
   

ABSTRACT 

WILLADSEN, PETER C. Systematics of the Large Carpenter Bees (Xylocopa) and the 

Evolution of Conspicuous Color Patterns Within the Genus. (Under the direction of Drs. Bonnie 

Blaimer and Brian Wiegmann). 

 

            Large carpenter bees (Xylocopa) are widespread and easily recognizable due to their 

relatively large size and often brilliant coloration. Some species cause minor damage to human 

structures made out of wood where they often build their nests, and some are important 

pollinators. The genus is taxonomically diverse with about 476 species and subspecies; however, 

many species are known from only a few collection events and the habits and life history traits of 

many species are almost completely unknown. Xylocopa is currently divided into 31 subgenera, 

but earlier works listed upwards of 50 subgenera, many of which were represented by only 1 or a 

few species, and subgeneric relationships were poorly resolved. A robust phylogenetic 

framework is important for accurately assessing character evolution in this genus and identifying 

species or clades which may be of particular interest for future studies. Conspicuous color 

patterns have evolved multiple times within Xylocopa, and species display an incredibly diverse 

array of visual warning signals. The objectives of my work presented here are to confirm which 

current subgeneric names represent monophyletic groups and resolve subgeneric relationships, 

while investigating the evolution and geographic distribution of conspicuous color phenotypes in 

Xylocopa. 

            To address the phylogenetic objectives of this study, I extracted DNA from pinned 

specimens from eight institutions and, following library preparation, target enrichment and 

sequencing of ultraconserved elements (UCEs), conducted phylogenetic inference of a 261 taxa 

dataset using both Maximum Likelihood and species tree methods. Of the 29 subgenera 

represented, 24 were found to be monophyletic across analyses with nearly all subgeneric 



   

relationships receiving strong support. This phylogeny will be an invaluable tool for testing 

hypotheses about the evolution of morphological and behavioral traits within Xylocopa in future 

studies. 

            Historically studies of aposematism and mimicry, two closely linked phenomena of 

evolutionary and ecological interest, have focused on a few focal groups, namely Heliconius 

butterflies and poison dart frogs. Aculeate hymenopterans represent a diverse group of organisms 

which are understudied as aposematic and mimetic models even though many are known to 

display aposematic signals and likely large mimicry rings. Bumble bees (Bombus) and velvet 

ants (Mutillidae) have emerged as promising model systems providing insight into the factors 

driving the evolution and maintenance of mimicry rings, and future studies of aculeates hold 

great promise for answering many outstanding questions concerning aposematism and mimicry. 

            To explore the evolution of conspicuous color patterns in Xylocopa, 273 specimens were 

imaged and scored as either conspicuous or inconspicuous. Images of conspicuous specimens 

were converted into standardized templates and, following a recently developed machine 

learning approach, used as input for a convolutional neural network which evaluates the 

perceptual similarity of images. A dendrogram of the resulting clusters of images was created 

and compared to the phylogenies constructed here to test whether similar color patterns are 

evolutionarily conserved or likely evolved due to convergent evolution. The distribution of 

conspicuous color patterns was evaluated using a dataset comprised of over 36,000 Xylocopa 

collection records from around the world to test whether similar color morphotypes have 

overlapping distributions, potentially forming Müllerian mimicry rings. Several interesting 

geographic regions and lineages were identified though further work will be needed to determine 

whether these are biologically relevant representing promising topics for future studies. 
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CHAPTER 1 

Systematics and Biogeographic History of Xylocopa 

 

Introduction 

Xylocopa (Apidae: Xylocopinae) the large carpenter bees, includes 469 species and 

subspecies. They are globally distributed with their greatest diversity in the tropics (Ascher and 

Pickering 2020; Michener 2007). Many Xylocopa species are important pollinators and some can 

cause minor damage to human-built wooden structures where they sometimes construct their 

nests (Keasar 2010; Zabel and Morrell 2012). Xylocopa is currently the only genus in the tribe 

Xylocopini which previously contained two other genera, Lestis and Proxylocopa, now 

recognized as derived Xylocopa lineages (Minckley 1998; Michener 2007). Thirty-one subgenera 

are currently recognized (Michener 2007) but prior classifications recognized upwards of 50 

(Hurd and Moure 1963) (Table 1).  

“Old World” and “New World” lineages were previously thought to be distinct 

subgeneric groups (Hurd and Moure 1963; Michener 2007), but it is now known that these do 

not represent monophyletic lineages (Blaimer et al. 2018). Hypotheses about subgeneric 

relationships were based on assumed monophyly of these clades, and many of the previously 

recognized subgenera were erected as monotypic or small lineages described based on a few 

uniquely modified morphological character states. Additionally, many currently applied 

subgeneric names have a complicated history and often represent groups of multiple lineages 

previously recognized as distinct. For example, Koptortosoma, the largest subgenus, has been 

spelled three different ways and currently includes eight lineages described by different authors. 

One of these lineages, the Maiella group has itself been described three different times. Other 
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subgenera show similar patterns to a lesser extent. To further complicate matters, some putative 

species, especially from the Afrotropical, Indomalayan, and Oriental regions (sensu Bolton 

1995), also have confusing histories. Discover Life (Ascher and Pickering 2020) lists 23 names 

on the page for X. dejeanii including several synonyms and 8 valid subspecies, some of which 

were also described multiple times as distinct species. As another example, seven different 

authors have described the species X. hottentotta under 11 names and five additional varieties. 

As a result, estimates of the numbers of species in some subgenera, especially two of the largest 

Xylomelissa and Koptortosoma, vary by 30 or more and many older museum specimens are 

labeled with obsolete names. Determining which current subgenera represent monophyletic 

lineages and how those lineages are related is a vital first step towards clearing up the jumbled 

systematic and taxonomic history of Xylocopa. 

A well-supported phylogenetic framework is also crucial for accurately assessing 

character evolution and biogeographic history. Previous phylogenies included a limited sampling 

of the larger subgenera (Minckley 1998; Leys et al. 2000) and thus provided inconclusive tests of 

their monophyly and of many subgeneric relationships. Blaimer et al. (2018) provided the first 

robust phylogenetic analysis of the genus using ultraconserved elements (UCEs) and a 179-taxon 

dataset. Twenty-five of the 31 putative subgenera sensu Michener 2007 were represented and 

several were not recovered as monophyletic. The goal of this project is to confirm or reject 

monophyly for putative subgenera and resolve subgeneric relationships by expanding the dataset 

of Blaimer et al. (2018) to increase the taxon sampling overall while particularly including 

species from unrepresented lineages. The study presented here is a phylogenetic analysis of the 

most comprehensive molecular Xylocopa dataset to date, comprising 261 taxa representing 29 



      

 

3 

out of 31 currently valid subgenera and 44 out of 50 subgenera sensu Hurd and Moure (1963) 

(Table 1).   

Methods 

DNA was extracted following the methods of Blaimer et al. (2016) via removal of a 

single leg from 84 pinned specimens from the American Museum of Natural History (AMNH), 

California Academy of Sciences (CAS), the University of Kansas Biodiversity Institute (KU), 

the Natural History Museum of Los Angeles County (LACM), the Museum für Naturkunde 

(MFN), the Museo Civico di Storia Naturale di Genova (MSNG), Naturalis Biodiversity Center 

(NL) and the National Museum of Natural History (NMNH). A single mesothoracic or 

metathoracic leg was pulled from each specimen and rinsed with 95% EtOH to remove any 

particulate debris. After allowing the EtOH to evaporate, DNA was destructively extracted from 

the tissue by grinding it with a pestle and using a DNeasy Blood and TissueKit (Qiagen, 

Valencia, CA, USA). The protocol followed that of the manufacturer except for using 130μL 

ddH2O for elution. DNA concentration was measured using a Qubittm fluorometer and 5μL of 

each extract was run on a 1.5% agarose SB gel for 45 minutes at 100 volts to estimate DNA 

fragment size. 73 extractions were successful and included in subsequent library preparation and 

target enrichment. 

            Library preparation and target enrichment of UCE loci followed the methodology of 

Faircloth et al. (2015) and Blaimer et al. (2015, 2016). Following extraction, DNA was sheared 

to a target size of 200-450bp using sonication as added. Library preparation of the sheared 

product used a Kapa Hyper Prep Library Kit (Kapa Biosystems) and protocol with bead cleanup 

and “speedbeads” substituted for SPRI (Faircloth et al. 2015). Fifteen μL of the pre-PCR sample 

was combined with a reaction mix of 25 µL HiFi HotStart polymerase (Kapa Biosystems), 2.5 
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µL of both i5 and i7 Illumina TruSeq-style primers (5 µM each) and 5 µL double-distilled water 

(ddH20). The thermal cycler protocol used was: 98 ºC for 45 s; 13 cycles of 98 ºC for 15 s, 60 ºC 

for 30 s, 72 ºC for 60 s, and final extension at 72 ºC for 5 m. The post-PCR product was 

rehydrated with 23µL nuclease free H2O and purified with speedbeads. Libraries were then 

combined into enrichment pools at equimolar ratios with final concentrations ranging from 89.6-

197 ng/µL. 

            Pools were enriched using a set of 9446 custom-designed probes (MYcroarray, Inc.) 

targeting 2,524 UCE loci in ants (myBaits UCE Hymenoptera 2.5Kv2 Ant-Specific; Branstetter 

et al. 2017) and also performs well for apoid wasps and bees. I followed the library enrichment 

procedures of the MYcroarray MYBaits kit (Blumenstiel et al. 2010) with the addition of 2.5µL 

of adapter specific blocking oligos per sample. The hybridization reaction ran for 24 h at 65 ºC 

and then bound all pools to streptavidin beads (MyOne C1; Life Technologies) and subsequently 

washed the libraries according to the target enrichment protocol (Blumenstiel et al. 2010). PCR 

recovery of enriched libraries followed the with-bead approach outlined in Faircloth et al. 

(2015). 15µL of these libraries was combined with 25 µL HiFi HotStart Taq (Kapa Biosystems), 

5µL of Illumina TruSeq primer mix (5 µM each) and 5 µL of ddH2O and post-enrichment-PCR 

followed the the following thermal protocol: 98 °C for 45 s; 17 cycles of 98 °C for 15 s, 60 °C 

for 30 s, 72 °C for 60 s; and a final extension of 72 °C for 5 m. The product was purified using 

1.0X speedbeads and rehydrated with 22µL nuclease free H2O. A Qubit fluorometer (broad 

range kit) was used to quantify 2 µL of each pool. Serial dilutions of each pool (1:200,000, 

1:1,00,000) were created and used for qPCR library quantification. Pooled libraries containing 

the first 38 specimens were sequenced using a partial lane (which included samples from other 

projects) of a 150bp paired-end Illumina HiSeq run (Novogene Corporation Inc). An additional 
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32 specimens were sequenced on a single 300bp paired-end MiSeq lane (NCSU Genomic 

Sciences Laboratory). All laboratory work for these specimens was conducted by Peter 

Willadsen at North Carolina State University. Laboratory work for an additional 32 specimens 

from the collection of the MFN was conducted by Bonnie Blaimer at the molecular laboratory 

facilities of the MFN, with sequencing performed at Novogene (UK) Company Limited on a 

NovaSeq 6000 with ca. 1G output per sample. 

Bioinformatic processing and phylogenetic inference 

These 102 new specimens were then added to the 179-taxon dataset from Blaimer et al. 

(2018). Eight species from other tribes in the subfamily Xylocopinae were also included as 

outgroups: Two Ceratina spp., two Halterapis spp., one Exoneura sp., one Macrogalea sp., one 

Manuellia sp., and one Tetrapedia species. Bioinformatic analysis of the resulting sequences was 

performed using the PHYLUCE v1.6.7 package (Faircloth et al. 2012; Faircloth 2016). The 

demultiplexed output FASTQ data for the new taxa were trimmed for adapter contamination and 

low-quality bases using Illumiprocessor (Faircloth 2013) from the package Trimmomatic (Bolger 

2014).  The script phyluce_assembly_assemblo_spades was used to assemble the cleaned reads 

with SPAdes v3.11.1. Average sequencing coverage across contigs was calculated using 

phyluce_assembly_get_fasta_lengths. 

Contigs matching UCE loci were identified by aligning each species-specific contig 

assembly to a FASTA file of all enrichment baits with 

phyluce_assembly_match_contigs_to_probes (min_coverage=50). The command 

phyluce_assembly_get_match_counts was then used to create a list of UCE loci shared across all 

taxa. The get_fastas_from_match_counts script was used to create FASTA files for each locus in 

this list containing the sequence data for each taxon present at that locus. Summary stats for 
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these FASTA files were computed using phyluce_assembly_get_fasta_lengths, and 20 of the 

new taxa represented by less than 50 loci were dropped from further analysis, leaving 82 new 

taxa (Table 2) for a total of 261 ingroup taxa in the final dataset. The data in these FASTA files 

were aligned using MAFFT (Katoh et al. 2009) with phyluce_align_seqcap_align (min-

length=20, no-trim). This alignment was then trimmed using Gblocks (Castresana 2000) with 

phyluce_align_get_gblocks_trimmed_alignments_from_untrimmed (b1=0.5, b2=0.5, b3=12, 

b4=7). 

Four subsets of alignments were initially selected with 

phyluce_align_get_align_summary_data: 1) 60% complete (containing alignment data from at 

least 161 of the 269 taxa), 2) 70% complete (>188 of 269 taxa), 3) 75% complete (>202 of 269 

taxa), 4) 80% complete (>215 of 269 taxa). Missing data designators were added to files with 

phyluce_align_add_missing_data_designators. Individual alignments of each UCE locus were 

concatenated into one nexus alignment file for each subset with 

phyluce_align_format_nexus_files_for_raxml. These concatenated matrices retained 651, 446, 

302 and 127 loci respectively. Using multiple datasets with variable levels of taxon completeness 

allows us to examine how the tradeoff between including more loci and having more missing 

data impacts the inferred topologies. The threshold represents the cutoff for what percent of taxa 

a given locus must have been recovered from, therefore lower thresholds include more data 

overall, but a larger percentage of missing data. The 80% complete dataset was dropped due to 

the small number of loci retained and the 60%, 70%, and 75% complete matrices were used for 

phylogenetic inference. 

To remove misaligned “outlier” sequences from matrices, the software package Spruceup 

(Borowiec 2019) was used under various trimming thresholds. Spruceup removes poorly aligned 
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sequences and sequence fragments by comparing distance metrics across a sliding window 

distance within each row of an alignment with lower thresholds corresponding to trimming of a 

larger proportion of sequence fragments. Trimming was conducted with thresholds of 0.95 and 

0.97. Partitioned versions of each dataset were also created using SWSC-EN (Tagliacollo and 

Lanfear 2018) and PartitionFinder2 to select the best partitioning scheme for each dataset using 

the rcluster search algorithm (Stamatakis 2006; Lanfear et al. 2014; Lanfear et al. 2016). This 

resulted in a total of 12 datasets used for phylogenetic reconstruction which will be referred to in 

the following based on each combination of the three completeness matrices, the two trimming 

thresholds, and whether the matrix was partitioned or unpartitioned (Table 3). 593, 560, 434, 

441, 311, and 321 partitions were selected for the 60%-0.95, 60%-0.97, 70%-0.95, 70%-0.97, 

75%-0.95, and 75%-0.97 datasets respectively. Maximum Likelihood (ML) analysis of all 12 

datasets was performed using IQ-TREE 2 v2.1.2 (Nguyen et al. 2015). IQ-TREE 2 was also used 

to estimate gene trees for each locus in the three untrimmed, unpartitioned, datasets. These gene 

trees were used as input for species tree analysis with Astral-III v5.15.4 (Zhang et al. 2018). 

Divergence time analysis of the unpartitioned datasets was performed with MCMCtree 

(Yang 2007); estimates implementing by-locus partitioning were not feasible due to the number 

of parameters to be estimated from the large number of partitions. Three calibrations were used: 

1) the age of Xylocopinae was set to 83–106 Ma based on Cardinal and Danforth (2013), and 

two fossil calibrations implemented for 2) stem Allodapini (>34 Ma) (Engel 2001), and 3) crown 

Xylocopa (24.2<43.8 Ma) (Engel 2001; Cardinal and Danforth 2013). For each dataset four 

independent runs were allowed to run for ten million generations, at which point all estimated 

sample size (ESS) values were above 200. Convergence was evaluated in Tracer v1.7 

(Drummond et al. 2018). A burnin of 10% was discarded and then the four separate runs were 
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combined for each dataset using LogCombiner v1.10.4. Summary analyses of the combined runs 

were conducted in MCMCtree to create trees with final divergence time estimates. 

Biogeographic analysis of the two main tree topologies recovered was conducted using 

BioGeoBEARS to select the best model for reconstructing ancestral ranges (Matzke 2013). The 

60%-0.95U and 75%-0.95U datasets were used as representatives of topology 1 and topology 2 

respectively. The ranges of the 261 extant species included here were defined based on the seven 

regions outlined in Bolton (1995): (A) Afrotropical, (E) Neotropical, (I), Indomalayan, (N) 

Nearctic, (O) Oriental, (P) Palaearctic, and (U) Australasian (Table 4). Three models were 

evaluated: Dispersal-Extinction-Cladogenesis (DEC) is a maximum likelihood-based model 

which considers divergence time, and the rate of dispersal and extinction (Ree and Smith 2008). 

Dispersal-Vicariance Analysis (DIVA) is a parsimony-based method (Ronquist 1997). Finally, 

the BayArea model is a Bayesian approach most appropriate for situations in which the 

maximum ancestral range is larger than 10 regions (Landis et al. 2013).  

Results 

Consistent with Blaimer et al. (2018), three main clades were recovered across all 

analyses (Figs. 1-15). Clade i consists exclusively of taxa found in the Eastern Hemisphere. 

Clade ii is sister to Clade i and contains the majority of Neotropical species which are sister to 

(Nyctomelitta+Proxylocopa), two Eastern Hemisphere subgenera, found in the Indomalayan, 

Oriental, and Palearctic zoogeographical regions (sensu Bolton (1995). Clade iii has a global 

distribution and is sister to Clades i and ii. Relationships within these clades were largely well 

supported and nearly identical across analyses of each of the 12 datasets, aside from some minor 

rearrangements of species level relationships generally involving taxa with relatively few loci 

recovered. However, there are two notable exceptions, the group containing the subgenera 
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Xylomelissa, Rhysoxylocopa, Maaiana, Nodula, and Biluna, hereafter referred to as the 

Xylomelissa clade, and the clade containing the African members of the subgenus Mesotrichia. 

The Xylomelissa clade was alternatively recovered as sister to the remainder of Clade i (Figures 

1, and 6-13), or as the earliest diverging lineage in Clade ii (Figures 2, 14 and 15), but never 

with strong support, bootstrap values ranged from 51-77. The placement of the African 

Mesotrichia group within the large clade containing the subgenera Koptortosoma, Xenoxylocopa, 

Alloxylocopa, and Mesotrichia, hereafter referred to as the Koptortosoma clade, was also 

inconsistent. The African Mesotrichia group was alternatively recovered as sister to the 

remainder of the Koptortosoma clade, except X. nigrita, with low to moderate ultrafast bootstrap 

support (ufBS: 59–85 (Figures 2, 6, and 13-15)), or as the second diverging major lineage in the 

clade after the African Koptortosoma, with low to moderate support 54-86 (Figures 1, 6-8, and 

10-12). The later diverging of these two African lineages is sister to a clade composed of 

Xenoxylocopa, Alloxylocopa, the Indomalayan and Oriental Mesotrichia species, and the 

Indomalayan, Oriental, and Palearctic Koptortosoma species.  
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Figure 1. ML phylogeny estimated with IQ-TREE 2 v2.1.2 (Nguyen et al. 2015) using the 60%-0.95U dataset. 

Bootstrap values are listed for all nodes, subgenera sensu Michener 2007 and major clades of interest are labeled. 

The two groups whose placement was inconsistent are outlined in red. In topology 1 shown here, the Xylomelissa 

clade is recovered as sister to the remainder of Clade i and the African Mesotrichia are sister to a clade containing 

Xenoxylocopa, Alloxylocopa and all Koptortosoma and Mesotrichia species found outside Africa.  
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Figure 2. ML phylogeny estimated with IQ-TREE 2 v2.1.2 (Nguyen et al. 2015) using the 75%-0.95U dataset. 

Bootstrap values are listed for all nodes, subgenera sensu Michener 2007 and major clades of interest are labeled. 

The two groups whose placement was inconsistent are outlined in red. In topology 2 shown here, the Xylomelissa 

clade is recovered as sister to the remainder of Clade i and the African Mesotrichia are sister to the remainder of the 

Koptortosoma clade except X. nigrita.  
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Figure 3. Divergence time estimation using MCMCtree based on analysis of the 60%-0.95U dataset. The scale at 

the bottom is in million years.  
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  Figure 4. Ancestral range estimation of the 60%-0.95U dataset based on the DEC model. Nodes for which the 

most likely range had less than 50% probability are represented by pie charts, while those for which one range 

distribution had over 50% probability are marked with their corresponding biogeographical range. Nodes with no 

range marked indicate clades in which no further transitions occurred. 
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Figure 5. Ancestral range estimation of the 75%-0.95U dataset based on the DEC model. Nodes for which the most 

likely range had less than 50% probability are represented by pie charts, while those for which one range distribution 

had over 50% probability are marked with their corresponding biogeographical range. Nodes with no range marked 

indicate clades in which no further transitions occurred. 
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Five of the 29 subgenera sampled in this study were found to not form monophyletic 

groups. Dasyxylocopa and Xylocopsis render Schonnherria paraphyletic. Xylomelissa is rendered 

paraphyletic with two species recovered as sister to the rest of the Xylomelissa clade while the 

remaining Xylomelissa species are nested within this larger clade forming a monophyletic group 

sister to Maaiana. The Koptortosoma clade is especially interesting, because the Koptortosoma 

species X. nigrita is consistently recovered as sister to the remainder of the clade regardless of 

inferred placement of the African Mesotrichia. Mesotrichia is polyphyletic with the African and 

Oriental and Indomalayan members forming distinct monophyletic groups as in Blaimer et al. 

2018. Koptortosoma is recovered as paraphyletic with respect to Xenoxylocopa, Alloxylocopa, 

and Mesotrichia. Xenoxylocopa is the only subgenus in the Koptortosoma clade whose 

monophyly is supported across all analyses, and is recovered as sister to Alloxylocopa and all 

non-African Koptortosoma and Mesotrichia species. A clade containing Alloxylocopa and six 

Koptortosoma species is sister to the remaining non-African Koptortosoma and Mesotrichia 

species. In some analyses (Figures 1, 6-8, and 11), Alloxylocopa is rendered paraphyletic by X. 

sinensis and X. rufipes with low support (ufBS: 42–55). The Oriental and Indomalayan 

Mesotrichia species are sister to the remaining Koptortosoma species. In addition to these 

subgenera, some species represented by multiple specimens were not recovered as monophyletic. 

In one case, this is clearly the result of misidentification (X. flavicollis_16) in others, species 

represented by multiple subspecies do not form a monophyletic lineage (X. auripennis, X. 

dejeanii, X. splendidula, X. varians), and in still others a close examination and comparison to 

type specimens is required to resolve these discrepancies (X. luteola, X. rotundiceps). Xylocopa 

auripennis mcgregori and X. rotundiceps_84 were among the taxa with the fewest loci 

recovered, which may explain their unexpected placements. Divergence time estimates recovered 
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an age of 26.32-27.42 MA for crown Xylocopa based on the following datasets: 60-0.95U, 70-

0.95U, 75-0.95U, and 75-0.97U. The estimated ages of clades i, ii, and iii were 25.27-25.91 MA, 

24.5-26.25 MA and 23.51-24.46 MA respectively. Analyses based on the 60-0.97U and 70-

0.97U datasets were also conducted but results were lost due to an error.  

The DEC model was selected as the best in analysis of both tree topologies (Figures 4 

and 5). The ancestral range of crown Xylocopa was recovered as inconclusive, but the most 

probable range spanned the Afrotropical, Neotropical, Oriental, and Palaearctic regions. The 

ancestral range of Clade ii was also inconclusive but likely included the Neotropical, Oriental, 

and Palearctic regions while the ancestral range of Clade i was recovered as Afrotropical. The 

range of common ancestor of these two clades was recovered as inconclusive but very similar to 

that of crown Xylocopa while the range of the common ancestor of Clade iii was Palaearctic. 

The common ancestor of the Koptortosoma clade was most likely strictly found in the 

Afrotropical region as was that of the Xylomelissa clade. The common ancestor of the lineage of 

Clade ii species found in the Western hemisphere was recovered as Neotropical. Topology 2 

differed from topology 1 only in the recovered range of the common ancestor of clade ii and 

three of the deepest nodes within clade ii and these differences are mostly driven by the change 

in position of the Xylomelissa clade. 

Discussion 

This study represents the most comprehensive phylogenetic analysis of Xylocopa to date 

with nearly 56% of all currently described taxa included. Most subgenera were densely sampled 

with at least 40% of the species represented for all but three or four of the 29 subgenera included 

here (Ctenoxylocopa, Proxylocopa, Xylomelissa and by some classifications Koptortosoma). 

Subgeneric relationships were well resolved across analyses and datasets except for the 
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Xylomelissa clade and the African Mesotrichia. The topology recovered here also strongly 

suggests that several subgenera, Alloxylocopa, Koptortosoma, Mesotrichia, Schonnherria, and 

Xylomelissa do not form monophyletic groups according to the current classification and that 

taxonomic revisions may be necessary. 

The recovery of Koptortosoma, Mesotrichia, Schonnherria, Xylomelissa, and in some 

analyses Alloxylocopa, as paraphyletic or polyphyletic suggests that future revisions are likely 

necessary. Both Xylomelissa and Schonnherria were paraphyletic, with one or two species sister 

to a clade containing the remaining species and members of other subgenera. Xylomelissa 

occupies an important, if uncertain, position in the tree. This subgenus needs revision; different 

sources list 35–65 species (Michener 2007; Ascher and Pickering 2020), and with only eight 

species included here it is underrepresented regardless of which classification is followed. 

Xylocopa erythrina and X. capitata are recovered both here and by Blaimer et al. (2018) as sister 

to the remainder of the Xylomelissa clade suggesting that their lineage merits elevation to 

subgeneric status. These species were previously members of the small subgenera Perixylocopa 

and Acroxylocopa (Hurd and Moure 1963) respectively and later synonymized with Xylomelissa 

(Maa 1968; Minckley 1998). Adding more Xylomelissa species may clarify the position of the 

Xylomelissa clade as either sister to the remainder of Clade i or Clade ii. The species X. 

bambusae, previously the sole member of the monotypic subgenus Xylocospila (Hurd and Moure 

1963) and later moved to Schonnherria (Minckley 1998), is consistently recovered in the clade 

(X. bambusae+(Dasyxylocopa+Xylocopsis)) which is sister to Schonnherria sensu Hurd and 

Moure 1963. Dasyxylocopa and Xylocopsis are monotypic subgenera whose similarity to 

Schonnherria has previously been noted. The results of this study support two alternative 

methods by which Schonnherria’s monophyly might be restored, through the resurrection of the 
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subgenus Xylocospila for X. bambusae, or by expanding Schonnherria to include Dasyxylocopa 

and Xylocopsis. Additionally, the lineage representing Megaxylocopa (sensu Hurd and Moure 

1963) may merit elevation to subgeneric status as this group is the reciprocally monophyletic 

sister of the remaining Neoxylocopa species and is readily differentiable morphologically.  

Relationships within the Koptortosoma clade are considerably more complicated. X. 

nigrita is sister to the remainder of this group and was previously the type species of the 

subgenus Afroxylocopa, later synonymized with Koptortosoma. The remaining members of 

Afroxylocopa represented here and the X. varians species group are reciprocally monophyletic 

sister lineages which together are sister to all African Koptortosoma except X. nigrita. Unless 

Koptortosoma subsumes the other three subgenera in this large clade, it seems likely that 

Afroxylocopa should be resurrected with X. nigrita as the sole member. The placement of the 

African Mesotrichia clade is somewhat uncertain, although it is clear that the African and 

Southeast Asian members of this subgenus form two distinct, unrelated monophyletic clades as 

by Blaimer et al. (2018). The Southeast Asian species form two reciprocally monophyletic sister 

groups corresponding to the former subgenera Platynopoda and Hoploxylocopa (Hurd and 

Moure 1963) later adopted as synonyms of Mesotrichia (Minckley 1998; Michener 

2007). Formal taxonomic revisions are outside the scope of this project and would require 

detailed examination of type specimens; however, the results here strongly suggest that 

significant revisions are necessary at the subgeneric level. 

Two species, X. aestuans and X. dejeanii, have notably wide ranges. The closest relatives 

of X. aestuans are found only in Indonesia, the Philippines, and the surrounding islands while X. 

aestuans range extends all the way to Egypt. The specimen in the phylogeny is from Java and it 

would be interesting to compare specimens from across the putative range using both 
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morphological and molecular data to determine whether this is in fact a single widespread 

species or represents multiple species. X. dejeanii, on the other hand, is recovered as polyphyletic 

in the phylogeny and currently includes eight valid subspecies with distinct geographic ranges. A 

detailed analysis and comparison of X. dejeanii subspecies and populations to each other and to 

the other four species in Zonohirsuta could help clarify species delimitations in this subgenus. 

Dating analyses recovered an age of ~26-27 MA for crown Xylocopa which is somewhat 

younger than the ~36 MA estimate from Blaimer et al. (2018). In this study the estimated age of 

clades i, ii, and iii were very similar, falling between 23.51 and 26.25 MA across analyses. In the 

prior study Clades ii and iii were recovered as about two million years older than here while 

Clade i was estimated to be about eight million years older than recovered here. Divergence time 

estimates of splits within Xylocopa were overall very similar to those from Blaimer et al. (2018) 

with the ages of crown Xylocopa and Clade i being the two exceptions. These differences could 

be due to the fact that MCMCtree was used for divergence time estimation here while BEAST 2 

(Bouckaert et al. 2014) was used in the previous study and these programs differ slightly in the 

way they calculate prior distributions, even based on identical calibrations.   

The ancestral range of Xylocopa was recovered as inconclusive here but likely included 

at least the Palaeartic and Afrotropical regions. In BioGeoBEARS, adjusting some of the 

parameters may allow the ancestral distribution of these uncertain groups near the base of the 

tree to be estimated with more certainty. For example, the maximum range size was set to seven, 

the total number of regions included here, but the largest range of an extant Xylocopa species is 

three so reducing the maximum range size to three may be appropriate. 

This study provides a robust phylogenetic framework representing nearly of the currently 

valid subgenera and most lineages previously recognized as distinct as well. This framework will 
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be an invaluable tool for testing hypotheses about the evolution of morphological and behavioral 

traits within Xylocopa and modeling the biogeographic history of the genus. A great deal of basic 

natural history data needs to be gathered beforehand, however, as we know very little about the 

life history traits and distribution of most large carpenter bee species.  
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TABLES 

Table 1. Taxonomic and biogeographic sampling overview. 

Subgenera 

sensu 

Michener 2007 

Current name NEO NEA AFR ORI INA AUS PAL 
Species 

sampled 

Species 

described 

Alloxylocopa     x    5 6 

Biluna     x x   5* 6–8 

Bomboixylocopa     x    2 5 

Cirroxylocopa  x       1 1 

Copoxyla        x 2 5 

Ctenoxylocopa    x x   x 2* 8 

Dasyxylocopa  x       1 1 

Diaxylocopa  x       0 1 

Gnathoxylocopa    x     1 1 

Koptortosoma    x x x x x 69* 141–196 

Lestis       x  0 2 

Maaiana     x    2 5/6 

Mesotrichia    x x x   12* 24 

Monoxylocopa  x       1 1 

Nanoxylocopa  x       1 1 

Neoxylocopa  x x      41 46 

Nodula     x    4 7 

Notoxylocopa  x x      2 2 

Nyctomelitta     x x   2 3 

Prosopoxylocopa    x     1 1 

Proxylocopa     x   x 6 15 

Rhysoxylocopa        x 2 5 

Schonnherria  x x      21 29 

Stenoxylocopa  x x      5 6 

Xenoxylocopa    x     1 1 

Xylocopa        x 4 5 

Xylocopoda  x       1 1 

Xylocopoides  x x      4 5 
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Table 1. (continued). 

Xylocopsis  x       1 1 

Xylomelissa    x     8 35–65 

Zonohirsuta     x x   4 5 

Synonymized 

subgenera  

Valid name (sensu 

Michener 2007) 
         

Acroxylocopa Xylomelissa   x     1 1 

Afroxylocopa Koptortosoma   x     3 3 

Apoxylocopa Xylomelissa   x     1 1 

Calloxylocopa Xylocopoides x       1 1 

Cyaneoderes Koptortosoma    x x   3 6 

Cyphoxylocopa Koptortosoma     x   2 2 

Dinoxylocopa Xylomelissa   x     0 1 

Epixylocopa Xylomelissa   x     1 1 

Euxylocopa Xylomelissa   x     1 1 

Hoplitocopa Mesotrichia     x   0 1 

Hoploxylocopa Mesotrichia    x    2 2 

Ioxyolocopa Schonnherria x       0 1 

Lieftinckella Koptortosoma     x   4 4 

Megaxylocopa Neoxylocopa x       3 3 

Mimoxylocopa Bomboixylocopa       x 1 1 

Oxyxylocopa Koptortosoma   x     1 1 

Perixylocopa Xylomelissa   x     1 1 

Platynopoda Mesotrichia    x x  x 4 5 

Xylocopina Stenoxylocopa x       0 1 

Xylocospila Schonnherria x       1 1 

Maiella Koptortosoma   x x x x x 33 ~68 

NEO: Neotropical, NEA: Nearctic, AFR: Afrotropical, ORI: Oriental, INA: Indo-Australian and AUS: Australasian, 

PAL: Palearctic (sensu Bolton (1995)). Taxonomic standing of both subgenera sensu Michener (2007), later 

synonymized subgenera (sensu Hurd and Moure (1963)), and Maiella (sensu Michener (1942)). 
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Table 2. Library preparation and contig statistics for taxa included in phylogenetic 

inference.  

 
        All contigs 

Contigs aligned 

to UCE loci 

 

Taxon Repository Voucher accession# Year 

Pre-Lib. 

conc. 

(ng/μL 

DNA 

Input 

(ng) 

Post-Lib. 

conc. 

(ng/μL) 

Total read 

count (bp) 
Count 

Avg. 

length 

(bp) 

Locus 

count 

Avg. 

length 

(bp) 

1 X. albiceps USNM USNMENT01248606 1965 0.551 55.1 20.2 173202 9720 298.0 588 294.6 

2 X. albifrons LACM LACMENT414149 1982 1.65 100 29.8 139973 3910 312.2 508 275.5 

3 X. albicincta CAS CASENT0845604 1957 0.194 19.4 25 198235 9562 298.0 673 294.6 

4 X. amamensis USNM USNMENT01248607 1961 0.135 13.5 5.96 27415 28208 293.6 105 261.1 

5 X. bouyssoui CAS CASENT0845606 1966 0.28 28 25.6 152214 10578 297.2 523 291.0 

6 X. caffra LACM LACMENT414152 1979 0.218 21.8 8.08 244370 75449 310.5 756 323.2 

7 X. canaria USNM USNMENT01248609 1924 2.62 100 15.2 20754 41814 305.0 78 266.1 

8 X. citrina MfN cbdcdb 1905 0.58 58.0 22.4 191948 12604 296.5 648 296.2 

9 X. disconota CAS CASENT0845607 1956 0.25 25.0 14.1 76316 5176 290.7 282 270.6 

10 X. elegans USNM USNMENT01248611 1961 0.577 57.7 23.2 266970 20370 303.1 854 312.6 

11 X. flavonigrescens USNM USNMENT01248616 n/a 0.409 40.9 13.6 51767 3753 302.5 196 264.1 

12 X. fimbriata USNM USNMENT01407519 1985 0.804 80.4 29.8 229318 11827 300.5 756 303.3 

13 X. flavicollis LACM LACMENT414154 1973 0.566 56.6 15.7 237317 20287 297.9 771 307.8 

14 X. flavicollis USNM USNMENT01248613 n/a 0.557 55.7 15.6 248429 19788 295.0 809 307.1 

15 X. flavicollis USNM USNMENT01248614 1957 0.292 29.2 19.3 406337 95890 308.8 1092 372.1 

16 X. flavifrons LACM LACMENT414158 1962 0.183 18.3 9.08 178800 95890 308.8 612 292.2 

17 X. isabelleae MfN 70d0f8 1981 1.03 100 19.2 268395 9378 306.1 821 326.9 

18 X. micheneri LACM LACMENT414162 1989 0.806 80.6 19.2 341524 38319 302.7 973 351.0 

19 X. modesta USNM USNMENT01248618 1929 0.341 34.1 11.4 59612 2887 356.9 224 266.1 

20 X. nasica USNM USNMENT01407520 1902 1.25 100 25.2 35980 8985 1092 97 370.9 

21 X. perforator USNM USNMENT01407518 n/a 0.707 70.7 13.3 81812 3166 292.6 306 267.4 

22 X. preussi MfN 3a948d 1903 0.561 56.1 57.6 18898 1715 297.1 73 258.9 

23 X. ruficeps LACM LACMENT414166 1997 1.22 100 40.8 287790 13336 312.9 899 320.1 

24 X. rufitarsis LACM LACMENT414160 1982 0.42 42.0 27 163519 6079 293.2 580 281.9 

25 X. schoana MfN fd91dd 1926 1.07 100 39.8 206817 10354 304.1 689 300.2 

26 
X. tabaniformis 

androleuca 
USNM USNMENT01407513 1957 0.409 40.9 18.2 272544 28364 301.5 857 318.0 
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Table 2. (continued). 

27 
X. tabaniformis 

orpifex 
CAS CASENT0845614 1917 0.195 19.5 11.1 129463 41096 301.0 459 282.1 

28 X. tumorifera LACM LACMENT414167 1969 0.129 12.9 15.5 33614 51696 302.1 128 262.6 

29 
X. varipes 

parva 
MfN 6067c0 1906 0.537 53.7 35.4 50458 2023 317.0 193 261.4 

30 X. watmoughi CAS CASENT0845616 1910 2.46 100 21.4 477582 62583 312.0 1221 391.1 

31 X. luteola NL ZMA.INS.834439 1978 2.56 100 51.6 191138 60564 91.06 434 440.4 

32 X. praeusta NL ZMA.INS.837959 1997 2.68 100 40.2 874712 73904 265.6 1505 581.2 

33 X. angulosa NL ZMA.INS.5090798 1953 0.148 14.8 23.6 140177 21074 124.0 314 446.4 

34 X. pseudoviolacea NL ZMA.INS.5090800 1952 0.17 17.0 25.6 30616 23969 88.40 73 419.4 

35 X. buginesica NL RMNH.INS.1264357 1950 2.04 100 51.8 48311 47769 77.13 115 420.1 

36 X. buginesica NL RMNH.INS.1264358 1950 0.646 64.6 24.4 155374 58511 90.66 361 430.4 

37 X. gaullei NL ZMA.INS.843128 1988 18.3 100 21 61549 177130 170.8 144 427.4 

38 X. tarsata MSNG - 1939 0.362 36.2 41.8 30601 39062 78.71 81 377.8 

39 X. appendiculata AMNH AMNH_IZC00341883 2004 0.428 42.8 56.2 535890 113743 104.7 1059 506.0 

40 X. auripennis AMNH AMNH_IZC00341914 1931 0.114 11.4 30.8 22080 28664 77.40 59 374.2 

41 X. bahamensis AMNH AMNH_IZC00341917 1953 0.912 91.2 43.8 187998 52833 102.6 436 431.2 

42 
X. frontalis 

frontalis 
AMNH AMNH_BEE00196757 1994 1.9 100 60.8 112130 103088 81.23 259 432.9 

43 
X. frontalis 

trinitatus 
AMNH AMNH_BEE00022196 1965 1.66 100 48.8 98760 92866 79.2 231 427.5 

44 X. iris AMNH AMNH_IZC00341892 2009 4.2 100 53.6 946907 192807 154.8 1551 610.5 

45 X. ciliata SEMC SEMC1230318 1954 0.368 36.8 31.4 298108 78580 95.38 666 447.6 

46 X. atamisquensis SEMC SEMC1231440 1935 0.472 47.2 16.7 42287 62709 79.38 104 406.6 

47 X. columbiensis SEMC SEMC1231924 1981 0.308 30.8 37.2 388763 99589 98.08 835 465.6 

48 X. rotundiceps SEMC SEMC1247209 1953 0.122 12.2 10.6 71793 76716 119.6 164 437.8 

49 
X. tabaniformis 

azteca 
SEMC 

KUNH-

ENTSM0433756 
1989 2.98 100 53.4 785722 41096 301.0 1387 566.5 

50 
X. varians 

centroamericana 
SEMC SEMC1232826 1963 0.284 28.4 24 424549 118061 96.51 887 478.6 

51 X. bombiformis MfN 47c223 ? 0.31 30.87 17.8 387,949 4765 147.0 1122 269.9 

52 X. bombimorpha MfN fa7224 1910 0.10 9.94 4.28 6,903,990 10277 151.1 1766 283.1 

53 X. brunnea MfN f6fe15 1902 0.69 69.3 19.7 985,749 10084 165.8 1773 321.1 

54 X. capensis MfN 352a71 1904 0.64 63.91 22.4 581,658 14305 131.5 1897 326.8 

55 X. circumvolans MfN b258d 1899 0.84 84 20.6 1,889,523 13241 203.3 2023 408.0 
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Table 2. (continued). 

56 X. combinata MfN 2f108c 1910 0.20 20.02 26.6 371,647 6013 242.2 1642 286.5 

57 X. dormeyeri MfN 69f14 ? 0.36 35.63 29.8 427,128 5272 253.0 1858 338.1 

58 X. euchlora MfN 20958d ? 0.57 57.4 23.4 390,030 4733 211.4 1580 307.3 

59 X. hirsuta MfN 446aa1 ? 0.21 20.65 22.6 260,875 3119 162.7 1009 255.5 

60 X. howa MfN 1519b6 1912 0.29 28.84 25.6 393,266 4561 228.2 1615 295.4 

61 X. iris MfN 8f53c4 1994 1.69 101.2 25.4 2,686,838 20700 277.8 2245 552.1 

62 X. kuehni MfN 33ea4a 1903 0.60 60.06 22.2 1,831,708 11583 192.1 1914 346.6 

63 X. luteola MfN a1f62f ? 0.22 22.26 19.5 1,122,927 8365 142.7 1164 257.4 

64 X. madurensis MfN d89a7c ? 0.34 34.37 21 1,570,523 8017 199.9 1964 328.1 

65 X. magnifica MfN d0f414 ? 0.19 19.25 24.2 161,392 2133 199.6 793 250.3 

66 X. metallica MfN f69b25 1899 0.23 23.1 12.2 2,749,538 8911 137.5 1574 286.2 

67 X. nigroplagiata MfN 735489 1900 0.37 37.31 18.4 999,013 7016 182.2 1748 309.9 

68 X. nitidiventris MfN 6bec6d 1912 0.70 70 21 1,004,939 7080 181.9 1834 309.9 

69 X. obscurata MfN 3b03fe 1903 0.73 72.8 28 451,707 5553 250.0 1880 326.3 

70 X. ocularis MfN 86d568 1901 0.22 22.47 24.2 791,152 5936 239.7 1854 316.5 

71 X. orientalis MfN fa27ca ? 0.21 20.65 17.7 1,148,003 8046 159.4 1757 293.2 

72 X. perversa MfN d2a729 ? 0.47 46.9 7.84 1,814,440 2789 247.0 1488 288.5 

73 X. provida MfN 1dea06 1909 0.13 12.88 13.2 6,120,516 25909 225.1 1410 278.1 

74 X. przewalskyi MfN e3ac04 1890 0.22 21.84 13.1 2,211,914 4633 150.8 1041 252.8 

75 X. relucens MfN 4b86e7 ? 0.38 38.22 20.8 1,433,217 9444 161.6 1856 305.6 

76 X. rotundiceps MfN 7a907d ? 0.33 33.18 21.4 1,406,171 15037 147.4 1893 328.0 

77 X. rufipes MfN 274ec8 1934 0.76 76.4 30.4 1,349,662 14186 265.0 2212 437.7 

78 X. schoutedeni MfN 84c41 1931 0.41 41.02 16.2 2,824,008 29320 180.1 2056 349.5 

79 X. smaragdina MfN a9a1c6 1906 0.25 24.64 5.02 1,998,073 4819 161.7 1121 254.6 

80 X. sphinx MfN 67785e 1890 0.11 10.92 5.72 3,889,773 8713 156.9 1530 274.4 

81 X. trifasciata MfN bd3f25 ? 0.68 68.1 32.5 722,393 11189 257.2 2144 450.8 

82 X. versicolor MfN 3112c8 ? 0.21 20.58 14.4 1,884,822 15551 205.7 1925 321.8 

All voucher accession numbers from the MfN are preceded by: http://coll.mfn-berlin.de/u/ 
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Table 3. Abbreviations for the 12 datasets implemented based on the three levels of 

matrix completeness, two trimming thresholds and whether the alignment was 

partitioned or unpartitioned. 

 60% 70% 75% 

0.95 Unpartitioned 60%-0.95U 70%-0.95U 75%-0.95U 

0.95 Partitioned 60%-0.95P 70%-0.95P 75%-0.95P 

0.97 Unpartitioned 60%-0.97U 70%-0.97U 75%-0.97U 

0.97 Partitioned 60%-0.97P 70%-0.97P 75%-0.97P 
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Table 4. Geographic distribution of Xylocopa species. A: Afrotropical, E: Neotropical, I: 

Indomalayan, N: Neartic, O: Oriental, P: Palaeartic, U: Australasian 

Species Distribution 

Xylocopa abbreviata  E 

Xylocopa acutipennis  OI 

Xylocopa aeneipennis E 

Xylocopa aestuans  OI 

Xylocopa africana  A 

Xylocopa albiceps  A 

Xylocopa albicincta  A 

Xylocopa albifrons  A 

Xylocopa albinotum  O 

Xylocopa amamensis P 

Xylocopa amauroptera  I 

Xylocopa amazonica  E 

Xylocopa amedaei  P 

Xylocopa amethystina  O 

Xylocopa andica  E 

Xylocopa angulosa  P 

Xylocopa anthophoroides  E 

Xylocopa apicalis  A 

Xylocopa appendiculata  OP 

Xylocopa appendiculata_70  OP 

Xylocopa artifex E 

Xylocopa aruana IU 

Xylocopa atamisquensis E 

Xylocopa augusti  E 

Xylocopa auripennis  OI 

Xylocopa auripennis_71  OI 

Xylocopa aurulenta  E 

Xylocopa bahamensis  E 

Xylocopa bakeriana  I 
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Table 4. (continued). 

Xylocopa bambusae  E 

Xylocopa barbatella  E 

Xylocopa bentoni  O 

Xylocopa bhowara  O 

Xylocopa bimaculata  E 

Xylocopa bluethgeni  I 

Xylocopa bombiformis  I 

Xylocopa bombimorpha  O 

Xylocopa bouyssoui  A 

Xylocopa brasilianorum  E 

Xylocopa bruesi  E 

Xylocopa brunnea  I 

Xylocopa BS_sp1 E 

Xylocopa buginesica_XYLO57 O 

Xylocopa buginesica_XYLO58  O 

Xylocopa caerulea  OI 

Xylocopa caffra  A 

Xylocopa caffra_XYLO8  A 

Xylocopa calcarata  A 

Xylocopa calens  A 

Xylocopa californica  N 

Xylocopa canaria  I 

Xylocopa cantabrita  P 

Xylocopa capensis  A 

Xylocopa capitata  A 

Xylocopa carbonaria E 

Xylocopa caribea E 

Xylocopa CD_sp1 A 

Xylocopa cearensis E 

Xylocopa chapini A 

Xylocopa chiyakensis A 
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Table 4. (continued). 

Xylocopa chlorina I 

Xylocopa ciliata E 

Xylocopa circumvolans OP 

Xylocopa citrina A 

Xylocopa clarionensis E 

Xylocopa cloti A 

Xylocopa columbiensis E 

Xylocopa combinata I 

Xylocopa combusta A 

Xylocopa coracina I 

Xylocopa coronata I 

Xylocopa CR_sp1 E 

Xylocopa cubaecola E 

Xylocopa cuernosensis I 

Xylocopa cyanea EN 

Xylocopa darwini E 

Xylocopa dejeanii_08 I 

Xylocopa dejeanii_146 I 

Xylocopa dejeanii_59 I 

Xylocopa dejeanii_binghami I 

Xylocopa dejeanii_chenghuoi OI 

Xylocopa dejeanii_sauteri O 

Xylocopa dimidiata E 

Xylocopa disconota U 

Xylocopa diversipes I 

Xylocopa dormeyeri I 

Xylocopa elegans E 

Xylocopa erythrina A 

Xylocopa euchlora I 

Xylocopa eximia E 

Xylocopa fallax I 
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Table 4. (continued). 

Xylocopa fenestrata AO 

Xylocopa fimbriata E 

Xylocopa flavicollis_XYLO15 A 

Xylocopa flavicollis_XYLO16 A 

Xylocopa flavicollis_XYLO17 A 

Xylocopa flavifrons P 

Xylocopa flavonigrescens I 

Xylocopa flavorufa A 

Xylocopa frontalis E 

Xylocopa frontalis_frontalis E 

Xylocopa frontalis_trinitatus E 

Xylocopa fuliginata I 

Xylocopa funesta E 

Xylocopa gaullei A 

Xylocopa ghilianii I 

Xylocopa grisescens E 

Xylocopa grossa E 

Xylocopa grubaueri I 

Xylocopa gualanensis E 

Xylocopa guatemalensis E 

Xylocopa haematospila E 

Xylocopa hirsuta E 

Xylocopa hirsutissima E 

Xylocopa hottentotta  A 

Xylocopa howa  A 

Xylocopa imitator  A 

Xylocopa inconstans  A 

Xylocopa IR_sp1 O 

Xylocopa iridipennis  OI 

Xylocopa iris_BBX825 P 

Xylocopa iris_XYLO77 P 
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Table 4. (continued). 

Xylocopa isabelleae A 

Xylocopa karnyi I 

Xylocopa kerri O 

Xylocopa kuhni I 

Xylocopa lachnea E 

Xylocopa lateralis E 

Xylocopa lateritia A 

Xylocopa latipes OI 

Xylocopa lehmanni E 

Xylocopa leucocephala I 

Xylocopa LK_sp1 O 

Xylocopa LK_sp2 O 

Xylocopa lombokensis I 

Xylocopa loripes EN 

Xylocopa lucbanensis I 

Xylocopa lucida E 

Xylocopa lugubris A 

Xylocopa luteola_BBX827 A 

Xylocopa luteola_XYLO45 A 

Xylocopa macrops E 

Xylocopa madurensis O 

Xylocopa magnifica O 

Xylocopa maior I 

Xylocopa mastrucata E 

Xylocopa mendozana E 

Xylocopa metallica E 

Xylocopa mexicanorum EN 

Xylocopa micans EN 

Xylocopa micheneri EN 

Xylocopa mixta A 

Xylocopa modesta A 
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Table 4. (continued). 

Xylocopa mordax E 

Xylocopa morotaiana I 

Xylocopa muscaria E 

Xylocopa myops I 

Xylocopa nasalis OI 

Xylocopa nasica E 

Xylocopa nautlana E 

Xylocopa nigrita A 

Xylocopa nigrocaerulea OI 

Xylocopa nigrocincta E 

Xylocopa nigroplagiata I 

Xylocopa nitidiventris P 

Xylocopa nobilis_tricolor I 

Xylocopa nogueirai E 

Xylocopa obscurata A 

Xylocopa ocularis I 

Xylocopa olivacea A 

Xylocopa olivieri P 

Xylocopa ordinaria E 

Xylocopa orientalis E 

Xylocopa ornata  E 

Xylocopa perforator I 

Xylocopa perversa  I 

Xylocopa pervirescens E 

Xylocopa phalothorax O 

Xylocopa philippinensis I 

Xylocopa praeusta A 

Xylocopa preussi A 

Xylocopa provida I 

Xylocopa przewalskyi P 

Xylocopa pseudoviolacea P 
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Table 4. (continued). 

Xylocopa pubescens AOP 

Xylocopa ramakrishnai O 

Xylocopa relucens I 

Xylocopa rotundiceps_BBX840 E 

Xylocopa rotundiceps_XYLO84 E 

Xylocopa rufa OP 

Xylocopa ruficeps O 

Xylocopa ruficornis O 

Xylocopa rufidorsum E 

Xylocopa rufipes O 

Xylocopa rufitarsis A 

Xylocopa samarensis I 

Xylocopa schoana A 

Xylocopa schoutedeni A 

Xylocopa scioensis A 

Xylocopa senior A 

Xylocopa separata I 

Xylocopa shelfordi I 

Xylocopa sicheli A 

Xylocopa similis E 

Xylocopa simillima E 

Xylocopa sinensis O 

Xylocopa smaragdina E 

Xylocopa smithii I 

Xylocopa somalica A 

Xylocopa sonorina I 

Xylocopa sphinx A 

Xylocopa splendidula E 

Xylocopa splendidula_charapensis E 

Xylocopa stanleyi A 

Xylocopa strandi EN 
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Table 4. (continued). 

Xylocopa subcombusta A 

Xylocopa subcyanea E 

Xylocopa subvirescens E 

Xylocopa tabaniformis EN 

Xylocopa tabaniformis_androleuca EN 

Xylocopa tabaniformis_azteca EN 

Xylocopa tabaniformis_orpifex EN 

Xylocopa tacanensis E 

Xylocopa tarsata A 

Xylocopa tegulata E 

Xylocopa tenuata E 

Xylocopa tenuiscapa OI 

Xylocopa torrida A 

Xylocopa tranquebarica O 

Xylocopa 

tranquebarorum_formosana 

O 

Xylocopa transitoria E 

Xylocopa trifasciata I 

Xylocopa tumida I 

Xylocopa tumorifera I 

Xylocopa turanica P 

Xylocopa ustulate AP 

Xylocopa valga P 

Xylocopa varentzowi P 

Xylocopa varians_centroamericana E 

Xylocopa varians_ecuadorica E 

Xylocopa varians_piurensis E 

Xylocopa varians_varians E 

Xylocopa varipes A 

Xylocopa varipes_atritarsis A 

Xylocopa varipes_parva A 
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Table 4. (continued). 

Xylocopa varipes_perfusca A 

Xylocopa varipuncta EN 

Xylocopa versicolor P 

Xylocopa vestita E 

Xylocopa violacea P 

Xylocopa virginica_2 N 

Xylocopa virginica_24 N 

Xylocopa virginica_45 N 

Xylocopa virginica_texana N 

Xylocopa viridigastra E 

Xylocopa viridis E 

Xylocopa volatilis I 

Xylocopa watmoughi A 

Xylocopa wilmattae E 

Xylocopa xanti I 

Xylocopa zonata P 
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FIGURES 

 
Figure 6. ML phylogeny estimated with IQ-TREE 2 v2.1.2 (Nguyen et al. 2015) using the 60%-0.95P dataset. 
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Figure 7. ML phylogeny estimated with IQ-TREE 2 v2.1.2 (Nguyen et al. 2015) using the 60%-0.97U dataset. 
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Figure 8. ML phylogeny estimated with IQ-TREE 2 v2.1.2 (Nguyen et al. 2015) using the 60%-0.97P dataset. 
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Figure 9. ML phylogeny estimated with IQ-TREE 2 v2.1.2 (Nguyen et al. 2015) using the 70%-0.95U dataset. 
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Figure 10. ML phylogeny estimated with IQ-TREE 2 v2.1.2 (Nguyen et al. 2015) using the 70%-0.95P dataset. 
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Figure 11. ML phylogeny estimated with IQ-TREE 2 v2.1.2 (Nguyen et al. 2015) using the 70%-0.97U dataset. 
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Figure 12. ML phylogeny estimated with IQ-TREE 2 v2.1.2 (Nguyen et al. 2015) using the 70%-0.97P dataset. 
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Figure 13. ML phylogeny estimated with IQ-TREE 2 v2.1.2 (Nguyen et al. 2015) using the 75%-0.95P dataset. 
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Figure 14. ML phylogeny estimated with IQ-TREE 2 v2.1.2 (Nguyen et al. 2015) using the 75%-0.97U dataset. 
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Figure 15. ML phylogeny estimated with IQ-TREE 2 v2.1.2 (Nguyen et al. 2015) using the 75%-0.97P dataset. 
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Figure 16. Species tree estimated with Astral-III v5.15.4 (Zhang et al. 2018) using the 60%U dataset. 
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Figure 17. Species tree estimated with Astral-III v5.15.4 (Zhang et al. 2018) using the 70%U dataset. 
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Figure 18. Species tree estimated with Astral-III v5.15.4 (Zhang et al. 2018) using the 75%U dataset. 
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Figure 19. Divergence time estimation using MCMCtree based on analysis of the 70%-0.95U dataset. The scale at 

the bottom is in million years. 
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Figure 20. Divergence time estimation using MCMCtree based on analysis of the 75%-0.95U dataset. The scale at 

the bottom is in million years. 
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Figure 21. Divergence time estimation using MCMCtree based on analysis of the 75%-0.97U dataset. The scale at 

the bottom is in million years. 
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CHAPTER 2 

Aculeate Hymenopterans as Aposematic and Mimetic Models 

Willadsen, P. C. (2022). Aculeate hymenopterans as aposematic and mimetic models. Frontiers 

in Ecology and Evolution, 10. https://doi.org/10.3389/fevo.2022.827319 

 

Abstract 

            Aposematism and mimicry are complex phenomena which have been studied 

extensively; however, much of our knowledge comes from just a few focal groups, especially 

butterflies. Aposematic species combine a warning signal with a secondary defense that reduces 

their profitability as prey. Aculeate hymenopterans are an extremely diverse lineage defined by 

the modification of the ovipositor into a stinger which represents a potent defense against 

predators. Aculeates are often brightly colored and broadly mimicked by members of other 

arthropod groups including Diptera, Lepidoptera, Coleoptera, and Araneae. However, aculeates 

are surprisingly understudied as aposematic and mimetic model organisms. Recent studies have 

described novel pigments contributing to warning coloration in insects and identified changes in 

cis-regulatory elements as potential drivers of color pattern evolution. Many biotic and abiotic 

factors contribute to the evolution and maintenance of conspicuous color patterns. Predator 

distribution and diversity seem to influence the phenotypic diversity of aposematic velvet ants 

while studies on bumble bees underscore the importance of intermediate mimetic phenotypes in 

transition zones between putative mimicry rings. Aculeate hymenopterans are attractive models 

for studying sex-based intraspecific mimicry as male aculeates lack the defense conferred by the 

females’ stinger. In some species, evolution of male and female color patterns appears to be 
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decoupled. Future studies on aposematic aculeates and their associated mimics hold great 

promise for unraveling outstanding questions about the evolution of conspicuous color patterns 

and the factors which determine the composition and distribution of mimetic communities. 

 

Introduction  

            Aposematism has been a phenomenon of evolutionary and ecological interest since 

Alfred Russell Wallace and Charles Darwin first discussed warning coloration in caterpillars 

over 150 years ago (Wallace, 1867). Originally, the term aposematism was primarily associated 

with visual cues, such as the bright colors of many caterpillars, as an explanation for how 

conspicuousness could be favorable in life stages that do not experience sexual selection. We 

now know that warning signals are not limited to visual cues; many examples of non-visual 

aposematic signals, such as auditory and odor-based cues, are known, including the ultrasonic 

clicks of moths and non-repellent Frontiers in Ecology and Evolution odors released by some 

plants and animals (Eisner and Grant, 1981; Dunning and Kruger, 1995; Hristov and Conner, 

2005; Low et al., 2021). Many species present multimodal aposematic signals incorporating 

different types of cues which may strengthen or generalize the signal to a broader range of 

predators (Rowe and Halpin, 2013). As a result, aposematism is now generally defined as the 

pairing of a warning signal with a secondary defense that renders the prey unprofitable to attack 

by predators (Rojas et al., 2015). According to this definition, aposematism is a form of honest 

signaling which can benefit the prey and also potential predators by allowing them to make 

informed decisions about prey profitability.  

            The current body of literature on aposematism and mimicry, an intrinsically linked topic, 

is vast, a large proportion of studies have focused on poison dart frogs (Dendrobatidae) and 
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Nymphalid butterflies, particularly the genus Heliconius. Heliconius butterflies display striking 

aposematic wing patterns and have served as a primary model group for studying mimicry for 

over 150 years (Bates, 1862). Hypotheses on the evolution, maintenance, and spatial distribution 

of mimetic patterns have been tested in Heliconius, and the genetic basis of mimicry is 

particularly well characterized in this group compared to other model systems (Mallet and 

Barton, 1989; Mallet and Gilbert, 1995; Jiggins et al., 2001; Kapan et al., 2006; Baxter et al., 

2008; Kronforst and Papa, 2015). Extending these studies to different taxonomic groups would 

allow us to test whether other mimetic communities follow similar trends and explore questions 

such as: What are the chemical and genetic bases of conspicuous color patterns and color pattern 

variation? Which ecological factors and selective pressures are important in determining the 

phenotypic variability and geographic distribution of conspicuous color patterns? What factors 

facilitate the evolution of intraspecific sex-based color pattern variation?  

            The Aculeata (ants, bees, and stinging wasps) are a promising clade for addressing these 

questions and other related topics as they include some of the most widely mimicked aposematic 

species, and the female stinger represents an innate difference in the defenses of males and 

females. Surprisingly, aculeates have received little attention as model aposematic and mimicry 

systems despite the diversity of conspicuous color patterns found in the group. Ants (Formicidae) 

are well known as an incredibly diverse and ecologically important group mimicked by a wide 

array of arthropods; however, outside the recently described golden mimicry complex in 

Australia, most ant mimics imitate their body shape or behavior rather than conspicuous 

coloration (McIver and Stonedahl, 1993; Pekár et al., 2017). This review will focus on 

aposematic aculeates which do display conspicuous warning color patterns and their associated 

mimicry rings. Two groups that have been studied in this context are bumble bees (Bombus), 
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whose coloration has a long history of study, and velvet ants (Mutillidae) which have emerged as 

another promising system in the past decade (Stiles, 1979; Plowright and Owen, 1980; Wilson et 

al., 2012; Ezray et al., 2019). The findings of these studies will be discussed following a brief 

overview of our current understanding of aposematism and mimicry systems.  

Background 

            In some cases, it may be difficult to tell whether a species meets both criteria required to 

be considered aposematic: a warning signal and a secondary defense. Some cryptic species have 

secondary defenses, and many undefended species mimic aposematic species by exhibiting 

dishonest conspicuous warning signals. Organisms falling into either of these categories can be 

readily distinguished from aposematic species with sufficient knowledge about the defensive 

strategies they employ and how conspicuous they are to co-occurring predators. Since humans 

are often not the target audience of warning signals, we may not recognize or perceive certain 

signals in the same way as an organism’s natural predators. Human perception of color patterns 

may be similar to that of visual predators such as birds; however, predators may also pick up on 

ultraviolet or infrared signals exhibited by prey that are outside the spectrum of light visible to us 

(Cuthill and Bennett, 1993; Dittrigh et al., 1993; Penney et al., 2012). Some conspicuous color 

patterns are important for mate recognition, thermoregulation and other functions, without also 

conferring increased predator avoidance (Stuart-Fox et al., 2017; Rojas et al., 2018). On one 

hand, we may misdiagnose some signals which do not actually play a role in predator avoidance 

as aposematic, and on the other, overlook genuine aposematic signals due to sensory biases.  

            If we lack sufficient information to definitively identify a given conspicuous color pattern 

as aposematic, more conservative terminology should be used. The term “conspicuous color 

pattern” is appropriate for situations in which the function of a given color phenotype is 
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unknown. Conspicuous color patterns can be labeled as warning signals if they are known to 

confer increased predator avoidance, whether or not they are paired with defenses. For example, 

in guppies, strong sexual selection for conspicuousness may reduce survival due to increased 

predation, therefore these conspicuous color patterns should not be referred to as warning signals 

or as aposematic (Endler, 1980). Care must also be taken in distinguishing aposematic species 

from undefended mimics as only honest warning signals should be referred to as aposematic.                                                                     

            Aposematism and mimicry are closely connected and both phenomena have traditionally 

been viewed as frequency-dependent predator avoidance mechanisms, such that changes in the 

relative abundance of aposematic models, undefended mimics, and alternative prey can influence 

the fitness benefits of being aposematic or a mimic (Marples and Mappes, 2011). The two most 

prevalent forms of mimicry are Batesian and Müllerian, although several others have been 

described (Figure 1). Batesian mimicry involves an undefended species mimicking a defended 

model to gain a parasitic benefit at the cost of the model species (Bates, 1862). The dishonest 

signals of Batesian mimics are thought to reduce the relative fitness of the model by diluting the 

model’s honest signal in a frequency-dependent manner. Müllerian mimicry, on the other hand, 

is characterized by the convergence of two or more defended species upon similar aposematic 

signals, which strengthens the overall signal and spreads out the burden of educating naive 

predators to the mutual benefit of all involved mimics (Müller, 1878). In some situations, two or 

more defended species that differ in the degree to which they are defended may mimic each 

other. When the less defended species gains a parasitic benefit, this is referred to as quasi-

Batesian mimicry (Speed, 1990; Rowland et al., 2010). Batesian, quasi-Batesian, and Müllerian 

mimicry are all types of interspecific mimicry; two types of intraspecific mimicry will also be 

discussed in this review.  The first is Browerian mimicry, or automimicry, which occurs when 
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there is variation in the degree to which individuals in a population are defended (Brower et al., 

1967). Automimicry can be thought of as intraspecific Batesian mimicry. The second type is dual 

sex-limited mimicry (DSLM) which occurs when there is sex-based intraspecific variation in 

conspicuous color patterns. In species exhibiting DSLM, males and females are often members 

of different mimicry rings (Evans, 1968).  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Diagram of the types of mimicry discussed in this review. Arrows represent the direction of selection and 

point from the mimic to the model, defended model species are indicated by a stinger. (A) Batesian mimicry, an 

undefended species mimicking a defended model species. (B) Müllerian mimicry, two different defended model 

species mimic each other. (C) Automimicry, an undefended member of a species mimics a defended conspecific 

model. (D) Dual sex-limited mimicry, a defended female of species 2 is a Müllerian mimic of species 1, an 

undefended male of species 2 is a Batesian mimic of species 3. Illustration created by Jen Schlauch. 

 

            The fitness benefits of being aposematic may vary both spatially and temporally (Ruxton 

et al., 2018). Skelhorn et al. (2016) and Ruxton et al. (2018) both give excellent summaries of the 

topic, particularly the subtleties of correctly identifying aposematism. The most salient points are 

outlined below. Spatial variation in relative fitness is evident due to the existence of mimicry 
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rings and transition zones between regions with different characteristic patterns (Mallet and 

Barton, 1989; Mallet and Gilbert, 1995; Wilson et al., 2012). Transition zones are of particular 

interest and utility in identifying how dispersal barriers, differences in predation pressure, and 

other factors interact to drive different color patterns to local dominance in a spatial mosaic. 

Additionally, the conspicuousness of warning signals can be context dependent. Aposematism 

and crypsis are often thought of as opposite, mutually exclusive strategies, but some apparently 

conspicuous patterns may be cryptic against certain backgrounds, or when viewed from certain 

distances (Tullberg et al., 2005). Temporal variation in the fitness benefits conferred by 

aposematism is perhaps less obvious but also common. The relative fitness of aposematic 

individuals can fluctuate based on a variety of factors including variation in the relative 

abundance of naive predators and the availability of alternative prey (Skelhorn et al., 2016; 

Ruxton et al., 2018). A study of caterpillars in Finland found a phenological match between the 

emergence time of aposematic caterpillars and the points in the season when the relative fitness 

of aposematism is highest compared to crypsis (Mappes et al., 2014). Crypsis was favored when 

young naive avian predators were abundant and learning to associate aposematic signals with 

unprofitable prey (Mappes et al., 2014). Variation in predator state, such as hunger level or toxin 

load, can influence the decision making of experienced predators and cause them to knowingly 

attack aposematic prey they would usually avoid (Skelhorn et al., 2016). Predators and predator 

communities also vary in their susceptibility to specific toxins and their ability to detect prey or 

learn to associate specific patterns with unprofitability (Endler and Mappes, 2004).  

Hymenopteran Color Pattern Diversity  

            There are currently over 150,000 described hymenopteran species within ∼90 extant 

families, many of which contain conspicuously colored species (Figure 2) (Branstetter et al., 
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2017; Peters et al., 2017). Hymenopterans are divided into two groups. Symphyta is a 

paraphyletic assemblage composed of early diverging lineages whose members have a broadly 

connected thorax and abdomen and are commonly known as sawflies (Malm and Nyman, 2015). 

Apocrita is a monophyletic suborder containing the vast majority of hymenopteran species 

distinguished by a narrow “waist” between the first two abdominal segments (Peters et al., 

2017). All stinging hymenopterans (ants, bees and stinging wasps) belong to the monophyletic 

infraorder Aculeata which is nested within Apocrita (Branstetter et al., 2017). Aculeata includes 

over 70,000 currently described species grouped into nearly 40 families, bees (Anthophila) and 

ants represent distinct monophyletic lineages within Aculeata containing over 20,000 and 14,000 

species, respectively (Branstetter et al., 2017; Sann et al., 2018). The stinger has been 

secondarily lost in some lineages, including a few families of bees and several subfamilies of 

ants. A huge variety of aposematic patterns are displayed by adult aculeates, and a number of 

sawflies and non-aculeate Apocrita also display warning coloration, although they lack a stinger. 

The larvae of some sawfly species also exhibit conspicuous color patterns. Accurately 

quantifying the number of hymenopteran species displaying warning colors, let alone 

distinguishing between aposematic species and undefended mimics, is an immense undertaking 

due to the sheer diversity of the order. A study which focused on a single color pattern, black-

orange-black, highlights the magnitude of the task. This pattern was found to occur in over 200 

species in at least 23 hymenopteran families, and although the authors examined over 1.2 million 

specimens, they describe their survey as preliminary with respect to this single pattern (Mora and 

Hanson, 2019). 

            A diverse array of hymenopteran defensive mechanisms and other warning signals are 

known in addition to conspicuous color patterns. Velvet ants in particular exhibit many other 
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adaptations. These include a hard slippery exoskeleton, a potent stinger in females, the ability to 

stridulate in response to the presence of predators, and the ability to release unpleasant odors 

which may function as both a defense and a warning signal (Manley, 2000). Other common 

strategies employed by hymenopterans include spines, aggregation of immatures by several 

sawfly species, communal attack by some social species, and the ability to spray noxious 

chemicals in some stingless ant lineages. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 2. Phylogeny of hymenopteran superfamily relationships after (Branstetter et al., 2017). Symphyta is a 

paraphyletic grade consisting of the earliest diverging hymenopteran lineages. The monophyletic suborder Apocrita 

contains all remaining lineages and the bulk of Hymenopteran diversity including the Aculeata. Apidae and 

Chalcididae images are ©Matt Bertone, used with permission. All other images are ©Alex Wild, used with 

permission.  
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Chemical and Genetic Basis of Insect Warning Coloration  

            Understanding the chemical and genetic underpinnings of color in insects is important as 

it allows researchers to test why some groups exhibit greater phenotypic variation than others 

and whether similar patterns are produced by common mechanisms and pathways at different 

taxonomic levels. Insects produce an exceptional variety of colors, most of which can be 

classified as either structural or pigment-based. This review will focus primarily on pigment-

based color, as the majority of literature on insect structural color comes from study of 

Coleoptera and Lepidoptera although some research has been conducted on structural color in 

hymenopterans (Nemésio, 2005; Kroiss et al., 2009; Pekár et al., 2017). Insect pigments have 

been studied in several orders while studies of the genetic basis of conspicuous coloration in 

insects have focused predominantly on Heliconius, a single genus within Lepidoptera. Increasing 

the taxonomic breadth of these studies could elucidate whether their findings are lineage-specific 

or consistent across other groups.  

            Pigments have many functions in insects including predator avoidance and 

thermoregulation as well as resistance to desiccation, ultraviolet radiation and infection by 

parasites (Shamim et al., 2014). The chemical basis of aposematism and color pattern 

polymorphism is relatively understudied in Hymenoptera but has recently been explored in 

bumble bees and velvet ants (Hines et al., 2017; Tian et al., 2019). Melanins were identified as 

the primary pigment underlying aposematic color patterns in these groups and a novel yellow 

pigment similar to those found in butterfly wings was discovered (Hines, 2008a,b; Hines et al., 

2017). Both black eumelanins, which were thought to be responsible for all insect melanization, 

and red pheomelanins, previously unknown in insects, are important components of color 

patterns in these two aculeate groups (Hines et al., 2017). These findings suggest that further 
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analysis of the chemistry underlying conspicuous aculeate color patterns will likely continue to 

yield new discoveries.  

            Our knowledge of the genetic basis of insect color patterns is primarily limited to 

Heliconius and swallowtail butterflies (Papilionidae: Papilio) (Joron et al., 2011; Heliconius 

Genome Consortium., 2012; Kunte et al., 2014; McMillan et al., 2020). Wing pattern variation in 

swallowtails is controlled by a small number of large-effect loci (Kunte et al., 2014; Nishikawa 

et al., 2015). Extensive crossing experiments have shown that wing pattern variation in 

Heliconius is also mostly controlled by a few large-effect Mendelian loci with many quantitative 

loci contributing to a lesser extent (Sheppard et al., 1985; Kronforst and Papa, 2015). In 

Heliconius, these large effect loci include WntA which controls melanic coloration, optix 

associated with red coloration, and the P locus which is conserved across the genus and named 

for a supergene that controls the entire wing pattern in one species, H. numata (Joron et al., 2006; 

Kronforst and Papa, 2015). The protein sequences of WntA and optix are also well conserved 

within Heliconius suggesting that changes in cis-regulatory elements may drive the evolution of 

wing patterns (Martin et al., 2012). Cis-regulatory elements are also known to be important 

drivers of the divergence and subsequent adaptive radiation of color patterns in East African 

cichlids (Urban et al., 2021).  

            Now that the fundamental genetic basis of conspicuous wing patterns is known in 

Heliconius, researchers have started looking for similar genetic structure in other butterfly 

groups to test whether this function arose in this genus or is evolutionarily conserved. For 

example, in Limenitis, another Nymphalid genus, WntA was found to control a similar melanic 

wing pattern and this phenotype was perfectly associated with a 9-kb retrotransposon in the first 

intron of WntA (Gallant et al., 2014). In Heliconius, a 1.8-kb indel was found to be perfectly 
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associated with a specific wing pattern phenotype. Alignment of Limenitis and Heliconius WntA 

sequences showed that the respective position of the retrotransposon and indel overlap, 

suggesting independent origins of similar wing pattern elements through cis-regulatory mutations 

in the same region (Gallant et al., 2014).  

            New genomic tools can facilitate study of the pathways driving color pattern expression 

in non-model systems which do not have data from decades of crosses to utilize. Genes driving 

color polymorphism observed in the bumble bee Bombus melanopygus were identified using 

comparative functional analysis of genomes (Tian et al., 2019). A cis-regulatory element 

between the Hox genes abd-A and Abd-B determines whether the abdomen is black or red, 

corresponding to either the Pacific coastal or Rocky Mountain mimicry ring, respectively (Tian 

et al., 2019). Comparative studies, such as this and the previously mentioned work on WntA in 

Limenitis, seem to be a particularly promising approach for identifying loci controlling color 

pattern expression. Expanding studies to other hymenopteran taxa and comparing more distantly 

related groups could help establish whether the genetic mechanisms underlying similar 

conspicuous color patterns are phylogenetically conserved or arose from repeated independent 

mutations at specific loci within diverse clades such as vespid wasps, Aculeata, or Hymenoptera 

as a whole.  

Ecological Factors and Selective Pressures 

            Early models of the evolution and maintenance of aposematic signals and Müllerian and 

Batesian mimicry treated the fitness benefits of conspicuous color patterns as unifunctional and 

strictly frequency dependent and their predictions do not match the local variation seen in nature. 

Conspicuous color phenotypes are now known to be influenced by other biotic and abiotic 

factors in addition to functioning as warning signals to predators (Ojala et al., 2007). Briolat et 
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al. (2018) provide an excellent overview and discussion of diversity in warning coloration in 

their recent review. Numerous hypotheses have been put forward to explain variation in 

conspicuous coloration both within and between species and communities. For example, Kikuchi 

and Pfennig (2013) reviewed hypotheses regarding imperfect mimicry and grouped them into 

four categories: factors which temporarily prevent a response to selection for perfect mimicry, 

relaxed selection for perfect mimicry, local tradeoffs which cause imperfect mimicry to be 

favored by selection, and imperfect mimicry being an artifact of human perception. The purpose 

of this section is not to provide a comprehensive summary of all such hypotheses on imperfect 

mimicry and other phenomena, but to highlight studies which focus on identifying ecological 

factors and selective pressures that could drive the phenotypic diversity of aculeate mimicry 

systems and to suggest specific hypotheses which may be well suited to future testing within 

Aculeata.  

            Velvet ant mimicry rings are an excellent example of multiple selective pressures driving 

extant variation in aposematic color patterns. Females are apterous, mostly diurnal, and spend 

much of their time actively searching for hosts, mainly large ground nesting hymenopterans, for 

their offspring to parasitize (Schmidt and Blum, 1977). These factors and behavior may increase 

their susceptibility to discovery and attack by predators, reducing the benefits of crypsis and 

driving the evolution of conspicuous patterns and potent defenses within the clade. Lizards are 

thought to be the primary predators of velvet ants and have been shown to either innately avoid 

aposematic species or rapidly learn avoidance (Vitt and Cooper, 1988; Pan et al., 2017). Eight 

distinct mimicry rings were identified in a study which included all 21 diurnal North American 

velvet ant genera and 84% of North American species (Wilson et al., 2015). The distribution of 

conspicuous phenotypes within the phylogeny suggests that convergent evolution of co-
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occurring species due to Müllerian mimicry was responsible for the observed mimicry complex 

rather than common ancestry (Wilson et al., 2012).  

            Interestingly, African velvet ant mimicry rings are less phenotypically diverse, with only 

4 distinct rings identified based on examination of a comparable number of species, even though 

velvet ants are much more taxonomically rich in Africa than in North America (Wilson et al., 

2018). This disparity could be explained by differences in the diversity and distribution of 

predators and ecoregions between the two continents as the richness of velvet ant mimicry rings 

appears to correlate with the richness of local lizard predators (Wilson et al., 2013, 2018). North 

America harbors a greater diversity of insectivorous lizards than Africa does at the family, genus, 

and species levels and most North American lizard species are concentrated in a few ecoregions 

clustered in a relatively narrow geographic range (Pianka, 1967; Wilson et al., 2018). The more 

even distribution of lizard species across a larger landmass in Africa could explain the relatively 

low phenotypic diversity of velvet ant mimicry rings compared to those found in North America 

(Wilson et al., 2018).  

            Another study on velvet ants highlights the need for caution in ascribing function to color 

patterns without direct evidence. Three Dasymutilla species within the North American desert 

mimicry ring have separately evolved long white hairs and were previously thought to mimic the 

fruits of creosote bushes. However, the three species in question were found to share similar 

reflectance spectra, distinct from that of creosote fruit, and ancestral state reconstructions place 

the origin of this white color pattern some 4 million years prior to the introduction of creosote 

bushes (Wilson et al., 2020). Temperature assays found that white members of the desert 

mimicry ring remain cooler than those which are orange. Combined, these results point to this 

phenotype initially evolving as a thermoregulatory adaptation to the desert climate rather than 
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being driven by predation pressure (Wilson et al., 2020). The authors suggest that Müllerian 

mimicry could have then facilitated diversification of light-colored setal phenotypes within the 

desert mimicry ring. This study underscores the need to evaluate the actual fitness benefits 

conferred by a given color pattern before making assumptions about the selective factors driving 

initial evolution of the phenotype.  

            The richness and distribution of predator communities seems to be an important factor 

driving the phenotypic diversity of velvet ant mimicry rings. Comparing the responses of naive 

and educated predators to aposematic species from mimicry rings which overlap with the 

distribution of the predator, and those from other non-overlapping mimicry rings would test two 

questions. First, is predator avoidance of velvet ants an innate or learned behavior? Second, how 

do predators respond to new conspicuous phenotypes? Additionally, comparing responses to 

different conspicuous phenotypes within a given mimicry ring would tell us to what extent 

predators generalize color patterns within putative mimicry rings. If both naive and educated 

predators avoid unfamiliar aposematic phenotypes, or educated predators broadly generalize 

avoidance, this could indicate that some of the other warning signals exhibited by velvet ants are 

more important for predator avoidance. Manipulating the expression of these signals, such as 

odors and stridulations, and testing whether predator responses change based on the suite of 

characters presented, would provide insight into how individual components impact predator 

learning and avoidance and interact to form multimodal signals. Pekár et al. (2017) found that 

visually- and non-visually orienting predators show similar degrees of avoidance of members of 

the golden mimicry complex suggesting that displaying multimodal signals is important for 

avoiding a predator community consisting of multiple distinct guilds. This was an interesting 
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finding, and it illustrates the difficulty of quantifying predator generalization of warning signals 

when mimics exhibit multimodal signals.  

            Color patterns in bumble bees are perhaps the best characterized of all hymenopterans 

thanks to a long history of research (Dalla Torre, 1880; Vogt, 1909; Stiles, 1979; Plowright and 

Owen, 1980). In a landmark paper published in 2007, Paul Williams examined all 219 social 

bumble bee species described at that time for the presence of repeated and co-occurring color 

patterns, and to determine whether any patterns are associated with specific habitats (Williams, 

2007). Several color pattern groups were identified, and the most species-rich groups were found 

to significantly cluster in specific geographic regions based on available collection data 

(Williams, 2007).  

            A subsequent study used a similar dataset and unsupervised machine learning based on 

human visual perception to cluster color patterns (Ezray et al., 2019). The authors used an 

extensive geographic dataset for preserved specimens found in the United States to describe the 

“average pattern” in 167 × 88 km cells. Both the average color pattern of all species within a grid 

cell (perceptual mimicry optimum), and the average counting each distinct morphotype once 

independent of frequency (average color pattern) were calculated. When viewed at a coarse 

scale, bumble bee color patterns appear to fall into four mimicry complexes which are distinct 

both visually and geographically as predicted by traditional mimicry theory. However, the 

authors found that at a finer scale, bumble bee color patterns form a perceptual continuum along 

a geographic gradient. Imperfect or intermediate mimicry may even be favored in transition 

zones and persist due to generalization by predators or by being the best representation of the 

average pattern in these regions (Ezray et al., 2019). Similar color patterns were found to have 

independent origins in different bumble bee clades, again supporting convergent evolution rather 
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than common ancestry (Ezray et al., 2019). This study provided a useful, broadly applicable 

method for quantifying color patterns and laid the groundwork for future studies on the evolution 

of mimicry patterns in transition zones.  

            Comparing the responses of predators in transition zones to the phenotypes of imperfect 

mimics and distinct phenotypes from adjacent regions would help tease apart whether 

intermediate phenotypes persist due to generalization or are actually selectively favored. Testing 

the relative thermal tolerance, desiccation resistance, and parasite load of distinct, cooccurring 

species and morphs could identify additional selective pressures, outside of predation, driving the 

phenotypic variability and spatial turnover observed in transition zones. Applying this method to 

other widespread aposematic groups which form multiple mimicry rings would be useful in 

determining whether most groups occur along continua or cluster into discrete groups with hard 

spatial boundaries. The identification of areas in which the perceptual mimicry optimum and 

average color pattern differ significantly may be of special interest.  

            Velvet ants and bumble bees represent speciose clades containing many important 

aposematic models and a diverse array of conspicuous color patterns. Within each group, similar 

color patterns were found to have arisen through convergent evolution as opposed to shared 

phylogenetic history. Combined with the comparative study on color patterns in Bombus 

melanopygus, this lends some support to the hypothesis that mutations at cis-regulatory elements 

controlling conserved loci play an important role in bumble bee color pattern evolution as in 

Heliconius. In velvet ants, mimicry ring diversity appears to be correlated with predator and 

ecoregion diversity in line with the expected benefits of Müllerian mimicry. Bumble bee color 

patterns were found to form geographic and perceptual continua with significant transition zones 



      

 

72 

between seemingly discrete mimicry rings. These studies have paved the way for future work in 

the many other aculeate groups known to exhibit a variety of conspicuous color patterns.  

Sex-Based Intraspecific Mimicry  

            Brower et al. (1967) first described automimicry in monarch butterflies when they found 

that adults reared on more toxic milkweed species are chemically defended while adults reared 

on less toxic milkweeds are palatable and mimic noxious individuals. In aculeates, the 

characteristic female stinger represents an innate sex-based morphological difference in defenses 

rather than a dietbased difference. In many aculeate species, males display color patterns 

identical or very similar to those of conspecific females even though the males lack a stinger. 

DSLM was first described by Howard Evans based on several spider wasp (Pompilidae) species 

(Evans, 1968). In these species, females are Müllerian mimics, while males are Batesian mimics, 

but of other aposematic species; males and females are thus members of different mimicry rings. 

DSLM is now also known to occur in other insect groups in addition to spider wasps, including 

the closely related velvet ants and some butterfly species, although in butterflies both sexes are 

often Batesian mimics (Kunte, 2008; Wilson et al., 2015).  

            The evolutionary dynamics of sexual automimicry and DSLM in aculeates are intriguing. 

The evolution and persistence of these phenomena could potentially be explained by a wide 

variety of factors which may alter the benefit gained by male automimics and cost incurred by 

aposematic females. These include biased sex ratios, the presence of other distinct patterns for 

males to mimic, and the presence of shared, or potentially male specific, defenses. Differences in 

life history traits such as lifespan, emergence time, foraging behavior, and mate finding strategies 

could also drive the evolution of sexual dichromatism by causing males and females to 

effectively reside in different mimetic communities or experience predation pressure from 
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somewhat different predator communities. The presence of highly noxious, non-conspecific 

models may facilitate this process if predators avoid even low fidelity mimics due to the high 

cost of accidentally attacking a potently defended model species.  

            The effects automimics have on predator foraging decisions were evaluated in a study 

which used chicks as predators and crumbs as prey (Skelhorn and Rowe, 2007). Prey included 

defended and undefended conspicuous red crumbs, representing automodels and automimics, 

respectively, alongside undefended green crumbs which matched the background representing 

alternative cryptic prey. Crumbs representing automodels were sprayed with a distasteful quinine 

solution while those representing automimics or alternative cryptic prey were sprayed with 

water. The authors found that the presence of automimics did not affect predation rates when 

undefended automimics comprised less than 25% of the population (Skelhorn and Rowe, 2007). 

This provides some support for mechanisms involving reduced male presence, such as biased sex 

ratios, as explanations for the maintenance of automimicry in populations where sexbased 

differences in defenses exist.  

            To date, most studies on automimicry have been theoretical or lab-based with relatively 

few being conducted in natural systems. Using sex-based automimicry model systems like 

aculeates, rather than groups in which automimicry is diet-based would alleviate the need to 

monitor and track the feeding habits of individuals, making field studies more feasible. DSLM in 

general is poorly understood, likely at least in part because associating males with their 

conspecific females can be difficult morphologically, but genetic identification methods should 

help alleviate this initial problem. Future studies on the genetic underpinnings of DSLM could 

seek to explain how sex-based polymorphism of color phenotypes is produced and in what order 

new phenotypes evolved from the ancestral pattern. Comparative studies focusing on the life 
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history of populations with automimics or DSLM and their closest relatives not exhibiting these 

phenomena could identify specific selective pressures driving these types of mimicry.  

Discussion  

            Traditionally, the study of aposematism and mimicry has been restricted to a few focal 

taxonomic groups; however, recently developed methods and tools are giving researchers new 

ways to view and measure color patterns in other taxonomic groups. Sequencing costs have 

declined to the point where genome scale datasets can be generated fairly affordably and 

comparative genomic studies have emerged as a powerful method for identifying the genes and 

common genetic architecture underlying color pattern polymorphism and diversification (Gallant 

et al., 2014; Tian et al., 2019). Identification of common aposematic patterns within and between 

groups will be aided by ongoing efforts to digitize specimens and accompanying advances in 

analysis of digitized material. Multispectral imaging of specimens will facilitate identification of 

patterns conspicuous to predators but invisible to humans. Image analysis with machine learning 

tools may maintain the continuous nature of patterning, which is lost in matrix-based approaches, 

while being less sensitive to minor differences in color pattern location which may not be 

biologically relevant (Wham et al., 2019).  

            Recent studies leveraged some of these tools to establish velvet ants and bumble bees as 

the first aculeate models for studying color pattern variation and mimicry. As in Heliconius and 

cichlids, cis-regulatory elements were identified as drivers of color pattern evolution in a species 

of bumble bee. Continued study of the pigment chemistry and genetic basis of conspicuous color 

patterns will further our understanding of how these striking phenotypes are produced and allow 

us to test whether cis-regulatory elements are important drivers of color pattern variation across 

taxa or if other mechanisms are also common. The evolution of aposematic color patterns in 
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velvet ants and bumble bees has been driven by convergent evolution which underscores the 

importance of studying these patterns in an ecological and phylogenetic context. Aculeates 

represent a valuable group for testing hypotheses about the evolution and maintenance of 

conspicuous color patterns in natural systems as they display such a wide variety of conspicuous 

patterns, many of which are shared with more distantly related hymenopteran taxa.  

            The papers discussed in this review on velvet ants and bumble bees primarily focus on 

these groups in the context of within-group Müllerian mimicry. Future studies could instead 

focus on other Müllerian or Batesian mimics of these taxa. Batesian mimics of velvet ants 

include beetles, spiders and antlion larvae, while at least five fly families contain species which 

mimic bumble bees (Gabritschevsky, 1926; Wilson et al., 2012). Comparing the abundance, 

diversity, and mimetic fidelity of Batesian mimics within a community to their aposematic 

models could further our understanding of the impact of dishonest mimics on model fitness. It 

would be especially interesting to compare the abundance and relative fitness of Müllerian and 

Batesian mimics in communities in which there is seasonal variation in the presence of naive 

predators, or in the availability and relative profitability of alternative prey.  

            Aculeate hymenopterans represent an evolutionarily diverse set of models and mimics, 

they are mimicked by a wide variety of insects and even other arthropods and some mimicry 

rings based on aculeate models are taxonomically rich at or above the ordinal level. These super 

diverse mimicry rings are well suited for studying imperfect mimicry, especially for exploring 

what factors set the spatial boundaries of a given ring and why some species have evolved to 

become mimics while close relatives have not. Ant mimicry complexes are of particular note for 

the astonishing morphological and behavioral adaptations mimics have evolved to resemble ants. 

Aculeates are also ideal for studying automimicry, which has been a challenging concept to 
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understand and model evolutionarily. DSLM has scarcely been studied at all since its description 

over 50 years ago and may also be best addressed in aculeate systems in which multiple distinct 

mimetic patterns are known to overlap, such as with velvet ants (Wilson et al., 2015, 2018). 

Promising aculeate groups for future studies on mimicry include large carpenter bees (Blaimer et 

al., 2018), vespid wasps (Perrard et al., 2014; Marchini et al., 2016), and spider wasps (Schmidt, 

2004).  

            Integrative studies across Hymenoptera could allow researchers to tackle broad 

evolutionary questions in a comparative framework. Collaboration between research groups 

studying the genetic basis of color pattern variation across taxa will likely yield exciting new 

insight into the mechanisms by which similar color patterns are produced and whether these 

patterns have a common genetic basis or function. The work on melanism in bumble bees and 

velvet ants is an example of the potential for collaborative studies to enhance our understanding 

of these patterns (Hines et al., 2017). Other goals of collaborative work could include: 

reconstructing the origin of aposematism and mimicry in different clades, identification of the 

selective pressures driving the current distribution of color patterns in communities and across 

groups, and comparing the relative rates at which honest and dishonest warning signals are 

gained and lost. Comparing multiple, distantly related, co-occurring species may also help us 

identify the mechanisms by which factors such as predation pressure, sexual selection, and other 

biotic and abiotic environmental variables contribute to warning signal local optima. Our 

understanding of color adaptations has come a long way since Wallace’s letter to Darwin, but a 

great deal of work remains to be done. The Aculeata represent an exciting system for studying 

conspicuous color patterns due to their taxonomic and phenotypic diversity, and future studies in 
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aculeates hold great promise for answering many outstanding questions concerning aposematism 

and mimicry. 
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CHAPTER 3 

Evolution and Distribution of Conspicuous Xylocopa Color Patterns 

 

Introduction 

Conspicuous, pigment-based, color phenotypes in animals can have many functions 

complicating attempts to identify specific factors that shape their evolution. Detailed information 

on where a given conspicuous phenotype is found, the composition of local communities of 

predators and mimics, the methods by which individuals recognize and attract mates, and even 

how they thermoregulate, can all be important. For most groups of conspicuously colored 

insects, we lack sufficient information to identify which specific factors have most influenced 

their color pattern evolution. Finding strong evidence that an interesting phylogenetic or 

biogeographic pattern of color pattern exists is an important first step towards testing hypotheses 

about selection on color-based phenotypes. 

Large carpenter bees are a promising group for studying conspicuous color patterns and 

mimicry. A broad range of bright setal colors are displayed by Xylocopa species including 

yellow, orange, red, white, and even blue (Figure 1). Some species have iridescent wings or 

integument which may also function as a warning signal to predators. Both sexes of some species 

are brightly colored, but in most cases only females display conspicuous coloration while males 

are drab suggesting that male and female color patterns may be decoupled at least in some 

lineages (Blaimer et al. 2018). The goal of the project discussed in this chapter is to analyze the 

evolution of Xylocopa color patterns by comparing their perceptual similarity and to test whether 

phylogenetic relatedness or geographic distribution predict color pattern similarity. 
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Figure 1. Example images of specimens whose color patterns were scored for conspicuousness. The first 

five specimens in each row were scored as conspicuous while the sixth specimen in each row was scored 

as inconspicuous. 

  

Many methods have been developed to quantify and compare the visual similarity of 

specimen color patterns including pixel-by-pixel comparison, color vision models, and analyses 

based on transitions between adjacent patches or boundary strength (Williams 2007; Endler 

2012; Endler et al. 2017; Gawryszewski 2018). These methods can be overly sensitive to minute 

changes in color patch position which may not be biologically relevant. A new approach is to use 

convolutional neural networks (CNNs) trained in image recognition to compare images. Wham 

et al. (2019) developed a method analyzing color pattern similarity using an unsupervised 

machine learning approach that closely matches human perception and is robust to small 

positional pattern element changes. This pipeline constructs a perceptual distance matrix of all 

pairwise image comparisons for an input image dataset using the convolutional neural network 

AlexNet (Krizhevsky et al. 2012) re-weighted with the Learned Perceptual Image Patch 

Similarity (LPIPS) metric developed by Zhang et al. (2018). This method was successfully 

applied to a bumble bee image dataset in a study which measured the mimetic fidelity of bumble 

bee communities across the United States (Ezray et al. 2019). Here I apply this method to a 

Xylocopa image dataset and use publicly available biogeographic data from the Global 

Biodiversity Information Facility (GBIF) to test whether species can be clustered into distinct 
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groups with similar color patterns, and whether species in these groups have overlapping ranges, 

potentially forming mimicry rings. 

Methods 

Dorsal images were taken of 249 pinned specimens from the American Museum of 

Natural History (AMNH), California Academy of Sciences (CAS), the University of Kansas 

Biodiversity Institute (KU), The Natural History Museum of Los Angeles County (LACM), the 

Museum für Naturkunde (MfN), the Museo Civico di Storia Naturale di Genova (MSNG), 

Naturalis Biodiversity Center (NL) and the National Museum of Natural History (NMNH). I 

took 25 stacked images of each specimen using a Canon EOS 7D camera under standardized 

lighting at North Carolina State University and assembled these into a composite image using the 

PMax method in ZerenesStacker v1.04. An additional 24 specimens were imaged at the MfN. A 

gray scale card was included in the background of images and used to correct color balance in 

Adobe Photoshop v20.0.5. Specimens were faded and degraded to different degrees, presumably 

due to differences in methods used for collection and preservation and in specimen age which 

ranged from 5–143 years old at the time of imaging. The wings of some specimens were spread 

while others were folded over the back and the positioning of legs and antennae also varied. A 

standard Xylocopa-shaped template (Figure 2) was created to minimize noise due to variation in 

these and other non-color factors, as color pattern was the only variable of interest. The template 

was split into separate segments corresponding to sections bearing colored setae in at least one 

imaged specimen. Specimens with distinct patches of dorsal setae which contrasted with the 

color of adjacent setae or integument were scored as conspicuous. These criteria excluded some 

specimens with conspicuously colored iridescent wings or dorsal integument as the available 

imaging setup was insufficient for accurate analysis of iridescent colors. 126 templates based on 
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126 distinct morphotypes exhibited by different specimens meeting these criteria were included 

representing a total of 108 species. Some polymorphic species represented by multiple 

specimens exhibiting different morphotypes were represented by multiple templates but no 

single template represented more than one species. Of these 108 species, 77 were included in the 

phylogenetic analysis from chapter 1 representing 87 distinct morphotypes. For morphotypes 

represented by multiple conspecific specimens, the most recently collected specimen was 

selected as the template basis as pigment-based colors tend to fade with age.  To capture and 

represent color pattern variation as accurately as possible, color values were directly extracted 

from each distinct patch of color on each specimen and applied to the corresponding template 

segments in Photoshop.  

 

 
Figure 2a. Standardized Xylocopa template with distinct body sections bearing conspicuous setae in any 

specimens outlined. Sections identified as especially important to differentiating clusters of similar patterns 

from each other, corresponding to deep splits in Figure 4, are labeled. These include the center of the 

mesosoma (C-Me), the posterior mesosomal segment (P-Ms), and the anterior metasomal segment (A-Mt). 

 

A-Mt 

P-Ms 

C-Me 
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Figure 2b. Example template and the original stacked image it is based on. 

 

The resulting dataset of 124 templates based on specimens scored as conspicuous served 

as the input for the Perceptual_tSNE workflow outlined by Wham et al. (2019). This approach 

uses the deep convolutional neural network (AlexNet) (Krizhevsky et al. 2012) to create a vector 

representation of each input image and then create a perceptual distance metric based on the 

distance between each pair of vector representations. This distance is strongly correlated with 

human perception of similarity. This pipeline uses T-distributed stochastic neighbor embedding 

(t-SNE) to create a 2-D visualization of these multidimensional distances. For ease of 

interpretation and comparison, a color wheel was applied to the plot allowing each x, y point 

corresponding to a template to be represented by a single color, completely unrelated to the 

colors on the templates as in Ezray et al. (2019). Similar templates cluster together in the plot 

and are thus represented by more similar color values. A dendrogram depicting the calculated 

perceptual relationships was also created as an alternative way of visualizing clustering patterns 

in this plot using the R packages ape and dendextend (Paradis and Schliep 2018; Galili 2015) 

To analyze the distribution of Xylocopa color patterns, publicly available locality data 

were downloaded from the Global Biodiversity Information Facility (GBIF.org). Records of 

species not represented in the image dataset and those of species known to exhibit more than one 
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color morphotype were dropped as most records did not include images precluding association of 

these records with specific morphotypes for these species. This left 34,678 records of 56 species, 

each record was assigned the color based on the position of its corresponding template and 

plotted on a map of the world using the R package ggmap (Kahle and Wickham 2013). To assess 

whether similar color patterns cluster spatially, the distribution of morphotypes found in each 

area was represented using pie charts with each morphotype represented by its corresponding 

color and weighted by morphotype frequency. The distribution of morphotypes was assessed at 

the country level as the bulk of Xylocopa color pattern diversity in this dataset consists of 4,948 

records of 47 species from Africa through the Middle East to Japan, Southeast Asia, and 

Australia covering a total of over 18,000,000mi2. Using a grid based would not be appropriate 

for this dataset because of the small number of data points relative to the area covered. South 

America was also relatively sparsely sampled and North America was represented by only a 

single conspicuous morphotype here, so this country-based approach was used for the entire 

geographic dataset. 

 Results 

The 126 distinct conspicuous morphotypes representing 108 Xylocopa species clustered 

into four major groups of perceptually similar patterns. The t-SNE plot of perceptual 

relationships based on the template dataset is shown in (Figure 3), while (Figure 4) displays the 

corresponding dendrogram of relationships among color patterns. The deeper splits in this 

dendrogram correspond to the presence or absence of patches of aposematic setae on specific 

segments of the body while shallower splits generally correspond to color variation within a 

specific pattern element. Nearly the full range of color pattern morphospace is represented within 

the Koptortosoma clade (Figure 5), while the diversity of color patterns found in Neoxylocopa 
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and other lineages is much more limited. All records of the 56 species represented in both the 

GBIF and image datasets are plotted on a map of the world (Figure 6). X. virginica accounts for 

29,197 of these records and is the only North American species represented here. In South 

America there are 534 records across eight species while the remaining 4,948 correspond to 47 

species found in the Eastern Hemisphere.  Figures 7 and 8 display the weighted range of 

conspicuous color patterns found in each country, with species representation proportional to 

relative frequency.  

Sub-Saharan Africa and Southeast Asia are the two main hotspots of color pattern 

diversity (Figure 6). Morphotypes represented by shades of yellow are present in both regions 

and cluster into two distinct groups. The first, composed of members of the African Mesotrichia, 

is characterized by a continuous band of colored setae wrapping around the anterior and lateral 

sides of the mesonotum. The second corresponds to a cluster distinguished by a single thin strip 

of white or yellow setae at the anterior of the mesonotum or the dorsal surface of the head, this 

group is more widespread though one species in the subgenus Zonohirsuta, X. dejeanii, is 

responsible for most of the records outside of Africa.  

Color patterns from Cluster 1 (Figure 4), corresponding to morphotypes in which the 

anterior metasomal segment (A-Mt) bears conspicuous setae are found almost exclusively in 

Africa, while Southeast Asia is dominated by Cluster 2 morphotypes characterized by a 

conspicuously colored, monochromatic, mesosoma with other morphotypes represented to a 

lesser degree (Figure 6). Morphotypic diversity decreases toward South Korea and Japan to the 

northeast and in Australia and Papua New Guinea to the southeast. A few species in Southeast 

Asia do have a conspicuous A-Mt segment though in most of these species more of the 

metasoma than just the A-Mt segment is covered in colored setae and these species are recovered 
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in different Cluster 1 subclusters than their African counterparts. A handful of species from the 

Philippines and Papua New Guinea do cluster with the primarily African patterns though. The 

Philippines also contain a very distinct pattern almost unique to the country, with the exception 

of the Neotropical species X. similis, characterized by conspicuous setae covering the A-Mt 

segment and all of the mesosoma except the center section (C-Ms). Cluster 1 includes the 

members of the small Southeast Asian lineage known as the “Cyaneoderes group”, the only 

Xylocopa species that possess blue setae.  

South America is less phenotypically diverse with the mesosoma of most species fully 

covered in pale or ferruginous setae and the rest of the body black, these species are recovered in 

Cluster 2b (Figure 4). Xylocopa similis is the only exception, in this species the anterior 

metasomal tergite also has conspicuously colored setae. This species is most common in Ecuador 

and Peru with a few additional records from Brazil and Columbia. Of the remaining species, 

those with pale setae are found exclusively in the South and West parts of Brazil. Most species 

with ferruginous setae are found from northern Argentina North into Bolivia and just across the 

border into Brazil, while one species, X. aurulenta, is instead found primarily in Suriname and 

French Guiana.    
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Figure 3 

Figure 3a. t-SNE plot of perceptual distances calculated for the dataset of 126 input templates, the distance between 

templates is a measure of color pattern perceptual similarity. The axes are a unitless scale of perceptual similarity. 

Figure 3b. The plot from 3a with the color wheel overlay added. 
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                     Figure 3a. 

 

 
                              Figure 3b. 
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Figure 4. Cluster dendrogram of perceptual relationships. Labeled clusters correspond to the following characters: 

Cluster 1: Anterior metasomal segment (A-Mt) bearing colored setae and metasoma not one solid color. Cluster 1a: 

Center of mesosoma (C-Ms) black. Cluster 2a: C-Ms covered in colored setae. Cluster 2: A-Mt black or metasoma 

one solid color. Cluster 2a: C-Ms and posterior segment of mesosoma (P-Ms) black or mesosoma+metasoma 

completely covered in colored setae. Cluster 2b - C-Ms and/or P-Ms aposematic. 
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Figure 5 

     Figure 5a. ML phylogeny based on the 60%-0.95U dataset from Chapter 1. 87 templates are mapped to 97 of 

the 261 tips representing Xylocopa taxa (some species are represented by multiple tips or templates).      Taxa in 

which females were available for examination and scored as inconspicuous are represented by monotone gray 

templates as there is only one known species of Xylocopa in which males are conspicuous and females are 

inconspicuous. Those without females available for examination are represented by question marks. Taxa 

unavailable for imaging but known to have conspicuous coloration are represented by templates with a red 

mesonotum and an X. Figure 5b. Blown up representation of the Koptortosoma clade from Figure 5a. which 

contains the majority of color pattern diversity.  
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Figure 5a. 
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Figure 5b. 

 



      

 

99 

 

                          
Figure 6. Distribution of conspicuously colored Xylocopa species. The templates below the map and their associated 

colored dots correspond to distinct color patterns clusters in Figure 3b. 

 

 
Figure 7. Range of color patterns found in countries in the Eastern Hemisphere weighted by species abundance. 
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Figure 8. Range of color patterns found in countries in South America weighted by species abundance. 

 

Discussion 

It is difficult to directly compare the results of the image analysis with the trees from 

Chapter 1 as 31 of the species included in the perceptual color pattern analysis are not 

represented in the phylogeny and some species included in the phylogeny are known to be 

conspicuous but were unavailable for sequencing. Of 87 morphotypes represented by species in 

the phylogeny, 72 are found in the Koptortosoma clade and eight of the remaining 15 are 

members of the Neotropical subgenus Neoxylocopa (Figure 5). Qualitative analysis of the 

distribution of Xylocopa color patterns presented here suggests that distinct color patterns have 

evolved multiple times within the Koptortosoma clade and similar derived color patterns may be 

conserved within closely related species groups. Members of the Koptortosoma clade are found 

exclusively in the Eastern Hemisphere with hotspots of diversity in Sub-Saharan Africa and 

Southeast Asia. Different color phenotypes appear to be predominant in these regions with most 

morphotypes in Africa including colored setae on A-Mt corresponding to Cluster 1 (Figure 4), 

while in Southeast Asian species this segment of the dorsum is most often black corresponding 
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to Cluster 2. All conspicuous phenotypes in the Australasian region consist of a conspicuous, 

solid yellow, mesosoma and a solid black metasoma. All conspicuous phenotypes found North of 

the 31st parallel in the Eastern Hemisphere also converge on this pattern, although in some 

species the mesosoma is a pale gray instead of yellow. 

The analysis presented here identifies several lineages in Southeast Asia deserving 

of further investigation. Two monophyletic lineages within the Southeast Asian Koptortosoma 

are found exclusively in the Philippines and this area also contains the distinct phenotype in 

which the anterior of the metasoma and perimeter of the mesosoma are bright yellow. This 

phenotype is found in both clades, along with species with ferruginous coloration, providing 

some evidence for convergent evolution. The species of the “Cyaneoderes group” also share a 

unique pattern, females of five species in this group have blue setae on their dorsum while the 

sixth, X. incompleta is bright orange instead. The blue species bear colored setae covering the 

dorsal surface of their head, mesosoma, and anterior metasomal segment while X. incompleta 

lacks colored metasomal setae. No specimens of X. incompleta were available for sequencing so 

its relationship to the other putative members of this group could not be established in this study. 

It would be interesting to study the microhabitats these species occupy and their behavior to see 

if there is any functional or adaptive explanation for the evolution of blue setae in this group and 

why X. incompleta differs phenotypically. 

 These are exciting apparent trends but this dataset does have several limitations that 

should be mentioned. First, the perceptual relationships between the phenotypes identified as 

conspicuous may not match the perception of predators these species interact with. One would 

have to directly measure the responses of natural predators to different color patterns to 

determine the extent to which predators recognize and generalize warning signals and whether 
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the perceptual clusters identified here are biologically relevant in this context. For example, 

many species have phenotypes fitting the general pattern black-yellow-black with a patch of 

bright setae in the middle of the body and many templates represented by shades of blue and 

green differ only by the color of the anterior metasomal tergite. These traits may function in 

some other capacity such as mate recognition or thermoregulation, or be phylogenetically 

conserved rather than the result of convergent evolution. The bright anterior metasomal patch 

seems strongly conserved in the African lineages and several distinct color patterns are 

apparently specific to some Southeast Asian lineages. It is difficult to compare the phylogeny 

and the perceptual relationship dendrogram as some species are present in one dataset but not the 

other, with neither dataset representing much more than 50% of species in the Koptortosoma 

clade which contains most of the color morphotype diversity.  

The geographic scope of this dataset and availability of locality data is also somewhat 

limiting. A previous study on bumblebees (Ezray et al. 2019) included over 160,000 records of 

35 species from across the continental United States, an area of roughly 3,100,000mi2 which was 

split into 900 cells of 167 x 88km for an average of about 178 records per cell. In contrast, this 

study includes fewer records of more species spread over the entire globe. The regions of the 

Eastern Hemisphere with conspicuous morphotypes would need to be split into about 30 cells of 

~600,000mi2 size to achieve an average number of records per cell comparable to that of Ezray et 

al. (2019). As a result, the average color pattern was calculated on a per country basis instead. 

Another important factor to note regarding sampling is that all four polymorphic species dropped 

from analysis were relatively common, combining for a total of 2,744 records. All 2,744 records 

are from Africa with at least 2,122 of these corresponding to magenta-coded color patterns 

(Figure 3b) while the remainder correspond to blue codes so these patterns are certainly 
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underrepresented in the analyses. A total of 60 countries in the Eastern Hemisphere have at least 

one record, but the distribution is far from even. Half the records in this region are from three 

countries: Australia, Japan, and South Africa while 36 other countries have fewer than ten 

records. This raises the question of whether trends seen here are merely artifacts of uneven 

representation in the geographic dataset or actually reflect the distribution and relative abundance 

of Xylocopa species. Most country borders are merely political boundaries of no biological 

significance so binning records this way is inherently somewhat arbitrary. This could artificially 

lump species with no actual geographic overlap together, which may make it seem like 

perceptually similar species co-occur when in fact they occupy separate ecoregions within a 

country. Many of these limitations would be resolved by more thorough sampling of large 

carpenter bees. However, these bees which are most often hand collected, making 

comprehensive sampling for this genus more time-intensive than for groups that are often caught 

in malaise traps or other passive trapping methods. In the future, targeted sampling of areas 

known to include multiple distinct color phenotypes but represented by few specimens here 

would be very valuable. 

In conclusion, the machine learning method applied here was able to successfully group 

images into clusters which appear to be biologically relevant, at least to human perception. 

Drawing meaningful inferences from the biogeographical dataset is difficult at this point in time 

given its relatively small size and vast geographic scope. Many Xylocopa species are known 

from only a handful of collection events and it will be important to conduct more surveys in the 

tropics where this genus is most diverse and also search through other museum collections to 

obtain more historical records. A more thorough quantitative analysis will be necessary to 

confirm or disprove the observations made here and determine whether perceptually similar 
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Xylocopa species actually form mimicry rings. However, this study identified several lineages 

and geographic regions which deserve further investigation and is a useful first step which can 

serve as the foundation for future studies on the distribution and biology of conspicuous 

Xylocopa phenotypes when more comprehensive biogeographic data is available.  
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