non-flowe
ring plants 

Podocarpus vicariant vicariant 21 0.42 

Selaginella mixed, sympatric (LDA) sympatric 81 0.30 

Zamia parapatric, mixed (LDA) sympatric 47 0.64 

Fungi Sticta sympatric sympatric 22 0.36 
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