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A B S T R A C T   

Small carpenter bees in the genus Ceratina are behaviourally diverse, species-rich, and cosmopolitan, with over 
370 species and a range including all continents except Antarctica. Here, we present the first comprehensive 
phylogeny of the genus based on ultraconserved element (UCE) phylogenomic data, covering a total of 185 
ingroup specimens representing 22 of the 25 current subgenera. Our results support most recognized subgenera 
as natural groups, but we also highlight several groups in need of taxonomic revision – particularly the nominate 
subgenus Ceratina sensu stricto – and several clades that likely need to be described as new subgenera. In addition 
to phylogeny, we explore the evolutionary history of Ceratina through divergence time estimation and biogeo
graphic reconstruction. Our findings suggest that Ceratinini split from its sister tribe Allodapini about 72 million 
years ago. The common ancestor of Ceratina emerged in the Afrotropical realm approximately 42 million years 
ago, near the Middle Eocene Climatic Optimum. Multiple subsequent dispersal events led to the present 
cosmopolitan distribution of Ceratina, with the majority of transitions occurring between the Afrotropics, 
Indomalaya, and the Palearctic. Additional movements also led to the arrival of Ceratina in Madagascar, Aus
tralasia, and a single colonization of the Americas. Dispersal events were asymmetrical overall, with temperate 
regions primarily acting as destinations for migrations from tropical source regions.   

1. Introduction 

Many recent studies have made use of novel approaches in phylo
genetics to gain new insights into the commonalities and patterns of 
biogeography throughout the tree of life, with a range of taxa including 
birds (Batista et al., 2020), spiders (Ledford et al., 2021), snakes 
(Esquerré et al., 2020), trees (Wang et al., 2022) and recently bees 
(Almeida et al., 2023). Early work such as Michener’s identification of 
the “amphitropical” distribution of bee species richness (Michener, 
1979) has led to large, occurrence data-driven projects including 
detailed characterization of global hotspots of diversity (Orr et al., 
2021). Other publications have focused on elucidating biogeographic 
patterns for particular bee lineages of interest, such as the apid sub
families Eucerinae (Freitas et al., 2022), Anthophorinae (Orr et al., 
2022), and particularly diverse genera such as Nomada (Odanaka et al., 

2022). 
The genus Ceratina, commonly known as the small carpenter bees, 

consists of approximately 370 species divided into 25 subgenera and can 
be found on all continents except Antarctica (Ascher & Pickering, 2020; 
Engel, 2023). They are typically polylectic or generalist foragers, and as 
with other members of the carpenter bee subfamily Xylocopinae, all 
species excavate nests in plant material (Eardley & Daly, 2007; Mich
ener, 2007; Sakagami & Laroca, 1971). Like many other species of 
Xylocopinae, members of Ceratina exhibit a range of social organization, 
including completely solitary species, subsocial species with extended 
maternal (or biparental) care of adult young, and some facultatively 
eusocial species in which multiple females contribute to brooding (Mikát 
et al., 2019; Sakagami and Maeta, 1977; Sless & Rehan, 2023). 

The phylogeny and biogeography of Ceratina have previously been 
explored by Rehan et al. (2010) and Rehan & Schwarz (2015), including 
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about 70 and 99 species respectively. Subsequent analysis by Groom & 
Rehan (2018) emphasized the important role of climate in the evolution 
of Ceratina and the relationship between tropical regions and the 
maintenance of social behaviour. However, the availability of previ
ously unstudied taxa, including six newly added subgenera, as well as 
new molecular methods allowing for broad, genome-wide sampling of 
genetic material both present a timely opportunity for an updated study 
of this genus. In this paper, we present the most complete phylogeny of 
Ceratina to date, based on the enrichment and sequencing of ultra
conserved element (UCE) data for over 140 species representing nearly 
all recognized subgenera. This extensive phylogenetic framework allows 
for the evolutionary history of small carpenter bees to be investigated in 
an unprecedented level of detail, which we conducted with divergence 
time estimates and biogeographic reconstruction of the genus to explore 
its origins and diversification. 

2. Materials and methods 

2.1. Taxon sampling 

We obtained data from a broad taxonomic sampling of the genus 
Ceratina, including a total of 185 ingroup specimens in addition to 29 
outgroup members representing all other major clades within the family 
Apidae (Table S1). These specimens comprise at least 140 distinct spe
cies of Ceratina, representing more than a third of the currently 
described species, and include 22 out of the 25 currently described 
subgenera (Ascher & Pickering, 2020; Engel, 2023). Newly sequenced 
specimens were obtained from a variety of personal and museum col
lections and included both pinned and ethanol-stored material. In 
addition, some previously published UCE sequences were also used, 
primarily for outgroups (Blaimer et al., 2018; Bossert et al., 2019; Freitas 
et al., 2021; Grab et al., 2019; Sless et al., 2022). 

2.2. DNA extraction and UCE library preparation 

DNA was non-destructively extracted from specimens with a Zymo 
Quick-DNA Miniprep Plus Kit (Zymo Research, catalog #D4068) 
following protocols described in Branstetter et al. (2021). Whole speci
mens were removed from pins and digested in proteinase-K overnight 
before being washed in ethanol and remounted. The concentration and 
size distribution of extracted DNA was quantified with a Qubit 3.0 
fluorometer (Thermo Fisher Scientific) and TapeStation 4150 system 
(Agilent). 

Library preparation and enrichment steps were then conducted to 
target ultraconserved elements following previously established pro
tocols (Faircloth et al., 2012; Branstetter et al., 2017,2019). We used the 
“ant-bee” subset of the Hymenoptera V2 probe set (Grab et al., 2019) 
targeting a total of 2,545 UCE loci. DNA samples were first sheared to 
fragment sizes of 400–600 bp using a Q800R2 sonicator (Qsonica) for 30 
or 60 s according to specimen age and DNA volume. Older samples were 
not sheared, since in these cases DNA is typically already fragmented 
due to age-related degradation, and any samples that were already 
sufficiently fragmented. Illumina libraries were made using Kapa 
HyperPrep kits (Roche Sequencing) along with custom 8 bp, dual- 
indexed adapters (Glenn et al., 2019). DNA fragments were cleaned 
and concentrated with paramagnetic beads (Rohland & Reich, 2012) 
before the enrichment steps, which followed a combination of protocols 
from Arbor Biosciences and Blumenstiel et al. (2010). Samples were then 
quantified with qPCR and pooled before being sent for sequencing with 
Novogene Inc. (Sacramento, CA, USA) on the HiSeq X platform 
(Illumina). 

2.3. Phylogenetic tree construction 

After demultiplexing with BBTools (Bushnell, 2014), sequence data 
were processed using the Phyluce v1.7.1 package (Faircloth, 2016). 

Reads were first trimmed using Illumiprocessor v2.0 (Faircloth, 2013), 
which is a wrapper for Trimmomatic (Bolger et al., 2014), and then 
assembled with SPAdes (Bankevich et al., 2012). Within Phyluce, con
tigs that matched target UCE loci were identified by LastZ v1.0 (Harris, 
2007), using 70 and 75 for the min-identity and min-coverage settings in 
Phyluce, and aligned using MAFFT v7.130b (Katoh & Standley, 2013). 
Following alignment, the data were trimmed using Gblocks (Talavera & 
Castresana, 2007), with reduced stringency settings (0.5, 0.5, 12, 7, for 
b1-b4), and then further trimmed with Spruceup (Borowiec, 2019). The 
Spruceup analysis was run using uncorrected distances, a guide tree, a 
lognormal cutoff of 0.9 and several manual cutoffs (Ceratina_
saundersi_BLX2339, 0.04; Ceratina_sp_BLX2972, 0.04; Ceratina_callo
sa_BLX2337, 0.04; Ceratina_zwakhalsi_BLX2338, 0.04). Finally, the 
alignment was filtered for 75 % taxon occupancy using a Phyluce script. 

Each UCE locus was separated into three regions (right flank, core, 
left flank) using the Sliding Window Site Characteristics by Entropy 
method (SWSC-EN; Tagliacollo & Lanfear, 2018). We then merged the 
subsets into fewer data partitions using ModelFinder2 (Kalyaanamoor
thy et al., 2017), which is included within IQ-TREE v2.2 (Chenomor 
et al., 2016; Minh et al., 2020). Merging was performed using the 
rclusterf and AICc options for model selection, and GTR + F + G4 for the 
model of sequence evolution. Following selection of the best partition
ing scheme, we estimated a phylogenetic tree with IQ-Tree2 using the 
MFP option for model selection and with 1000 replicates of ultrafast 
bootstraps (UFB; Hoang et al., 2018) and the SH-like approximate 
likelihood ratio (SH-alrt; Guindon et al., 2010) calculated for support. 
We used the BNNI option in the analysis to reduce the risk of over
estimating bootstrap support values. This option further optimizes each 
bootstrap replicate by performing an additional hill-climbing nearest 
neighbor interchange search. 

2.4. Divergence time estimation and biogeographic reconstruction 

Divergence time estimation on the resulting phylogeny was con
ducted with BEAST2 v2.7.3 (Bouckaert et al., 2019) without partitioning 
and using the GTR + F + G4 model for sequence evolution and the 
optimized relaxed model for the clock (Douglas et al., 2021). Due to the 
large size of the dataset, using the full alignment with all loci was not 
computationally feasible. Instead, a subset of 200 randomly selected 
UCE loci was used along with a fixed tree based on the topology of the 
IQ-TREE phylogeny. To improve the initialization efficiency of the 
analysis, the input tree was made ultrametric by estimating a quick, 
dated tree using the function chronos, which is part of the R package ape 
(Paradis & Schliep, 2018). Five independent runs of BEAST were con
ducted in parallel for 200 million generations, sampling every 5 thou
sand generations, each before merging results from all five. Run 
convergence and ESA values were assessed in Tracer v1.7.1 (Rambaut 
et al., 2018). 

For calibrating the divergence analysis, a secondary calibration 
based on Almeida et al. (2023) was used as a prior for the root of Apidae 
(normal distribution, M = 101.2, S = 7.5). In addition, five fossil cali
brations were used as priors with minimum ages based on their 
respective deposits and maximum ages estimated from Almeida et al. 
(2023) (Table S2). Specifically, Paleohabropoda oudardi (Michez et al., 
2009) was used for the node uniting Anthophora and Habropoda 
(59.2–96.8 Ma); Cretotrigona prisca (Michener & Grimaldi, 1988) for 
Melipona + Bombus (66.0–88.3 Ma); Paleoepeolus micheneri (Dehon et al., 
2017) for Epeolus + Brachynomada (59.2–85.1 Ma); Tetralonia berlandi 
(Zeuner & Manning, 1976) for Tetralonia + Diadasia (33.9–89.5 Ma); 
and finally Boreallodape baltica (Engel 2001a) for the split between 
Ceratina and Allodapini (33.9–84.9 Ma). 

Once the dated phylogeny was obtained, biogeographic reconstruc
tion was completed in R v4.2.1 (R Core Team, 2022) using the packages 
phytools v1.5–1 (Revell, 2012) and BioGeoBEARS v1.1.2 (Matzke, 
2013). Each tip in the phylogeny was coded by presence/absence across 
seven biogeographic realms: Afrotropics, Australasia, Indomalaya, 

T.J.L. Sless et al.                                                                                                                                                                                                                                



Molecular Phylogenetics and Evolution 198 (2024) 108133

3

Madagascar, Nearctic, Neotropics, and Palearctic (Table S3). Distribu
tion data for all species was based on range maps from DiscoverLife 
(Ascher & Pickering, 2020) and GBIF (GBIF: The Global Biodiversity 
Information Facility, 2023). Specimens which could not be conclusively 
assigned to a species (those labelled “cf”, “near”, or “sp”) were coded 
based on their collection locality. Realm boundaries were defined 
following the Ecoregions 2017 project (Dinerstein et al., 2017), with the 
exception that Madagascar was considered its own region distinct from 
the Afrotropical realm. In general, any occupancy of a realm was 
included in coding, though a few cases with dubious records or species 
present near the boundary of two biogeographic realms were not 
counted – such as some Indomalayan species recorded in Sulawesi but 
nowhere else in Australasia. Two specimens of C. dentipes in our dataset 
were collected in Oceania (Hawaii and the Cook Islands respectively), 
but these represent recent human-mediated introductions (Shell & 
Rehan, 2019) and as such were still coded according to the species’ 
native range. C. guarnacciana from the Dominican Republic is also 
almost certainly a recent introduction and part of the C. dentipes species 
complex, but since this species is only recorded from the Caribbean and 
the ancestral range is not clear we coded it as Neotropical (Genaro, 
1998). 

In BioGeoBEARS, the maximum number of states was set to four, and 
dispersal and adjacency matrices were not used to alter rates of migra
tion between different pairs of biogeographic realms. We separately 
tested three models, each with and without the “+J” jump parameter 
(Matzke, 2014): DEC (Ree & Smith, 2008), DIVALIKE (based on Ron
quist, 1997), and BAYAREALIKE (Landis et al., 2013). Although some 
have criticized the use of the + J parameter for potentially over
emphasizing the role of founder events (Ree & Sanmartín, 2018), we 
chose to consider it in part because stem-nesting bees such as Ceratina 
may in fact have the potential for significant long-range dispersal by 
rafting (Poulsen & Rasmussen, 2020). 

3. Results 

3.1. Sequence data and alignment statistics 

UCE loci were successfully extracted from all samples, with a mean of 
1,986 loci recovered (Table S4). After filtering to 75 % taxon occupancy, 
the final alignment consisted of 215 taxa and 1,818 UCE loci with a total 
length of 1,134,208 bp. This included 593,893 bp of informative sites 
and 26.8 % missing data. The best partitioning scheme identified by 
ModelFinder used a total of 1,619 partitions after merging SWSC-EN 
regions. 

3.2. Phylogeny of the genus Ceratina 

We recovered a robust phylogeny of Ceratina which includes an 
ingroup of 185 specimens representing 22 of 25 previously recognized 
subgenera, as well as 29 outgroup species (Fig. 1, S1). Branch support 
values were high throughout, with nearly all nodes receiving 100/100 
support besides a small number of shallow nodes. The tribe Allodapini 
forms the immediate sister group to Ceratina, followed by Xylocopa +
Manuelia and Ctenoplectra representing the rest of the subfamily Xylo
copinae. The apid subfamilies Eucerinae, Apinae, Nomadinae, and 
Anthophorinae each independently appear as progressively more distant 
sister groups to Xylocopinae. 

The genus Ceratina itself is split into two subclades of approximately 
equal size. One group (“Clade A”) includes a mix of Old World sub
genera: Megaceratina, Catoceratina, Lioceratina, Xanthoceratina, Cerati
nidia; and New World subgenera: Ceratinula, Neoclavicera, Rhysoceratina, 
Crewella, Calloceratina, and Zadontomerus. The second group (“Clade B”) 
includes only Old World subgenera: Protopithitis, Pithitis, Neoceratina, 
Malgatina, Copoceratina, Dalyatina, Simioceratina, Ctenoceratina, Hira
shima, and Euceratina. The nominate subgenus Ceratina sensu stricto is 
highly polyphyletic and includes members divided between both major 

clades. 
The results of our combined BEAST analyses suggest that the lineages 

leading to Allodapini and Ceratinini separated approximately 72 million 
years ago (95 % HPD 60.07–84.46 Ma; Fig. 1, S2), with the crown age of 
Ceratina placed at 41.87 Ma (95 % HPD 31.47–52.76 Ma). Clade A 
described above has a crown age of 28.92 Ma (95 % HPD 20.64–37.78 
Ma), while clade B has a relatively short internode before Pithitis and 
Protopithitis split from the remaining subgenera around 39.87 Ma (95 % 
HPD 29.94–50.31 Ma). 

3.3. Subgeneric classification 

Most currently recognized subgenera of Ceratina were recovered as 
monophyletic and represent clear natural groups (Fig. 1). However, 
there are several exceptions with varying degrees of significance for the 
future of Ceratina systematics. Within clade A, the subgenus Lioceratina 
is polyphyletic due to the relatively distant placement of C. (L.) canar
ensis. Similarly, Xanthoceratina is rendered paraphyletic with respect to 
Ceratinidia due to the placement of C. (X.) picta as well as the inclusion of 
C. unicolor which is nominally part of Ceratina sensu stricto. Ceratinula is 
also polyphyletic, with three other small subgenera nested within the 
main group of Ceratinula species (Neoclavicera, Rhysoceratina, and 
Crewella). Another small group of Ceratinula (with distinctive green 
colouration in contrast to the rest of the subgenus) is recovered as the 
sister clade to C. (Zadontomerus) marginata, which also renders Zadon
tomerus paraphyletic. 

Within clade B, the three representatives of the relatively newly 
described subgenus Dalyatina (Terzo et al., 2007) in our tree also do not 
form a natural group, and in fact none of them is the immediate sister 
species to any other. However, the nominate subgenus is by far the most 
problematic group from a taxonomic perspective. Species which are 
presently counted as part of C. (Ceratina) are spread throughout the tree 
either singly or in small groups and disrupt the monophyly of several 
other subgenera – most notably within clade G. To retain monophyly, 
some of these may simply be reclassified into other subgenera, but at 
least two new subgenera consisting of former Ceratina s.s. would also 
need to be described. 

3.4. Biogeographic reconstruction 

Of the six models assessed within BioGeoBEARS, BAYAREALIKE + J 
was selected as our preferred model based on the resulting likelihood 
and AIC scores (Table 1) and is therefore the primary reference for the 
remainder of our findings. Based on this model, the common ancestor of 
Ceratina is suggested to have inhabited the Afrotropical realm (post. 
prob. = 0.87) during the middle Eocene. The next most likely ancestral 
ranges were Indomalayan (0.07) and Afrotropical + Palearctic (0.03), 
while all other area combinations had posterior probabilities below one 
percent. 

From this starting point, many subsequent dispersal events lead to 
the present-day cosmopolitan distribution of the genus (Fig. 2; 
Table S5). Clade A underwent a dispersal event from the ancestral 
Afrotropical realm to the Indomalayan realm approximately 25–29 Ma, 
where the subset of this group which gave rise to Lioceratina, Xantho
ceratina, Ceratinidia, and some Ceratina s.s. (clade C) primarily remains 
today. However, clade C includes four recent migrations from the 
Indomalayan to the Palearctic, as well as another back to the Afro
tropics. In contrast, all members of clade D descend from a single 
dispersal event from Asia to the Americas about 20–24 Ma. Clade D is 
reconstructed as being ancestrally Neotropical, though a group of spe
cies within Zadontomerus later crossed into the Nearctic approximately 
4–5 Ma before rapidly diversifying. 

Clade E, consisting of the subgenera Protopithitis and Pithitis remains 
ancestrally Afrotropical, but underwent range expansion to the Pale
arctic between 13–19 Ma. The subgenus Pithitis then split into two lin
eages, one Afrotropical and the other Indomalayan (though both groups 
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Fig. 1. Results of biogeographic reconstruction using BAYAREALIKE + J model with outgroups omitted. Colour-coding follows map legend in bottom left. Pie charts 
at nodes indicate estimated probabilities of each state or combination of states. The chart representing crown Ceratina is magnified for clarity. Coloured squares next 
to tips indicate present distributions of all included species. Boxes around tip labels correspond are monophyletic groups corresponding to entire or partial subgenera. 
Subgenera labelled with asterisks are found to be non-monophyletic. 
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include species with ranges extending to the western or eastern Pale
arctic respectively). Clade F migrated from Africa to Indomalaya about 
29–35 Ma – a similar or slightly earlier time frame to Clade C. From 
there, members of Neoceratina went on to separately colonize the Pale
arctic once (9–13 Ma) and Australasia at least twice (both times likely in 
the range of 3–6 Ma). The presence of Ceratina (Neoceratina) guar
nacciana in the Neotropics (Hispaniola) is almost certainly the result of 
human-mediated introduction from the Asia, as has already occurred 
with other members of the dentipes species complex (Shell & Rehan 
2018), and its position in the tree suggests that C. guarnacciana may be 
synonymized with C. dentipes in any case. 

Clade G retains the ancestral Afrotropical distribution, but also in
cludes two independent colonizations of Madagascar by C. (Malgatina) 
azurea and C. (Copoceratina) madecassa (as well as a more recent range 
expansion to include Madagascar in C. (Hirashima) nyassensis). Also 
within this group, the ancestors of subgenus Euceratina transitioned from 
Africa to the western Palearctic about 13–25 Ma, where they still make 
up the majority of Ceratina diversity in Europe and West Asia with about 
35 species (Ascher & Pickering, 2020; Terzo & Rasmont, 2011). 

4. Discussion 

4.1. Subgeneric relationships 

The relationships in our main phylogeny differ to some degree from 
previous studies. Most notably, both Rehan et al. (2010) and Rehan & 
Schwarz (2015) recover Neoceratina as the sister group to all other 
Ceratina, while in our tree the first split within the genus occurs between 
two groups of similar size (clades A and B), with Neoceratina as the sister 
group to part of Ceratina sensu stricto (clade F). As in Rehan & Schwarz 
(2015), we recover a large clade consisting of Euceratina as the sister 
group to Hirashima + Ctenoceratina + Simioceratina (clade G). The po
sition of Pithitis is another significant difference. In this study, Pithitis 
(along with Protopithitis in clade E) is recovered as the sister to the rest of 
our clade B, while former studies reported Pithitis as sister to a large 
group consisting of Lioceratina + Ceratinidia + Zadontomerus and other 
Neotropical species (Rehan et al., 2010; Rehan & Schwarz, 2015). The 
position of the sole representative of Megaceratina, C. (M.) sculpturata, 
also differs in our tree, being the sister to all other members of clade A 
rather than nested within Ceratina s.s. as in Rehan & Schwarz (2015). 
Due to the present study’s greater taxon sampling and significantly 
larger dataset (hundreds of UCE loci in contrast to three genes), we 
suggest that our results are likely to be more strongly supported where 

Table 1 
Statistical comparison of six tested BioGeoBears models. The model shown in bold was selected as the best model for the purposes of our results based on comparison of 
AIC scores. LnL = log likelihood; d = dispersal parameter; e = extinction parameter; j = jump parameter; AIC = Akaike Information Criterion (based on paired test of 
model with and without + J parameter); AICc = sample size corrected AIC; p-value = results of paired one-tailed Х2 tests of alternative model (+J) against null model 
(no J parameter).  

Model LnL d e j AIC AICc p-value 

DEC  −202.9483  0.003018518 1.00E-12 0  409.8967  409.9623 7.60E-06 
DEC + J  −192.9281  0.001923682 6.05E-10 0.006542924  389.8563  389.9219 
DIVALIKE  −207.7326  0.003905245 1.00E-12 0  419.4652  419.5308 1.00E-04 
DIVALIKE + J  −200.3636  0.002568938 1.00E-12 0.006476698  404.7273  404.7928 
BAYAREALIKE  −229.056  0.001398958 3.25E-02 0  462.1121  462.1777 7.00E-21 
BAYAREALIKE þ J  −185.1245  0.001234228 5.18E-03 0.010403056  374.2491  374.3146  

Fig. 2. Map of inferred biogeographical transitions within Ceratina. Arrow width indicates number of independent dispersal and range expansion events in the given 
direction. Numbers above arrows show approximate range of dates for events in millions of years before present, given as the average of mean ages for nodes above 
and below the branch on which the inferred transition occurred. Dashed circle and date indicate origins of Ceratina. World map modified from https://t.ly/uLZeF, CC- 
BY-3.0 Ding Zhiren. 
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the topology differs from these previous studies. The subgenus Chlor
oceratina (Philippines) as well as the recently described Alloceratina and 
Xestoceratina (Afrotropics; Engel, 2023) are not represented in our tree, 
and as such are of uncertain phylogenetic position. 

There are several Ceratina subgenera which merit some form of 
systematic revision. The placement of C. canarensis and C. picta within 
Lioceratina and Xanthoceratina respectively may need to be reconsidered 
given their positions in the tree. Ceratinula should likely be reduced in 
size, with some species moved to other Neotropical subgenera or erected 
as new subgenera themselves. For example, C. buscki and auriviridis 
could be grouped with C. marginata to create a new subgenus while also 
restoring the monophyly of Zadontomerus. A monophyletic group could 
be made by uniting the recently described subgenera Copoceratina and 
Dalyatina (Pauly et al., 2001; Terzo et al., 2007) with a few stray species 
of Ceratina sensu stricto. While the description of novel subgenera is 
important for resolving issues of paraphyly, this section of clade G ex
emplifies that new taxa should be carefully evaluated for monophyly 
themselves to avoid oversplitting. 

The nominate subgenus remains the most problematic due to its 
highly polyphyletic nature, however. Of particular concern is the fact 
that the type species of Ceratina, C. cucurbita (Rossi 1792) is effectively 
orphaned as the sister to Xanthoceratina + Ceratinidia, rather than other 
members of the nominate subgenus. Though this situation is difficult to 
rectify, it seems most desirable that this subgenus be reduced in size 
significantly to the type species and its close relatives, allowing for many 
of the other current members to be reassigned into more natural 
groupings with related subgenera. Where needed, novel subgenera 
could also be described for former members of Ceratina s.s. to preserve 
monophyly, as has already been done in some cases (Terzo et al., 2007). 
Some potential candidates are a new subgenus including Ceratina mon
strata and megastigmata, and possibly another including the five species 
we recover as the sister clade of Neoceratina. 

4.2. Evolutionary history of Ceratina 

The recovered dates in our main phylogeny are broadly in agreement 
with previous findings. In particular, our mean crown age for Ceratina of 
41.87 Ma is somewhat younger than the dates 55.6 Ma suggested by 
Rehan & Schwarz (2015) and slightly younger than the 47 Ma, 51.3 Ma, 
or 50.2 Ma dates recovered by Rehan et al., (2010,2012) and Smith et al. 
(2013) respectively. However, other studies have recovered still 
younger ages as well (e.g., Martins & Melo, 2016; 38.3 Ma). There is 
little fossil evidence to directly corroborate these dates, besides the 
extinct Boreoallodape which imposes a lower limit of roughly 40 million 
years on the split between Ceratinini and Allodapini (Engel 2001a). The 
single fossil attributed to Ceratina, that of C. disrupta from the Eocene of 
Colorado (Cockerell, 1906), is not well preserved and its affinity has 
previously been brought into question (Engel 2001b). It is noteworthy 
that our mean estimate for the crown age of Ceratina of 41.87 Ma cor
responds very closely to the estimated start of the Middle Eocene Cli
matic Optimum (MECO) around 41.5 Ma, as evidenced by shifts in 
oxygen isotope ratios (Bohaty & Zachos, 2003; Jovane et al., 2007). This 
event, characterized by a relatively sudden (though short-lived) increase 
in temperature, may have played a role in facilitating early dispersal or 
range expansion of Ceratina, as has been suggested for other bee taxa 
such as the Ancylaini (Freitas et al., 2022). Future analyses of Ceratina 
and other groups of bees may further support this hypothesis if a more 
consistent pattern of increased dispersal during such warming events 
can be identified. 

The evolutionary history of Ceratina includes several clear-cut in
stances of dispersal between biogeographic realms, often leading to 
diversification in new territories. The early dispersal events from the 
ancestral Afrotropics to Indomalaya would have been plausible in the 
given time frame (~25–35 Ma) due to the absence of some barriers to 
dispersal between Africa and Western Asia. In particular, by this time 
the Neo-Tethys Ocean separating Arabia from Eurasia was in the process 

of closing (Zhu et al., 2022), while the Red Sea did not begin opening 
until approximately 25 Ma (Ghebreab, 1998). The absence of any known 
Palearctic taxa from these early lineages could potentially be the result 
of fairly direct dispersal from Arabia to India without any northward 
expansion, or this could simply be due to the extinction of all early 
Palearctic groups. Similar distributions and inferred patterns of 
dispersal between the Afrotropics and Indomalaya have also been noted 
in the bee tribes Meliponini (Rasmussen & Cameron, 2009) and Cteno
plectrini (Schaefer & Renner, 2008). Another noteworthy biogeographic 
question concerns the low diversity of Ceratina in Australia. Though 
there are several species known from other islands around the Austral
asian realm, only one (C. australensis) is found in Australia itself, having 
arrived from Indomalaya at some time during the past nine million 
years. Competition for nesting substrate could serve as a potential 
explanation for this observation, since Australia was already home to a 
diverse group of small stem- and cavity-nesting bees (e.g. Allodapini, 
Euryglossinae, and Hylaeinae; Michener, 1979). 

The arrival of Ceratina in the Americas was another important event 
in the history of the genus. Except for C. guarnacciana as discussed 
above, all Neotropical and Nearctic species form a monophyletic group 
(clade D) which has two successive sister groups of Indomalayan taxa. 
The recent timing of this inferred dispersal (~20–25 Ma) likely places it 
after the formation of the Antarctic Circumpolar Current (Siegert et al., 
2008), making a southern dispersal route through Antarctica (as has 
been suggested for some Colletidae; Kayaalp et al., 2017) impossible. 
Similarly, the vast distance between the Indomalayan and Neotropic 
realms seems to make an oceanic dispersal highly unlikely. The northern 
land-based dispersal route, as described by Rehan et al. (2010) and 
Rehan & Schwarz (2015), thus remains the most parsimonious method 
of dispersal. Our estimated date for this biogeographic transition during 
the early Miocene corresponds well with similar dispersals towards the 
end of the first major phase of the Bering Land Bridge by other groups of 
bees (Dorchin et al., 2018; Ferrari et al., 2020; Hines, 2008) as well as 
several lineages of plants (Wen et al., 2016). The absence of any Pale
arctic taxa within this clade, as well as its apparent Neotropical origins, 
may suggest the existence of previous Nearctic lineages which were 
wiped out during glaciation events – of which the fossil C. disrupta could 
be a member, if it is indeed within Ceratina at all. However, all current 
Nearctic species clearly arrived more recently from the Neotropics, 
presumably by island hopping during the early phases of the Great 
American Biotic Interchange prior to the completion of the Isthmus of 
Panama as has been inferred for some vertebrate taxa (Woodburne, 
2010). 

As previously discussed by Groom & Rehan (2018), our results 
highlight the importance of the tropics in the origin and evolution of 
Ceratina. In contrast to the amphitropical distribution for most bees 
suggested by Michener (1979), the origins and much of the present di
versity of Ceratina can be found in the tropics, including over half of the 
specimens included in our tree. When considering the overall pattern of 
biogeographic transitions suggested by our reconstruction, the majority 
of dispersal events originate in the Paleotropics. Interestingly, while at 
least nine independent lineages of Ceratina are inferred to have migrated 
to the Palearctic, we identify no known instances of dispersal in the 
other direction (i.e., Palearctic back to tropics). Dispersal rates from 
Africa to Madagascar, Indomalaya to Australasia, and the Neotropics to 
Nearctic are similarly asymmetrical, though these events tend to be 
more recent and so there may not have been enough time for migrations 
in the opposite direction to occur. As such, tropical regions were not 
only the ancestral homeland for Ceratina, but also continued to serve as 
major points of origin for repeated dispersal events over the course of 
the evolution of the genus and tribe Ceratinini. 

5. Conclusions 

The expansion in the number of included taxa as well as the use of 
ultraconserved element phylogenomic data for a large, genome-wide 
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sequence dataset has allowed us to gain further insights into the phy
logeny and evolutionary history of Ceratina than ever before. The re
lationships recovered in our tree are generally consistent with current 
subgeneric classification but highlight the need for additional taxonomic 
focus on some groups – none more so than the highly polyphyletic 
Ceratina sensu stricto. Our reconstructed crown age of 41.87 Ma for 
crown Ceratina is slightly younger than previous estimates but is still 
generally consistent with inferred biogeographic history. In line with 
previous work, our favoured model suggests an ancestral distribution for 
Ceratina in Africa during the mid Eocene. Subsequent dispersal events, 
beginning with two migrations to Indomalaya, carried the genus 
throughout the rest of the world. In contrast to many other groups of 
bees, most of these biogeographical transitions occurred within or from 
the tropics, which also served as the cradle for the early evolution of 
Ceratina and remain significant sources of small carpenter bee diversity. 
This apparent inversion of the trend for bees more generally may be 
related to the interaction between Ceratina’s nesting biology and the 
increased niche heterogeneity of the tropics, though this topic merits 
further investigation. 
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Esquerré, D., Donnellan, S., Brennan, I.G., Lemmon, A.R., Lemmon, E.M., Zaher, H., 
Grazziotin, F.G., Keogh, J.S., 2020. Phylogenomics, biogeography, and 
morphometrics reveal rapid phenotypic evolution in pythons after crossing 
Wallace’s line. Syst. Biol. 69 (6), 1039–1051. https://doi.org/10.1093/sysbio/ 
syaa024. 

Faircloth, B.C., 2016. PHYLUCE is a software package for the analysis of conserved 
genomic loci. Bioinformatics 32 (5), 786–788. https://doi.org/10.1093/ 
bioinformatics/btv646. 

Faircloth, B.C., McCormack, J.E., Crawford, N.G., Harvey, M.G., Brumfield, R.T., 
Glenn, T.C., 2012. Ultraconserved elements anchor thousands of genetic markers 
spanning multiple evolutionary timescales. Syst. Biol. 61 (5), 717–726. https://doi. 
org/10.1093/sysbio/sys004. 

Faircloth, B.C. (2013). Illumiprocessor: a trimmomatic wrapper for parallel adapter and 
quality trimming. Available from https://doi.org/10.6079/J9ILL. 

Ferrari, R.R., Onuferko, T.M., Monckton, S.K., Packer, L., 2020. The evolutionary history 
of the cellophane bee genus Colletes Latreille (Hymenoptera: Colletidae): Molecular 
phylogeny, biogeography and implications for a global infrageneric classification. 
Mol. Phylogenet. Evol. 146, 106750 https://doi.org/10.1016/j. 
ympev.2020.106750. 

Freitas, F.V., Branstetter, M.G., Griswold, T., Almeida, E.A.B., 2021. Partitioned gene- 
tree analyses and gene-based topology testing help resolve incongruence in a 
phylogenomic study of host-specialist bees (Apidae: Eucerinae). Mol. Biol. Evol. 38 
(3), 1090–1100. https://doi.org/10.1093/molbev/msaa277. 

Freitas, F.V., Branstetter, M.G., Casali, D.M., Aguiar, A.J.C., Griswold, T., Almeida, E.A. 
B., 2022. Phylogenomic dating and Bayesian biogeography illuminate an 
antitropical pattern for eucerine bees. J. Biogeogr. 49 (6), 1034–1047. https://doi. 
org/10.1111/jbi.14359. 

GBIF: The Global Biodiversity Information Facility. (2023). Available from https://www. 
gbif.org. 
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