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Abstract 

The regions of the Andes and Caribbean-Mesoamerica are both hypothesized to be the cradle for 

many Neotropical lineages, but few studies have fully investigated the dynamics and interactions 

between Neotropical bioregions. The New World hawkmoth genus Xylophanes is the most 

taxonomically diverse genus in the Sphingidae, and the highest endemism and richness in the 
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Andes and Caribbean-Mesoamerica. We integrated phylogenomic and DNA barcode data and 

generated the first time-calibrated tree for this genus, covering 93.8% of the species diversity. 

We used event-based likelihood ancestral area estimation and biogeographical stochastic 

mapping to examine the speciation and dispersal dynamics of Xylophanes across bioregions. We 

also used trait-dependent diversification models to compare speciation and extinction rates of 

lineages associated with different bioregions. Our results indicate that Xylophanes originated in 

Caribbean-Mesoamerica in the late Miocene, and immediately diverged into five major clades. 

The current species diversity and distribution of Xylophanes can be explained by two 

consecutive phases. In the first phase, the highest Xylophanes speciation and emigration rates 

occurred in the Caribbean-Mesoamerica, and the highest immigration rates occurred in the 

Andes, whereas in the second phase the highest immigration rates were found in Amazonia, and 

the Andes had the highest speciation and emigration rates.  

Keywords: Biogeography, DNA barcode, Neotropical, phylogenomic, Sphingidae  

 

1. Introduction 

The Neotropics is one of the most species-rich regions on Earth [1]. Biodiversity studies in the 

Neotropics have hypothesized both the Andes and Caribbean-Mesoamerica as cradle(s) for 

Neotropical lineages, but only a few studies have investigated the dynamics and interactions 

between bioregions [1,2]. The uplift of the Andes was a major event in the geological history of 

South America, providing barriers and opportunities for allopatric speciation and new ecological 

conditions for adaption and ecological speciation of animals (e.g. [2–4]) and flora (e.g. [5,6]). 

The Caribbean-Mesoamerican region has over 700 islands and a land bridge connecting two 

major continents [7]. Studies have identified this region as important for in situ speciation (e.g. 

[8,9]) with lineages originating in Caribbean-Mesoamerica and dispersing to South America (e.g. 

[7,10–12]). There are five biogeographic processes that describe Neotropical biodiversity: cradle 

(high speciation rate), museum (low extinction rate), time-for-speciation (early colonization), 

sink (as ‘species-attractor’, high immigration rate) [13], and source (high emigration rate) [1]. 

These processes play different but not necessarily mutually exclusive roles in shaping current 

biodiversity patterns.  

With more than 120 described species, Xylophanes is the most species rich genus of 

hawkmoths [14,15]. The taxonomy has been carefully revised with the combination of 



morphology and DNA barcode data (e.g. [16,17]). These moths are pollinators and strong fliers 

and thought to have high dispersal ability [18]. Xylophanes belongs to the mostly Old World 

subtribe Choerocampina [19,20], suggesting that Xylophanes may have dispersed to the New 

World via a jump dispersal event [19], or that the Choerocampina was already widely distributed 

globally prior to the origin of Xylophanes and the majority of the New World representatives 

then went extinct during the Neogene cooling [21].  

Xylophanes is an ideal candidate to study dynamics and interactions between Neotropical 

bioregions because of the extraordinarily high species-level diversity for a hawkmoth lineage, 

the wide distribution of the genus covering all Neotropical bioregions, the relatively restricted 

geographical ranges of some individual species, and the excellent availability of DNA barcodes. 

We integrated phylogenomic and DNA barcode data to generate the first time-calibrated tree for 

Xylophanes, covering 93.8% of the species diversity. We used trait-dependent diversification 

models to compare speciation and extinction rates of lineages associated with different 

bioregions. We also used event-based likelihood ancestral area estimation, and biogeographical 

stochastic mapping to examine the speciation and dispersal dynamics among bioregions to 

provide insights into the evolutionary mechanisms underlying the diversification of Xylophanes 

in the Neotropics.  

 

2. Materials and methods 

(a) Taxon sampling 

In the present study, 150 taxa were selected for phylogenetic analysis, including (i) 136 

operational taxonomic units (OTUs), comprising both described species and subspecies, and the 

Barcode Index Numbers [22] that we consider as representing currently unrecognized 

(sub)species of Xylophanes; and (ii) 14 non-Xylophanes outgroups (Appendix S1). Anchored 

Hybrid Enrichment (AHE) data were newly generated for 57 taxa (53 ingroup and four outgroup) 

using the BOM1 Agilent Custom SureSelect probe set [23]. Cytochrome c oxidase subunit I 

(CO1) barcode data of all ingroup taxa were added to our phylogeny, including 28 sequences 

generated here and 109 generated as part of a global DNA barcoding campaign for Sphingidae 

(Appendix S1); all DNA barcodes are publicly available from BOLD dataset DS-XYLOPHY1 

(DOI:XXXX). Specimens were identified by co-authors AYK, IJK, JH, and, RR using 

morphology and CO1 barcodes. Ingroups sampled represent 136 of the 145 known Xylophanes 



OTUs and 93.8% of species diversity. Details of the sampled taxa can be found in Appendices 

S1, S2. 

 

(b) DNA extraction and the BOM1 anchored hybrid enrichment probe set 

DNA extractions for 63 taxa were conducted for the present study. These extractions were used 

for AHE sequencing, following the methods outlined in [23], and targeting 571 loci across 

Bombycoidea, including the CO1 barcode. AHE, library preparation, hybrid enrichment, and 

sequencing were carried out at RAPiD Genomics (Gainesville, FL, U.S.A.). CO1 barcodes of 

seven samples were amplified by PCR using the LCO/HCO universal insect primers [24] and 

NEB Long Taq DNA polymerase (New England BioLabs, Ipswich, Suffolk, UK) at the McGuire 

Center for Lepidoptera and Biodiversity, Florida Museum of Natural History (MGCL) 

(Appendix S1), and sequenced at Eurofins Genomics (Louisville, KY, U.S.A.). All DNA extracts 

are stored at −80∘C in the molecular collection of the MGCL, in Gainesville, FL, U.S.A.  

 

(c) Data set preparation 

For BOM1 ‘probe’ regions with phylogenomic data (68 species: 10 transcriptomes, and 58 AHE 

sequences), we followed the assembly steps outlined in [25]. Raw reads were assembled with 

Trim Galore! v.0.4.0 (bioinformatics.babraham.ac.uk). Orthology was determined using the 

Bombyx mori genome [26] as reference using with NCBI blastn [27]. Cross-contamination 

checks were conducted with USEARCH [28]. Cleaned sequences were aligned in MAFFT v. 

7.245 [29], and isoform consensus sequences were generated using FASconCAT-G 1.02 [30]. 

We used a long branch detection protocol to investigate possible non-orthologous sequences 

followed [31] (details see Appendix S2). Individual locus information was summarized using 

AMAS [32] and loci with < 60% taxon coverage (41 taxa) were excluded. In total, 482 loci were 

assembled across 68 taxa.  

New DNA barcode sequences were either captured with the AHE probe set (in 21 taxa), or 

Sanger sequenced (in 7 taxa); their identification was verified using BOLD Identification Engine 

to rule out contamination issues or misidentification. All these DNA barcode sequences were 

checked for 5’ to 3’ direction, then aligned in MAFFT v. 7.245 [29] together with the 109 

sequences downloaded from BOLD. All nucleotide sequences were then manually examined in 

AliView [33] to ensure correct reading frame and corresponding amino acid alignments. Cleaned 



MSAs of each locus were concatenated using Phyx v. 1.1 [34] to generate a matrix with 150 taxa 

and 483 loci (122,100 aligned nucleotides).  

 

(d) Phylogenetic analysis 

Phylogenetic analyses using an ML approach with 60 separate heuristic searches were carried 

out in IQ-TREE v. 2.1.2 [35]. The matrix was partitioned by locus, and the best partitioning 

scheme determined by allowing merging of partitions (‘-MFP+MERGE’ command) and utilizing 

the Bayesian Information Criterion (BIC). Details on parameter settings see Appendix S2. Node 

supports were computed via 1000 ultrafast bootstrap (‘-B 1000’ command) replicates [36,37], 

and SH-aLRT (‘-alrt 1000’ command) [38]. We refer to support as “strong” if SH-aLRT ≥ 80 

and UFBoot ≥ 95, and “moderate” if SH-aLRT ≥ 80 or UFBoot ≥ 95, following [36].  

 

(e) Divergence Time Estimation 

Divergence time estimation was implemented in a Bayesian framework using BEAST v1.10.4 

[39]. We used SortaDate [40] to reduce the nucleotide alignment to a computationally tractable 

matrix (50 loci), and used PartitionFinder2 [41] to partition the reduced matrix (details see 

Appendix S2). The reduced concatenated data matrix was imported into BEAUTi (BEAST 

package). Substitution models were unlinked among partitions, and clock and tree models were 

linked. We applied both an uncorrelated relaxed molecular clock model [42] and an exponential 

prior. We also tested two different tree priors, Yule (pure birth) and birth-death for each partition 

schemes. We used a fixed cladogram based on the best topology selected from the previous IQ-

TREE analyses. Nine nodes were constrained with uniform distributions based on the 95% 

confidence interval (CI) given in [43]. Details on calibration nodes selected is provided in 

Appendix S3.  

Three independent runs of each clock scheme and tree prior combination were run to check 

for convergence. The subsampled trees were used to summarize the maximum clade credibility 

tree by TreeAnnotator [44], with median heights as node heights. In order to identify the best tree 

prior and clock scheme combination, path sampling and stepping stone sampling [45–47] were 

performed as part of all BEAST analyses. Details on parameter settings see Appendix S2.  

 

(f) Ancestral area estimation  



Distribution areas for each Xylophanes species (see Appendix S1) for the BioGeoBEARS 

analyses were assessed by IJK and RR (see Appendix S2). We recognize six bioregions that best 

account for the distribution of the species within the genus: (A) North America, (B) Caribbean-

Mesoamerica, (C) Amazonia, (D) Dry diagonal, (E) Andes, and (F) Atlantic Forest (Figure 1a), 

which largely follows widely accepted scheme of [48].  

We performed an event-based likelihood ancestral area estimation using BioGeoBEARS 

[49]. Three models were used: (1) DEC (Dispersal Extinction Cladogenesis; [50]); (2) 

DIVALIKE (a likelihood-based implementation of dispersal vicariance analysis, originally 

parsimony based; [51]); and (3) BAYAREALIKE (a likelihood implementation of BayArea, 

originally Bayesian; [52]). All models were also evaluated under a constrained analysis (M1), in 

which we considered palaeogeographical events that occurred in the past 11 Myr over two time 

slices (11 – 7 Ma and 7 Ma to present; formation of the Panama Isthmus, Acre system, and the 

orogeny of Andes) and geographical distance variation (Table 1B, Figure 2), for a total of six 

scenarios. The Akaike Information Criterion (AIC, [53]) and the corrected Akaike Information 

Criterion (AICc, [54]) were calculated. The chronogram from BEAST was used for this analysis 

after exclusion of outgroup taxa and of two Xylophanes OTUs lacking distribution data (X. 

hannemanni sp1 and X. hannemanni sp2, Appendix S1), thus leaving 134 ingroup taxa.  

 

(g) Dispersal and speciation rates through time 

To account for missing taxa and uncertainties related to divergence time estimation and ancestral 

areas we used simulated trees and carried out 100 biogeographical stochastic mappings (BSMs; 

[55]) for each of the new trees. In all, 100,000 pseudoreplicated biogeographical histories were 

simulated to estimate the number of dispersal events and in situ speciation events (details see 

Appendix S2). We used the DEC model implemented in BioGeoBEARS [49] to infer geographic 

range evolution of lineages and performed the analysis without any constraints to decrease 

artificial influence. We followed [56] to calculate in situ speciation rates as λX(t1) = sX(t1)/LX(t0). 

We followed [1] to calculate the colonization rates as cXtoY(t1) = dXtoY(t1)/Br(t1). In addition, we 

calculated emigration rates as EX(t1) = dfX(t1)/Br(t1) and immigration rates as IX(t1) = 

dtX(t1)/Br(t1) (details see Appendix S2).  

 

(h) State-dependent speciation and extinction 



We applied 33 GeoHiSSE models [57] in the R package HiSSE [58] to study the effects of 

distribution on Xylophanes diversity. Four regions with high Xylophanes diversity (Amazonia, 

Andes, Atlantic Forest, and Caribbean-Mesoamerica) were tested. Thirty-three models (adopted 

and modified from [57]; Appendix S4) were fitted, with the pruned chronogram and distribution 

characters modified from the ancestral area estimation analyses (Appendix S1). Species were 

coded as endemic to the target region (state 1) or absent from the target region (state 2) or 

distributed in the target region and other regions (state 0). Details on sampling fractions for each 

bioregion see Appendix S2. Finally, model-averaged diversification rates were mapped based on 

Akaike weights [57]. All phylogenetic and biogeographic analyses were conducted on the 

University of Florida HiPerGator High Performance Computing Cluster 

(http://www.hpc.ufl.edu/). 

 

 

3. Results 

The best partitioning schemes combined loci into 24 partitions (Appendix S5). Xylophanes was 

recovered as monophyletic (SH-aLRT/UFBoot: 100/99) and five major subclades were identified 

(Figure 1b). Support for 36.6% and 38.6% of nodes were strong or moderate respectively. Best 

partitioning schemes for three different initial partition strategies for the BEAST analyses are 

listed in Appendix S5. The preferred BEAST analysis was identified with marginal likelihood 

estimations (Table 2), which supported a birth-death tree prior with 11 unlinked molecular clocks. 

Divergence time estimation results reveal an origin of Xylophanes in the late Miocene at 8.6 Ma 

(95% highest posterior density = 7.8 – 9.5 Ma), immediately followed by the divergence of the 

five major clades around 7.7 Ma (7.0 – 8.6 Ma) (Appendix S6).  

The biogeographic model DEC, with the M1 constrained analysis, yielded the highest 

likelihood among all six models tested (Table 3, Figure 1b). This model recovered a Caribbean-

Mesoamerica origin for the genus and for three of the five major clades, and Caribbean-

Mesoamerica had the longest time for speciation (supporting the time-for-speciation hypothesis).  

The simulation analysis recovered a pattern that is strongly consistent with the results of the 

ancestral area estimation analysis (Figure 2, Appendix S7). Caribbean-Mesoamerica is the 

largest source for species dispersal to all other areas, followed by the Andes and Amazonia. 

Dispersal to the Andes from Caribbean-Mesoamerica occurred on average 18.3 times, the highest 



of all dispersal types. Amazonia is the largest sink followed by the Andes and the Atlantic Forest, 

and the Andes is the largest source for Amazonia with an average of 15.5 dispersal events 

(Figure 2, Appendix S7).  

Two consecutive phases are identified from the results. In the first phase (9.5 to ~2 Ma), 

dispersal from Caribbean-Mesoamerica was the highest, and the Andes was the greatest sink 

(Figures 3, 4). The in situ speciation rate in Caribbean-Mesoamerica was also the highest among 

all areas, although the rate experienced a sharp decrease until 5 Ma (Figure 4). During the second 

phase (~2 Ma to present), emigration and in situ speciation rates of the Andes exceeded 

Caribbean-Mesoamerica and became the highest (Figures 3, 5) while Amazonia simultaneously 

became the greatest sink (Figure 3). Diversification and immigration/emigration patterns of 

Xylophanes followed a relay race-like pattern such that these important evolutionary dynamics 

shifted geospatially and temporally. A relay race of diversification and emigration was from 

Caribbean-Mesoamerica to the Andes, and a relay race of immigration was from the Andes to 

Amazonia.  

GeoHiSSE models with the highest likelihood for Caribbean-Mesoamerica and the Andes 

had two rate classes, with or without extinction (Appendix S8). Lineages endemic to Caribbean-

Mesoamerica had low relative speciation rate (0.13) and a low extinction rate (2.51e-8), resulting 

in a low net-diversification rate (0.13) (Appendix S9). In contrast, lineages endemic to the Andes 

had a high relative speciation rate (0.56) and a high relative extinction rate (0.06), resulting in a 

relatively high net-diversification rate (0.5) (Appendix S9). Slightly lower net-diversification 

rates are found in endemic Amazonia and Atlantic Forest lineages (Appendix S10).  

 

 

4. Discussion 

Our study is the first comprehensive phylogenetic analysis of Xylophanes hawkmoths and 

presents the most likely biogeographic scenario for their diversification. We recovered all 14 

previously recognized species groups as monophyletic, among which 12 were strongly or 

moderately supported (Figure 1b, Appendix S6). In trait-dependent diversification models, 

constrained analyses (M1) always yielded higher likelihoods than unconstrained analyses (M0) 

(Table 3), indicating that the dispersal was not hampered by the still open Panama Isthmus but 

facilitated by the developing northern Andes, while the presence of the Acre system decreased 



the dispersal rate. Our historical biogeography reconstructions reveal that Xylophanes originated 

in Caribbean-Mesoamerica in the late Miocene, setting the stage for a relay race of temporally 

and spatially shifting diversification patterns that occurred over the next eight million years. The 

“baton” of high diversification and emigration rates in Caribbean-Mesoamerica and the Andes 

which led to successively high immigration rates in the Andes and Amazonia, helps to explain 

the high diversity of Xylophanes in each of these major biogeographical regions of the Tropical 

Americas. Overall, we show that the high diversity of Xylophanes in tropical regions does not 

fall into a single, simple category of cradle, museum, time-for-speciation, sink, or source over 

time, but that these vagile moths, which evolved during complex geological processes, likewise 

diversified and dispersed dynamically. 

A Caribbean-Mesoamerica origin is unusual among Neotropical Lepidoptera, as previous 

research generally recover origins in either the historically stable Amazonia or the dynamic 

orogeny of the Andes (e.g. [2,59] but see [10,60,61]). Our results show that Caribbean-

Mesoamerica is the largest source (Figure 2, Appendix S7), and the cradle (during the first phase) 

for Xylophanes (Figure 4). Similar scenarios have also been found in other Neotropical insect 

groups (e.g. [9,11,60]). During a second phase, a low speciation rate is found in Caribbean-

Mesoamerica lineages (Figure 4), and our GeoHiSSE tests support the “museum” hypothesis of 

Caribbean-Mesoamerica for Xylophanes (Appendix S9). In contrast, a study of the Neotropical 

butterfly tribe Brassolini (2) found a high and increasing speciation rate in Caribbean-

Mesoamerica lineages. This difference between two lepidopteran groups maybe due to 

Caribbean-Mesoamerica being an unstable environment for Brassolini, but a stable environment 

for Xylophanes. Because 1) Xylophanes is much younger than Brassolini (8.6 vs. 38 Ma) and 

experienced less geographical dynamism within Caribbean-Mesoamerican; 2) Xylophanes are 

thought to be more vagile than most butterflies [18], which resulted in fewer instances of 

isolation for ancient Xylophanes in Caribbean-Mesoamerica compared to brassolines butterflies. 

For Xylophanes, Caribbean-Mesoamerican played as a stable environment during the second 

phase, therefore, low speciation and extinction rates are expected [62,63]. Our results support the 

idea that an area considered variable for some species might be seen as stable for others [63]. 

The dynamics of dispersal rate from Caribbean-Mesoamerica to the Andes is coincident with the 

intense orogeny of the Andes during the Miocene-Pliocene and early Quaternary, when new 

ecological niches arose and facilitated colonization and diversification [13,64].  



State-dependent speciation and extinction analyses identified the Andes as a cradle of 

Xylophanes diversity, but differences in speciation/extinction rates were driven by an 

unmeasured, hidden state. This result is unsurprising as ecological speciation has been shown to 

play an important role in insect diversification (e.g. [61,65]). The Andes is the second-largest 

source of Xylophanes, with most immigrations taking place from Caribbean-Mesoamerica during 

the Pliocene (Figure 2, Appendix S7). Similar high immigration rates in Andean lineages have 

been found in other study systems, such as in birds and butterflies [59,66,67]. The in situ 

speciation rate of the Andes also surpassed Caribbean-Mesoamerica in the mid to late 

Quaternary (Figures 4, 5). The Andes orogeny has been shown to increase both the immigration 

rate and the in situ speciation rate of other lineages [13,64]. As the source in mid to late 

Quaternary, most of the emigrations from the Andes dispersed to Amazonia (Figures 2, 3, 

Appendix S7). Our study indicates that Amazonia is the largest sink and its high diversity was 

likely driven by immigration rather than in situ speciation. Amazonia as the largest sink has not 

been formally reported so far, although several studies have detected dispersal from the Andes to 

Amazonia (e.g. [59,64,66,67]). Our study offers a new perspective of Lepidoptera evolution in 

the Americas, where an incredibly diverse, widespread lineage of moths has undergone 

discontinuous, yet connected, periods of evolutionary dynamism in geographically separate 

regions with distinct topographic histories. The complex pattern of in situ diversification, with 

bouts of significant emigration and immigration events to colonize vast new areas of 

concurrently evolving landscapes, paints a vibrant picture of relatively recent events that shaped 

the largest radiation of hawkmoths on the planet. Furthermore, our results provide the foundation 

to understand the Neotropical component of the evolution of the mostly Old World distributed 

Choerocampina subtribe, paving the way for future research that could uncover evolutionary 

parallels in the Old World by studying moths ecologically similar to Xylophanes, but which 

underwent wholly different biogeographic dynamics. 
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Tables 

Table 1. Dispersal rates matrix between each pair of biogeographical area considered and for the 

two time slices used in our historical biogeography analysis. 

 

Table 2. Marginal likelihood estimate (MLE) scores for various BEAST analyses performed for 

this study, and estimated ages (in Ma) for Xylophanes crown nodes for each tree prior/clock 

scheme in BEAST.  

 

Table 3. Results of the BioGeoBEARS analyses.  

 

 

Figures 

Figure 1. (a). Map of the America and the defined bioregions based on distribution data of 

Xylophanes. The delineated bioregions are mainly based on (48). (b). Ancestral area estimates 

for Xylophanes under the dispersal–extinction–cladogenesis model and constrained dispersal 

rates (DEC, M1). The estimation was performed with BioGeoBEARS, based on the chronogram 

generated using BEAST shown in Appendix S4. Scale is in Ma. Distribution of each species is 

mapped to the right of the chronogram. A single most probable ancestral area is mapped at each 

node. Maps below the scale are modified from Hoorn et al. (2010) showing palaeogeographical 

models of two time slices used in the constrained analysis. Left: 7–11 Ma, Panama Isthmus open, 

Acre system present, and northern Andes undeveloped; right: 7 Ma to the present, Panama 

Isthmus closed, and northern Andes developed.  

 

Figure 2. Summary of major Xylophanes dispersal events, average number of dispersal events 

between two areas based on 100,000 biogeographical stochastic mappings under the DEC model 

in BioGeoBEARS. (a) The highest emigration and the highest immigration of each area are 

summarized on the map. The width and shape of lines represent the estimated average number of 

dispersal event, coloured arrow represent dispersal source area. (b) Bar chart showing average 

number of emigration and immigration events of each area. Complete average dispersal events 

between each type shown in Appendix S5. 

 



Figure 3. Dispersal rates through time based on 100,000 biogeographical stochastic mappings 

under the DEC model in BioGeoBEARS. Rates are displayed for selected pairs of areas. 

Continuous lines are the median values; coloured ribbons are the lower and upper quartiles (0.25 

and 0.75 quantiles).  

 

Figure 4. Within-area dispersal and speciation rates through time of Caribbean-Mesoamerica 

based on 100,000 biogeographical stochastic mappings under the DEC model in BioGeoBEARS. 

Continuous lines are the median values; coloured ribbons are the lower and upper quartiles (0.25 

and 0.75 quantiles).  

 

Figure 5. Within-area dispersal and speciation rates through time of Amazonia, Andes, and 

Atlantic Forest based on 100,000 biogeographical stochastic mappings under the DEC model in 

BioGeoBEARS. Continuous lines are the median values; coloured ribbons are the lower and 

upper quartiles (0.25 and 0.75 quantiles).  

 

 

Supporting Information 

Appendix S1. Taxa sampled in the present study, with distribution coding results, number of loci 

generated, number of loci used in the phylogeny, record identifiers (SampleIDs) in dataset DS-

XYLOPHY1 (DOI:XXXX) of the Barcode of Life Datasystems (www.boldsystems.org), and 

GenBank accession numbers for DNA barcode sequences.  

 

Appendix S2. Detailed materials and methods. 

 

Appendix S3. Secondary calibrations used in divergence time estimation. 

 

Appendix S4. Set of 33 models used for GeoHiSSE analyses (modified from Caetano et al., 

2018). 

 

Appendix S5. Partitioning scheme used for phylogeny and BEAST analyses. 

 

http://www.boldsystems.org/


Appendix S6. Time-calibrated species tree of Xylophanes based on AHE data, using BEAST. 

Scale is in Ma. Bars depict the 95% highest posterior probability density of each estimate. Pale 

blue node diamonds on the chronogram represent minimum age constraints for those lineages. 

Number around nodes are SH-aLRT (left) and UFboot (right).  

 

Appendix S7. The average number of dispersal events of each type based on 100,000 

biogeographical stochastic mappings under the DEC model in BioGeoBEARS. The row 

headings represent source areas, and the column headings represent destination areas.  

 

Appendix S8. GeoHiSSE models with Akaike weight higher than 0.2 in each region.  

 

Appendix S9. Boxplots representing diversification rate distribution (from left to right: 

speciation rates, extinction rates and net-diversification rates) obtained from GeoHiSSE analyses 

with Caribbean-Mesoamerica (upper) and Andes (lower) as target regions.  

 

Appendix S10. Boxplots representing diversification rate distribution (from left to right: 

speciation rates, extinction rates and net-diversification rates) obtained from GeoHiSSE analyses 

with Amazonia (upper) and Atlantic Forest (lower) as targeting regions.  

 


