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Abstract

The mining bees (Andrenidae) are a major bee family of over 3000 described species
with a nearly global distribution. They are a particularly significant component of north-
ern temperate ecosystems and are critical pollinators in natural and agricultural settings.
Despite their ecological and evolutionary significance, our knowledge of the evolutionary
history of Andrenidae is sparse and insufficient to characterize their spatiotemporal ori-
gin and phylogenetic relationships. This limits our ability to understand the diversifica-
tion dynamics that led to the second most species-rich genus of all bees, Andrena
Fabricius, and the most species-rich North American genus, Perdita Smith. Here, we
develop a comprehensive genomic dataset of 195 species of Andrenidae, including all
major lineages, to illuminate the evolutionary history of the family. Using fossil-informed
divergence time estimates, we characterize macroevolutionary dynamics, incorporate
paleoclimatic information, and present our findings in the context of diversification rate
estimates for all other bee tribes. We found that diversification rates of Andrenidae
steeply increased over the past 15 million years, particularly in the genera Andrena and
Perdita. This suggests that these two groups and the brood parasites of the genus
Nomada Scopoli (Apidae), which are the primary cleptoparasitic counterparts of Andrena,

are similar in age and represent the fastest diversifying lineages of all bees. Using our
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INTRODUCTION

One universal feature of the Tree of Life is that diversification rates
vary widely among lineages and over time (Alfaro et al., 2009; Jetz
et al., 2012; Morlon, 2014; Raup et al., 1973; Stanley, 1975). If diversi-
fication and extinction rates were constant across clades, then clade
age alone would be a reasonable predictor of species richness. How-
ever, species richness and age of clades have been shown to be
decoupled across the Tree of Life (Rabosky et al., 2012), suggesting
that other factors determine clade-specific diversification rates. Key
innovations, such as changes in life history and ecological traits, may
impact diversification rates (Hunter, 1998; Mayhew, 2007; Rab-
osky, 2017). Environmental factors, such as changes in climate, sea-
sonality and shifting continental plates, may also drive shifts in
diversification (Botero et al., 2014; Claramunt & Cracraft, 2015;
Kergoat et al., 2018; Toussaint et al., 2012). Phylogenies, combined
with the fossil record, paleoclimatic and geological information and
the biogeographic distribution of organisms, can provide insights into
the impact of environmental change on diversification rate shifts.
Linking macroevolutionary dynamics to environmental factors, how-
ever, requires densely sampled and reliable phylogenetic estimates,
which remain a persistent challenge for studies on hyperdiverse taxa
such as insects.

With ~20,500 described species (Ascher & Pickering, 2021), bees
are the most species-rich group of pollinivorous insects and the most
important pollinators in natural and agricultural ecosystems (Ballan-
tyne et al, 2017; Klein et al., 2007; Ollerton, 2017). Bees exhibit
exceptionally diverse life-history strategies, which include various
social behaviours, diverse nesting habits, brood parasitism, and various
diet specialization on particular host plants (‘oligolecty’; Danforth
et al., 2019; Michener, 2007; Mikat et al., 2021; Westrich, 2018). The
repeated independent evolution of these traits in bees makes them an
excellent group for studying fundamental questions in basic and
applied science.

Understanding the past diversification dynamics of bees is ham-
pered by our insufficient knowledge of the phylogeny of one of the
major families, the mining bees (Andrenidae). Andrenidae comprises
3019 described species in three morphologically disparate subfamilies,
all of which are ground-nesting and either solitary or communal. The
family is distributed globally except for Australasia and Antarctica
(Danforth et al., 2019; Michener, 2007). Andrenidae includes the sec-
ond largest genus of bees, Andrena Fabricius (~1600 spp.), with a
wide distribution mainly throughout the Holarctic. It also includes
Perdita Smith (~640 spp.), a large group of morphologically similar,

mostly minute bees with narrow host plant preferences and restricted
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present-day distribution.

newly developed time frame of andrenid evolution, we estimate a late Cretaceous origin

in South America for the family and reconstruct the past dispersal events that led to its

Andrena, divergence times, Nomada, paleoclimate, Panurginae, ultraconserved elements

Nearctic distribution, with its centre of diversity in the xeric regions of
southwestern North America. Species of Andrena are critical pollina-
tors for a range of important tree fruit crops, such as apple (Malus Mill.
spp. [Rosaceae] (Pardo & Borges, 2020; Park et al., 2016; Russo
et al., 2017). Remarkably, Andrenidae is the only bee family for which
no comprehensive molecular phylogeny is available, although some
representatives have been included in previous studies of bee family-
level relationships (Branstetter et al., 2017; Cardinal et al., 2018; Car-
dinal & Danforth, 2013; Danforth, Fang, & Sipes, 2006; Danforth,
Sipes, et al.,, 2006; Hedtke et al., 2013; Peters et al.,, 2017; Sann
et al, 2018) and in a recent study on the subfamily Andreninae
Latreille (Pisanty et al., 2021). This limits our ability to characterize the
spatiotemporal origin of Andrenidae and its major lineages, as well as
to understand diversification and range expansion in light of changes
in climate, drifting intercontinental connections and other significant
geological events. Accordingly, robust estimates of phylogenetic rela-
tionships and divergence times are key for characterizing the mode
and timing of diversification in Andrenidae and for illuminating pat-
terns of diversification across bees.

We analysed ultraconserved genomic data from nearly 2000 loci
to establish the first densely sampled, molecular-phylogenetic frame-
work for all major extant lineages of the bee family Andrenidae. Using
fossil-informed divergence time estimates, we calculated lineage-spe-
cific diversification rates for the major lineages of Andrenidae and
placed our findings in the context of crown age-based diversification
rates for all other bee tribes and specifically for the largest bee genera
(>600 spp.) outside of Andrenidae: Megachile Latreille (Megachilidae),
Lasioglossum Curtis (Halictidae), Hylaeus Fabricius (Colletidae) and
Nomada Scopoli (Apidae). Our estimates strongly indicate that Perdita,
Andrena and the brood parasites in the genus Nomada (Apidae), which
primarily attack Andrena, are similar in age and may be the fastest
diversifying lineages of all bees. Finally, we use our phylogenetic
framework to investigate the biogeographic history of Andrenidae
through time and space.

MATERIALS AND METHODS

Taxon selection and molecular methods

A detailed version of the materials and methods, including taxon sam-
pling and details on molecular methods and bioinformatic processing,
can be found in the Appendix S1. We developed a densely sampled,
diversified taxon representation of Andrenidae, including 37 out of

the 41 genera recognized by Michener’s classification (2007). The four
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missing genera of this classification comprise no more than two spe-
cies each and are either only known from the type material or are
extremely rare, and together account for less than 0.17% of all species
of the family. Additionally, we included several lineages as genera that
Michener (2007) treated as subgeneric groups. We were unable to
acquire material for the small genera described subsequent to
Michener’s taxonomy (2007), such as Psaenythisca, Ramos and
Rozen (2014) or Incasarus Gonzalez et al. (2013). We included all
29 samples of andrenid ultraconserved sequence data (ultra-
conserved elements [UCEs]) that were publicly available as of Feb-
ruary 2021 (Branstetter et al., 2017; Grab et al.,, 2019) and used
31 DNA extracts generated in the course of a dissertation in the
lab of B.N.D. at Cornell University (Ascher, 2004). Including the
140 samples that we chose exclusively for this study, our taxon
sampling comprises 200 samples from 195 different species
throughout Andrenidae. We sequenced UCEs for most samples fol-
lowing the methods described in Bossert et al. (2021). This
workflow follows the principal methods of earlier studies using
UCEs (Faircloth et al., 2015) and includes subsequent modifications
(Blaimer, LaPolla, et al., 2016; Blaimer, Lloyd, et al., 2016). For the
10 samples vouchered at the Universidade de Sao Paulo, Brazil
(RPSP; see Table S1), library preparation was conducted by Rapid
Genomics LLC following an older workflow using the initial version
of the Hymenoptera probe set (Faircloth et al., 2015).

Phylogenetic reconstruction

We primarily used the Phyluce pipeline (Faircloth, 2016) for processing
of UCE sequence data but conducted a number of steps with different
programs (see Appendix S1). After filtering loci for taxon completeness,
we discarded alignments with less than 160 terminals (= 80% complete-
ness). This trimmed, concatenated alignment was used for subsequent
analyses. We used 1Q-Tree 2 (Minh et al., 2020) to calculate a maximum
likelihood (ML) tree and used ModelFinder (Kalyaanamoorthy
et al., 2017) with the greedy strategy (Lanfear et al., 2012) to merge par-
titions with similar patterns of substitution (MFP + MERGE option). To
lower the computational demand, we used the relaxed hierarchical clus-
tering algorithm (Lanfear et al., 2014) to assess only the top 30% of all
schemes (rcluster 30). We calculated node support with 1000 ultrafast
bootstrap approximations (UFBoot2; Hoang et al., 2018). To compare
phylogenetic results from concatenation analyses, we estimated a spe-
cies tree under the multispecies coalescent model (Rannala &
Yang, 2003). To this end, we split the concatenated supermatrix by locus
(using AMAS; Borowiec, 2016), estimated species trees with IQ-Tree and
automated model search (MFP), and summarized the gene trees with
ASTRAL-Ill (Zhang et al., 2018).

Divergence time estimates

Due to the large size of our sequence matrix, Bayesian divergence

time estimates using the entire matrix were computationally
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impractical. Instead, we designed four separate subsets of loci.
First, we tested the molecular clock hypothesis for the individual
gene trees using an R script (modified from Borowiec et al., 2015).
According to their similarity to an ultrametric tree (‘clocklikeness’),
we identified the 100 most clocklike loci and concatenated their
respective alignments. Similarly, for the second subset, we identi-
fied the 100 most informative UCEs according to their number of
parsimony-informative sites (assessed with AMAS). Finally, we gen-
erated two matrices each of 100 randomly chosen loci (without
replacement). For each of these four matrices, we used
PartitionFinder2 (Lanfear et al., 2017) to designate subsets of
nucleotides using all models implemented in MrBayes, the Bayesian
information criterion and a rcluster search scheme, while providing
the locus partitions as data blocks.

The fossil record for Andrenidae is sparse and the phylogenetic
placement of most fossils is largely uncertain (Michez et al., 2012).
These circumstances render fossil-calibrated node dating (the strategy
for which the oldest available fossil is assigned to serve as a minimum
age constraint for a specified node) questionable. The newer tip-dat-
ing approaches under the FBD model (Heath et al, 2014,
Stadler, 2010) eliminate the need to assign age constraints to internal
nodes by including the fossils as tips in the phylogeny (e.g., Luo
et al., 2020; Ronquist, Klopfstein, et al., 2012; Zhang et al., 2016). This
allows us to include 13 fossils that were associated with Andrenidae
as taxa in our phylogeny, by using a set of constraints specifying the
fossils to be members of certain clades. This effectively circumvents
the need to designate the fossil taxa as stem- or crown-group
fossils. For example, wing morphometric analyses revealed that
Andrenopteryx willardi Cockerell, a compression fossil from the Floris-
sant Fossil Beds (Colorado, USA), is most similar to modern-day
Andreninae, but does not fit in any of the present-day genera, includ-
ing Andrena (Dewulf et al., 2014). We therefore constrained this fossil
to be a tip of Andreninae (excluding Andrena) but did not specify an
affinity with any particular lineage of this group. In contrast, Andrena
antoinei Michez & De Meulemeester, a compression fossil from the
late Oligocene, is probably a member of the genus Andrena (Dehon
et al., 2014). We therefore constrained it to be part of a monophyletic
Andrena and not with the remaining Andreninae. While appreciating
the great uncertainty for the actual phylogenetic placement of most
of these fossils and the clear need for modern revision (Dewulf
et al., 2014; Michez et al., 2012), we followed some of Cockerell’'s
assessments (Cockerell, 1906, 1908, 1911, 1914) and assumed four
additional Florissant fossils to be likely part of Andrena or stem line-
ages thereof (Andrena grandipes Cockerell, Andrena hypolitha
Cockerell, Andrena percontusa Cockerell, Andrena sepulta Cockerell).
We assigned four additional fossils as part of Andreninae (Andrena(?)
clavula Cockerell, Andrena(?) primaeva Cockerell, Lithandrena saxorum
Cockerell, Pelandrena reducta Cockerell). All these fossil deposits are
younger than previous age estimates of the origin of Andreninae using
molecular data (e.g., Cardinal et al., 2018; Cardinal & Danforth, 2013),
so we did not expect their inclusion to inflate age estimates for the
group, but future study to reevaluate these fossils and their phyloge-

netic affinity is needed.
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Three additional fossils were used as tips for Panurginae Leach.
Both species of Libellulapis Cockerell (L. antiquorum Cockerell,
L. wilmattae Cockerell) were described as Panurginae by Cockerell
(Cockerell, 1913; Rozen, 1996), but we did not assign them to an
extant group. Instead, we constrained them to be part of this subfam-
ily without specifying a particular clade. Finally, we considered Heter-
osarus eickworti Rozen, the sole hitherto andrenid fossil from
Dominican amber (Rozen, 1996). Given the unclear monophyly of pre-
sent-day Heterosarus Robertson, we treated this fossil as a tip of
Protandrena Cockerell in its broader sense as detailed below. Details
on the fossils used can be found in Table S2.

We included fossils as samples with missing data in four different
analyses in MrBayes (Ronquist, Teslenko, et al., 2012), each using one
of the four matrices outlined above. For all fossils, we treated the age
of their respective formation as a uniform age prior and calibrated the
root with a truncated normal distribution with a mean = 95.5 and
o = 8. This is based on previously published estimates: a recent
phylogenomic study on Hymenoptera found the split of Andrenidae
and Colletidae + Halictidae to be at most 126 Ma and at least
65.5 Ma old (Peters et al., 2017). Based on our underlying normal dis-
tribution, this ensures that 99.9% of the area under the curve falls into
this time interval. We used the continuous uncorrelated mode (Inde-
pendent Gamma Rate, IGR; Lepage et al., 2007) for the clock model
and let reversible jump Markov chain Monte Carlo (rjMCMC;
Huelsenbeck et al., 2004) sample the parameter space across all
models implemented in MrBayes, given the partitions designated via
PartitionFinder2. We used a set of 22 partial and hard constraints to
associate fossils and constrain a set of groups to resemble the
IQ-Tree ML and ASTRAL summary analyses. These constraints are
detailed in the MrBayes input files, which are deposited in the online
data repository. For each data matrix, we executed six runs each with
four chains, sampled every 1000 generations, and ran between
120 and 185 million generations when convergence was achieved.
Using a 20% burn-in, we considered convergence to be sufficient
once the average standard deviation of split frequencies fell below
0.01 and all parameters, including the clock rate, reached combined
effective sample size (ESS) values of >200.

Assessments of diversification dynamics

We assessed the past diversification dynamics of Andrenidae with
four different approaches. For all four diversification analyses, we
modified the previously estimated chronogram of Andrenidae from
the 100 most clocklike loci. To this end, we removed duplicate species
and grafted an additional three taxa onto the clade comprising
Andrenini Latreille. Pisanty et al.’s (2021) comprehensive recent study
on Andrena included three early-branching taxa of Andrenini that we
were unable to obtain: Cubiandrena cubiceps (Friese), species of
A. (Melittoides) other than the type species (the subgenus was found
paraphyletic by Pisanty et al. (2021)), and Andrena bytinskii Warncke.
Since our crown age estimate of Andrena is nearly identical with that

of their analysis excluding these three specified lineages (21.38 and
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20.13 Ma, respectively), we grafted the three tips onto the tree
according to the divergence times found in their study. This led to a

phylogeny with 197 total species.

Environment-dependent speciation

First, we estimated speciation rates using episodic birth-death models
(H6hna, 2015) as implemented in RevBayes (H6hna et al., 2016). We
used the same chronogram as for the biogeographic analysis, employed
an empirical taxon strategy and accounted for incomplete taxon repre-
sentation by assigning missing taxa for individual clades. The estimates
for missing taxa are based on species numbers from the Discover Life
database (Ascher & Pickering, 2021) and our own estimates for the sub-
genera of Andrena, which were assigned in conjunction with the taxon-
dense phylogeny developed by Pisanty et al. (2021). To understand if
speciation of Andrenidae may be correlated with paleoclimatic change,
we assessed correlations between environmental variables and specia-
tion rates. To this end, we used reversible jump MCMC in our
RevBayes analyses to estimate posterior probabilities for two models: a
model of environmentally dependent speciation and an episodic birth-
death that does not account for any paleoclimatic variables. We desig-
nated 5 Ma time intervals and quantified the support for the models
using Bayes factors (BFs), effectively assessing if environmental vari-
ables may have played a particular role in the diversification of
Andrenidae. Specifically, we separately examined two paleoclimatic fac-
tors from the K-Pg boundary to the Holocene: temperature and CO..
We obtained recently published 580 measurements for the Cenozoic
(Westerhold et al., 2020; their ISOBENd180LOESSsmoothLongTerm
dataset) and calculated surface air temperature values using the formu-
las provided in Hansen et al. (2013), assuming a Holocene mean tem-
perature of 14.15°C. CO, values correspond to the pCO, probability
maximum from Foster et al. (2017). For all analyses, we used a burn-in
of 25% and assured sufficiently high ESS values by inspecting the
MCMC results with Tracer (Rambaut et al., 2018).

Diversification rate shifts

We used Bayesian Analysis of Macroevolutionary Mixtures (BAMM;
Rabosky, 2014) to sample from a posterior distribution of macroevo-
lutionary scenarios, in order to identify areas of the phylogeny where
significant changes in net diversification rates appear likely. The
BAMM input consisted of the previously used chronogram, priors
inferred through BAMMtools (Rabosky et al., 2014), and estimates
accounting for missing taxa in our phylogeny. These sampling frac-
tions correspond to those used for the RevBayes analyses, albeit in a
different format, and were assigned as closely as possible. However,
for certain groups with a limited phylogenetic resolution, we evenly
dispersed the number of described species across the included tips
(see BAMM configuration file in the data repository). We used a 50%
burn-in and assessed convergence and sufficient sampling of the
parameter space with BAMMtools (Rabosky et al., 2014).
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Tip rates

To compare the model-based Bayesian approaches with a model-free
alternative, we estimated tip rates of our phylogeny using the DR sta-
tistic (Jetz et al., 2012). This statistic measures the amount of splits
from the root to individual tips (‘splitting rate’; Jetz et al., 2012) and is
best interpreted as a measure of tip speciation rate (Title & Rab-
osky, 2019). As such, this measure cannot account for incomplete
taxon representation, which presents a challenging requirement for
studies on species-rich groups such as insects. To overcome this, we
simulated fully resolved species trees of Andrenidae using Taxonomic
Addition for Complete Trees (Chang et al., 2020), a stochastic
polytomy resolver that computes local birth-death rates. We gener-
ated a taxonomy file that specifies numbers of missing taxa for the
clades identified for the RevBayes and BAMM analyses and stochasti-
cally added 2601 species of Andrenidae to the previously used chro-
nogram. We replicated this for a total of 200 simulations and
calculated tip rates for all nonsimulated taxa using the R package
Picante (Kembel et al., 2010).

Comparison of diversification across bees

Because we were interested in knowing how diversification rates of
Andrenidae compare to those of other bee lineages, we used method-
of-moments (MoM) estimators (Magallén & Sanderson, 2001) to cal-
culate diversification rates for all major lineages of bees. We calcu-
lated net diversification rates using both the crown and stem ages and
with four different relative extinction fractions (¢ = 0, 0.1, 0.5 and
0.9). These estimates rely on two inputs: an age estimate for a clade
of interest and the species richness of the respective clade. To this
end, we obtained published crown and stem age estimates for all
tribes of bees and all major genera (2600 described species). We
included age estimates from 10 studies with different focal taxa:
Andrenidae (present study), Colletidae and Stenotritidae (Almeida
et al., 2012), Lasioglossum (Gibbs et al., 2012), Megachilini Latreille
(Trunz et al., 2016), Neolarrini Fox (Bossert et al., 2020), Bombini
Latreille (Hines, 2008), Xylocopini Latreille (Blaimer et al., 2018),
Hylaeus (Kayaalp et al., 2013) and different tribes of Eucerinae
Latreille (Praz & Packer, 2014). Age estimates for all remaining tribes
were taken from Cardinal (2018). Tribes that were found paraphyletic
in Cardinal et al. (2018) were split into genera and coded accordingly.
We were unable to obtain crown age estimates for 14 species-poor
lineages and calculated diversification rates only using their stem ages.
We used species richness numbers from the Discover Life database
(Ascher & Pickering, 2021). Age estimates, species richness and the

respective studies can be found in Table S3.

Biogeographic reconstruction

To understand the historical biogeography of Andrenidae, we consid-

ered four global regions: North America (N), South America (S),
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sub-Saharan Africa (A) and the Palearctic (P). Our interpretation of the
regions of the Old World follows Olson et al. (2001), which considers
the Middle East as largely Palearctic, except for the southern coastal
region of the Arabian Peninsula. The term Holarctic is used to describe
the Palearctic plus North America. For the biogeographic reconstruc-
tion, we used the same modified chronogram as for the diversification
analyses and coded the species’ biogeographic distributions as shown
in Figures 1 and 2. Subsequently, we used the R (R Core Team, 2021)
package BioGeoBEARS (Matzke, 2018) to test the model fit of three
biogeographic models. Disregarding the founder-event speciation
parameter (+j; see Ree & Sanmartin, 2018), we tested the Dispersal-
Extinction-Cladogenesis (DEC) model (Ree & Smith, 2008), and the ML
adaptations of the Dispersal-Vicariance Analysis (DIVA; Ronquist, 1997)
and BayArea (Landis et al., 2013) models. We allow species to be dis-
tributed in up to two areas but excluded the possibility of species con-
currently occurring in sub-Saharan Africa and North America, and in the
Palearctic and South America. Given the continental distances in the
examined time frame, we lowered the dispersal multiplier for direct dis-
persals from North America to Africa (and reverse) to 0.5, and those
from and to North America from the Palearctic to 0.8. The dispersal
multiplier for South America to Africa was lowered to 0.8 and to the
Palearctic to 0.5 and vice versa. We picked the best-fitting model
according to the weighted corrected Akaike’s information criterion
(AICc) score. Biogeographic maps were generated with Paleomap
Maker (portal.gplates.org/map/) using the Muller 2016 model.

RESULTS AND DISCUSSION
Phylogeny and systematics of Andrenidae

We sequenced UCEs of 172 Andrenidae and obtained an average of
1891 single-copy loci per sample. Combining these sequences with
published UCEs of Andrenidae resulted in an 80% completeness
matrix of 1388 loci with an average alignment length of 429.8 bp after
trimming and 195 species. The final concatenated sequence matrix
comprises 595,217 bp with 15.8% nongap missing data.

The comprehensive taxon sampling of this study allowed us to
reevaluate subfamilial, tribal and generic concepts across Andrenidae.
Concatenation and gene tree summary analyses found unambiguous
support for monophyletic groups that correspond to the three previ-
ously recognized subfamilies: Andreninae, Oxaeinae Ashmead and
Panurginae (Figures 1 and 2, S1 and S2). Attributing subfamily status
to the monotypic Alocandrena Michener (Alocandreninae) (sensu
Engel, 2001; Michener, 2007) renders Andreninae paraphyletic and
should be avoided. As in previous studies involving molecular data
(Ascher, 2003; Ascher, 2004; Cardinal et al., 2018; Cardinal &
Danforth, 2013; Danforth, Fang, & Sipes, 2006; Danforth, Sipes,
et al,, 2006; Hedtke et al., 2013), Oxaeinae was found nested within
Andrenidae as sister to Panurginae, thereby refuting family status for
Oxaeinae as suggested using morphology (Hurd & Linsley, 1976;
Plant & Paulus, 2016; Rozen, 1964; Rozen, 1965; but see
Ascher, 2004).
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FIGURE 1 Bayesian chronogram of Andrenidae, part 1: The subfamily Andreninae. Divergence time estimates are based on the

100 most clocklike UCE loci. We used 22 phylogenetic constraints for the chronogram to align the topology with the maximum likelihood
(ML) and coalescent-based summary tree (Figures S1 and S2). Bars show the 95% highest posterior density and node support values show
ultrafast bootstrap approximations for the respective ML tree and were omitted when support was 100. Asterisks show nodes with differing
phylogenetic placements between the Bayesian and ML analysis, and daggers indicate topological differences to the ASTRAL summary tree.
Tips with dashed branches were not part of our original sampling but were grafted onto the phylogeny based on published topologies
(Pisanty et al., 2021). Genus and species names follow the taxonomy of the Discover Life database (Ascher & Pickering, 2021), except for
names changed in this study and for Andrena (which follows Pisanty et al., 2021). Ancestral geographic ranges were estimated under the
DEC model and only the single most likely ancestral range is displayed at each node. The lower histogram inset summarizes the higher-level
relationships found in this study and the respective species richness for the tribes of Andrenidae. Scale bars next to specimen photographs
show 2 mm in length

For the largest subfamily Andreninae, both coalescent and con- previously used (e.g., Pisanty et al., 2021), were found monophyletic
catenation analyses produced congruent results for the relationships (Figure 1). Our recovered relationships are in-line with Pisanty
among genera. Both Euherbstiini Moure and Andrenini, as et al. (2021), except for the placement of Alocandrena, an enigmatic,
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FIGURE 2 Chronogram of Andrenidae, part 2: Oxaeinae and Panurginae. We found strong support for seven tribes of Panurginae, including
the two monotypic tribes Nolanomelissini and Neffapini. Specimen scale bars are 2 mm
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monotypic genus (Michener, 1986), whose phylogenetic position has
remained unclear in the decades since its description (see
Ascher, 2004; Plant & Paulus, 2016). This endemic to the Andes of
Peru (Michener, 2007) has features of both Panurginae and
Andreninae. As such, its phylogenetic position is significant for under-
standing the spatiotemporal origin of the tribe Andrenini and the spe-
cies-rich genus Andrena. Both our ML and ASTRAL analyses found
Alocandrena as a sister group to Andrena + Cubiandrena Warncke
(Figures S1 and S2), a finding in-line with previous studies (Cardinal
et al., 2018). Interestingly, Pisanty et al. (2021) used UCE sequence
data obtained with the same probe set as in the present study, yet
they found a sister group relationship of Alocandrena to Megandrena
Cockerell + Ancylandrena Cockerell with their concatenation analyses,
but our configuration in their coalescent-based species tree. These
topological differences and the very short coalescent times in both
studies clearly highlight the need for additional study of Alocandrena
and its phylogenetic affinities.

We found strong support for the oxaeine genera described in
Hurd and Linsley (1976), with the monotypic genus Notoxaea
Hurd & Linsley from southern South America as the earliest
branching lineage of this subfamily (Figures S1 and S2). Molecular
sequence data confirm the previously assumed close relationship
between Protoxaea Cockerell & Porter and Mesoxaea Hurd &
Linsley (Hurd & Linsley, 1976; Michener, 2007), but raises doubt
over a recently published classification with an additional subgenus
of Mesoxaea (Engel, 2015): we found Mesoxaea nigerrima (Friese),
the type species, to be more closely related to the type species of
the subgenus Heteroxaea Engel (Mesoxaea rufescens Hurd and
Linsley) than to other Mesoxaea, rendering the subgenus
paraphyletic. Since the diagnosis of the subgenus Heteroxaea is
almost exclusively based on pile colouration (Engel, 2015), we
regard the subgenus Heteroxaea as a junior synonym of Mesoxaea.
The phylogenetic positions of the Oxaea Klug subgenera Alloxaea
Ascher et al. (2006), Rhodoxaea Engel and Percnoxaea Engel remain
to be studied with molecular data.

Reconciliation of our species tree estimates allows us to stabi-
lize the tribal classification of Panurginae. While most higher-level
lineages of Panurginae are well characterized by morphological fea-
2004; Michener, 2007; Patiny, 1999;

Ruz, 1986), their relationships to each other remained unclear. This

tures (e.g., Ascher,

is evident by the numerous alternative classifications, ranging from
four to nine different tribes and up to nine subtribes (reviewed by
Ascher, 2004; Plant & Paulus, 2016). Our congruent and well-
supported phylogenetic estimates of relationships among
Panurginae support recognition of seven tribes without the need
for subtribes (Figure 2). The monophyly of these groupings is
strongly supported and congruent across methods, with all lineages
recognizable based on morphology. Remarkably, these relationships
are nearly identical to those found with a single gene analysis by
Ascher (2003), except that our data allow us to delineate the exact
phylogenetic relationships among Panurgini Leach, Melitturgini

Newman and Perditini Robertson.
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Taxonomy

Family Andrenidae Latreille.
Subfamily Oxaeinae Ashmead.
Genus Mesoxaea Hurd & Linsley.
Subgenus Mesoxaea Hurd & Linsley.

= Heteroxaea Engel, 2015. Type species Mesoxaea rufescens
Hurd & Linsley, 1976. syn.n.

Comment: Heteroxaea is a junior synonym of Mesoxaea: we found
that Mesoxaea nigerrima (Friese), the type species of Mesoxaea, is
more closely related to the type species of the subgenus
Heteroxaea (M. rufescens Hurd & Linsley) than to other Mesoxaea
(M. arizonica [Cockerell]). To avoid paraphyly of Mesoxaea, we syn-

onymize the subgenus Heteroxaea with Mesoxaea.

Genera included in Oxaeinae: Alloxaea Ascher, Engel, & Griswold
(1 sp.), Mesoxaea (7 spp.), Notoxaea Hurd & Linsley (1 sp.), Oxaea Klug
(10 spp.), Protoxaea Cockerell & Porter (3 spp.).

Subfamily Panurginae Leach.
Tribe Calliopsini Robertson.
Genus Liopoeum Friese. stat.n.

= Camptopoeum (Liopoeum) Friese, 1906. Type species: Cam-
ptopoeum hirsutulum Spinola, by designation of Sandhouse (1943).

[raised to genus rank].

Comment: Liopoeum is usually treated as a subgenus of Calliopsis
Smith (Ascher & Pickering, 2021; Michener, 2007), but we found
strong support for a sister-group relationship to a clade comprising
Spinoliella Ashmead, Arhysosage Brethes, and Callonychium Bréthes.
To avoid a paraphyletic genus Calliopsis, we raise Liopoeum to genus
and include the following five species: Liopoeum argentinum
(Jorgensen) comb.n., L. hirsutulum (Spinola), L. mendocinum
Jorgensen, L. rigormortis (Dumesh & Packer) comb.n., L. trifasciatum

(Spinola) comb.n.

Genera included in Calliopsini: Acamptopoeum Cockerell (11 spp.),
Arhysosage (8 spp.), Calliopsis (81 spp.), Callonychium (13 spp.),
Liopoeum (5 spp.) stat.n., Liopoeodes Ruz (1 sp.), Litocalliopsis Roig-
Alsina & Compagnucci (1 sp.), Spinoliella (17 spp.), Xeranthrena
Gonzalez & Engel (1 sp.). The phylogenetic positions of Liopoeodes,
Litocalliopsis and Xeranthrena are uncertain and need to be further
studied.
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Tribe Melitturgini Newman. Type genus: Melitturga Latreille.

= Camptopoeini Patiny, 1999 [originally as Camptopoeumini,
corrected by Engel, 2005]. Type genus: Camptopoeum Spinola,
1843. syn.n.

Comment: Our concatenation and coalescent-based phylogenetic
analyses found strong support for a sister-group relationship of Cam-
ptopoeum (excluding ‘Camptopoeum’ baldocki Wood & Cross) to
Melitturga, which is the type genus of Melitturgini. This relationship
has been found in previous studies using molecular data (Cardinal
et al., 2018; Hedtke et al., 2013). Since none of the other genera of
Melitturgini sensu Michener (2007) is closely related to this group, but
instead are closely related to Panurgini (Figure 2), we consolidate
Camptopoeum and Melitturga in the tribe Melitturgini and formally

synonymize Camptopoeini.

Genera included in Melitturgini: Melitturga (17 spp.), Camptopoeum
(31 spp.)

Tribe Panurgini Leach. Type genus: Panurgus Panzer.

= Meliturgulini Engel, 2001. Replacement name for Para-
melitturgini Patiny, 1999. Type genus Meliturgula Friese, 1903.
syn.n.

= Mermiglossini Patiny, 1999. Type genus: Mermiglossa Friese,
1912. syn.n.

= Panurginini Patiny, 1999. Type genus: Panurginus Nylander,
1848. syn.n.

Comment: To avoid excessive splitting at the tribal level, we consoli-
date the four small tribes Panurgini, Meliturgulini, Mermiglossini and
Panurginini in one tribal concept, Panurgini.

Genera included in Panurgini: Avpanurgus Warncke (1 sp.),
Borgatomelissa Patiny (3 spp.), Clavipanurgus Warncke (11 spp.),
Flavipanurgus Warncke (7 spp.), Flavomeliturgula Patiny (5 spp.), Gas-
parinahla Patiny (1 sp.), Meliturgula Friese (13 spp.), Mermiglossa Friese
(2 spp.), Panurginus Nylander (52 spp.), Panurgus Panzer (35 spp.),
Plesiopanurgus Cameron (4 spp.), Simpanurgus Warncke (1 sp.). The
phylogenetic positions of Avpanurgus, Gasparinahla and Simpanurgus

are uncertain and need further study.

Tribe Neffapini Ascher. Type genus: Neffapis Ruz.

Genus included in Neffapini: Neffapis Ruz (1 sp.).

Tribe Nolanomelissini Rozen. Type genus: Nolanomelissa Rozen.

Genus included in Nolanomelissini: Nolanomelissa (1 sp.).

Tribe Perditini Robertson.
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Genus Pseudomacrotera Timberlake, 1954. stat.n.

= Perdita (Pseudomacrotera) Timberlake, 1954. Type species:
Perdita turgiceps Timberlake, 1954. [raised to genus rank].

Comment: This lineage only comprises Pseudomacrotera turgiceps and
was previously recognized as a subgenus of Perdita. We found
Pseudomacrotera as a sister group to Macrotera Smith + Perdita,
requiring a taxonomic change to reflect its phylogenetic position.
Interestingly, Pseudomacrotera has morphological features of both
Perdita and Macrotera, and further has males with bimodal head size
(Michener, 2007), as frequently observed in these genera. This sug-
gests the possibility that varying head size in males is an ancestral
condition for Perditini.

Genera included in Perditini: Macrotera (31 spp.), Perdita (637 spp.),
Pseudomacrotera (1 sp.) stat.n.

Tribe Protandrenini Robertson. Type genus: Protandrena Cockerell.

= Protomeliturgini Ruz, 1991. Type genus: Protomeliturga Ducke,
1912. syn.n.
Comment: The previously recognized tribe Protomeliturgini
includes only the genus Protomeliturga with two described species.
Our ML analyses
Protandrenini (Figure S1) and the coalescent-based ASTRAL tree

found it even within this tribe (Figure S2). To avoid potential para-

found Protomeliturga closely related to

phyly and oversplitting at the tribal level, we propose to include
Protomeliturga in Protandrenini and formally synonymize the tribe
Protomeliturgini. To date, the phylogeny of Protandrenini is not
well understood and deserves further investigation with denser
taxon sampling. Several of the genera listed below require
revision and their taxonomic status and circumscriptions will need
to be reevaluated, which will affect future interpretations of
the systematics of the tribe. Specifically, we consider the
genus Protandrena in a larger sense that includes the subgenera
Anthemurgus Robertson stat.n., Heterosarus Robertson,
Metapsaenythia Timberlake, Protandrena s. str., Pseudopanurgus
Cockerell stat.n., and Pterosarus Timberlake. The monophyly of
Heterosarus and Pterosarus remains to be established. Rhophitulus
Ducke, paraphyletic in the present study, needs further study with

more extensive sampling.

Genera included in Protandrenini: Andinopanurgus Gonzalez &
Engel (12 spp.), Anthrenoides Ducke (63 spp.), Austropanurgus Toro
(2 spp.), Chaeturginus Lucas de Oliveira & Moure (2 spp.), Incasarus
Gonzalez, Rasmussen & Engel (1 sp.), Liphanthus Reed (49 spp.),
Parapsaenythia Friese (7 spp.), Parasarus Ruz (3 spp.), Protandrena
(186 spp.), Protomeliturga (2 spp.), Psaenythia Gerstaecker (72 spp.),
Psaenythisca Ramos (3 spp.), Pseudosarus Ruz (1 sp.), Rhophitulus
(38 spp.).
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Future directions of panurgine taxonomy

The taxon sampling used in this study covers all major lineages of
Andrenidae. However, it is not sufficient to ultimately address all phy-
logenetic relationships at the genus and species levels. In particular,
the following panurgine lineages require further systematic work:

1. The phylogeny of the species-rich Protandrenini needs to be
revised. Pseudopanurgus, as currently used (Ascher & Picker-
ing, 2021), is not monophyletic, and Pterosarus as well as
Pseudosarus, ‘Protandrena’ avulsa Ramos & Melo, and ‘Protandrena’
evansi Ruz & Chiappa need to be included in future studies. We
were unable to incorporate them into our analyses, and their phylo-
genetic relationships are uncertain. Our analyses indicate that recog-
nition of the monotypic genus Anthemurgus renders Protandrena
paraphyletic and it should be recognized instead as a subgenus.
Additionally, the South American Rhophitulus, as used on the Dis-
cover Life database (Ascher & Pickering, 2021), intergrade into the
species-rich genera Anthrenoides and Psaenythia. However, both
Anthrenoides and Psaenythia are well-recognizable groups, whereas
Rhophitulus is problematic and needs to be revised. For example,
‘Rhophitulus’ herbsti (Friese), as included in our tree, is likely not a
member of this genus (Ramos, 2011) and both other included
Rhophitulus are from the Cephalurgus group. This means that we
likely did not include a true representative of Rhophitulus in the pre-
sent study. This situation warrants further investigation with com-
prehensive taxon sampling of South American Protandrenini.

2. ‘Camptopoeum’ baldocki is a recently described species of
Panurginae from Portugal (Wood & Cross, 2017). Despite the mor-
phological resemblance to other species of Camptopoeum, this spe-
cies is rather distantly related to this genus, with an estimated age
of their most recent common ancestor (MRCA) of ~46 Ma. Instead,
it is closely related to ‘Flavipanurgus’ fuzetus Patiny, with which it
shares a series of morphological features as shown in Wood &
Cross (2017). The two species co-occur and are similar in their
ecology and distribution, as both species are only known from
saltmarshes in southern Portugal (Wood & Cross, 2017). Since this
sister-group relationship renders Flavipanurgus paraphyletic, these
two species will need to be combined in a new taxon.

3. Clavipanurgus, a genus with primary distribution in the Eastern Medi-
terranean, is sister group to the two species of Old World Panurginus
included in the present study. The status of Clavipanurgus is uncertain;
since its original description as a subgenus of Panurginus
(Warncke, 1972), it has been viewed as a subgenus, synonym of
Panurginus and a separate genus (Michener, 2000, 2007; Patiny, 2003).
The only sample included in this study of Panurginus from North Amer-
ica, where the genus is present with at least 18 species, was recovered
as sister to this Old World clade and renders Panurginus paraphyletic.
Certain North American Panurginus were treated under the now-syn-
onymized name Greeleyella Cockerell (Cockerell, 1904) and our
included species Panurginus occidentalis (Crawford) was described in
Greeleyella (Crawford, 1916). Resolving the paraphyly of Panurginus
could be achieved by either synonymizing Clavipanurgus with
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Panurginus, as done by Michener (2007), or by resurrecting Greeleyella. In
any case, we found our taxon sampling too sparse to confidently delin-
eate the species groups and argue that any such name changes should
be accompanied by a thorough revisionary study with broad taxonomic
coverage from both the Palearctic and Nearctic. Such revisionary work
must include East Asian material including the type species of the genus
Panurginus (P. niger Nylander) to fully resolve this issue.

4. The subgenus Panurgus s. str. Panzer was rendered paraphyletic by
the subgenus Euryvalvus Patiny. We refrain from synonymizing
these subgenera until this group can be reevaluated with denser
taxon sampling.

5. For the purpose of this study, we diversified our taxon sampling to
include the greatest phylogenetic breadth of Perditini as possible.
For Perdita and Macrotera, we included 19 out of the 21 subgenera
recognized by Michener (2007). Several of these subgenera are
likely not monophyletic groups, such as Glossoperdita Cockerell,
Epimacrotera Timberlake, and the species-rich Perdita (Perdita)
Smith, (>400 described spp.; Danforth, 1996). Resolving these
groups is not possible with our limited taxon sampling and consid-
erable future research is needed to better understand the evolu-
tionary relationships within Perditini.

6. While phylogenetic relationships among panurgine tribes are sta-
ble throughout our analyses, we identified two rogue taxa that
changed position within their respective tribes when using differ-

(Warncke) and

Andinopanurgus wayruronga (Gonzalez & Ruz). Specifically, both

ent methods:  Flavomeliturgula  tapana
their phylogenetic positions changed from being nested within
their tribes in the concatenation analyses to being sister group to
all remaining taxa of their tribes in the gene tree analyses
(Figures S1 and S2). This warrants further study, ideally by includ-

ing additional species of these genera in future research.

Antiquity of Andrenidae

Fossil-informed divergence time estimates under the fossilized birth-
death model revealed a late Cretaceous (~90 Ma) origin for the family
Andrenidae (Figure 1). With a crown age of ~67 Ma, Panurginae likely
originated in close temporal proximity to the K-T boundary (~66 Ma,
Figure 2) and the associated mass extinction of marine and terrestrial
life (e.g., Keller, 2001; Labandeira et al., 2002; Longrich et al., 2012),
including some bees (Rehan et al., 2013). Andreninae has a crown age
that is slightly younger (~58 Ma) and originated in the early Paleo-
gene, while the morphologically derived Oxaeinae is likely relatively
young (~29 Ma). Replicating our dating analysis with four different
subsets of 100 UCEs produced highly consistent age estimates for all
subfamilies (Figure 3a). This consistency shows that using different
subsets of loci has a limited effect on our age estimates and that our
results are robust to different locus selection criteria.

While our crown ages overlap with previous estimates of
andrenid divergence times (Cardinal et al, 2018; Cardinal &
Danforth, 2013; Pisanty et al., 2021), they tend to be slightly older
(Figure 3a). This can be explained in two ways. First, our taxon
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sampling is more comprehensive and includes nearly every described,
currently accepted genus of Andrenidae. This ensures the inclusion of
early-branching lineages, which necessarily leads to older crown ages.
For example, Cardinal and Danforth (2013) estimated a crown age of

Panurginae of ~45 Ma based on four species that did not include
Nolanomelissa, the earliest branching lineage in the present study.
Although our crown age estimate is significantly older (67.4 Ma, Fig-
ure 2), the stem age estimates are very similar to theirs (~76 vs. 77.8
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Ma, respectively). Furthermore, the age estimates for the family
Andrenidae as a whole are very similar between these two studies:
~91 Ma from Cardinal and Danforth (2013) versus our estimated
mean of 91.9 Ma. Given the differences in taxon sampling, tree prior
choice, fossil usage and DNA sequence data (5 protein-coding genes
vs. 100 UCEs), these estimates are remarkably similar. Second, our
study did not specifically calibrate nodes with ages of fossil specimens
(‘node dating’). Instead, we included fossils as tips (‘tip dating’) under
the FBD model, thereby eliminating the need to assign age constraints
to internal nodes (e.g., Luo et al, 2020; Ronquist, Klopfstein,
et al.,, 2012; Zhang et al., 2016). This means that, while we incorpo-
rated the same four putative andrenid fossils as in Cardinal
et al. (2018) (with one exception), we did not constrain the node ages
for Andreninae and Panurginae with the same prior distribution, effec-
tively letting the Bayesian MCMC infer ages more freely. The excep-
tion is Andrenopteryx willardi, a compression fossil from the Florissant
fossil beds, which was associated with Andreninae using wing mor-
phometric analyses (Dewulf et al., 2014). This fossil is the oldest
‘andrenid’ fossil in Cardinal et al. (2018) but was used by them to cali-
brate the unrelated genus Melitta (Melittidae), likely because of its
placement in the original description (Cockerell, 1909). Consequently,
all four UCE subset replicates in our study clearly favour an older ori-
gin of Andreninae and Panurginae. Pisanty et al. (2021) used node
ages from Cardinal et al. (2018) as secondary calibrations, and hence
our differences to these two studies are similar.

The spatiotemporal origin and the phylogenetic position of
Nolanomelissa are of particular interest. The single extant species
of this genus, Nolanomelissa toroi Rozen, is a sister group to all
the remaining ~1400 species of Panurginae and diverged at
around 67.4 Ma (56.4-80.9 Ma, 95% highest posterior density). It
occurs only in a restricted area in the southern part of the Ata-
cama Desert, where it has been found to forage pollen only from
Nolana L.f. (Solanaceae) (Rozen, 2003). Nolana as a genus is
thought to have a stem age of ~10.9 Ma and a crown age of
~6.3 Ma (Sarkinen et al., 2013). Therefore, the crown age of
Nolanomelissa predates the age of its host plant lineage by ~61.1
million years, meaning that the lineage leading to present-day
Nolanomelissa must have foraged on other plants in this time

frame.

Diversification dynamics
Diversification across Andrenidae

Our analyses identified Andrena and Perdita as the fastest diversifying
lineages of Andrenidae, with rapid radiations continuing into the
Holocene (Figures 3 and 4). Speciation estimates under episodic
birth-death models of RevBayes (H6hna et al., 2016) show sharp
increases for both Andreninae and Panurginae in the Neogene,
starting in the episodes of 20-15 Ma and 25-20 Ma, respectively
(Figure 3b,c). This time frame is comparable with the rate shifts identi-
fied through BAMM. The most probable rate shift regime found three
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upward shifts in diversification rates: (1) an increase early in the evolu-
tion of Andrena (~18 Ma), (2) a shift coincident with the origin of
Perdita (~21 Ma), and (3) a rate increase involving all Panurginae
except the monotypic Nolanomelissini (~70 Ma, Figure 4a). Extremely
similar dynamics were captured estimating only speciation rates
(Figure S3) in BAMM. Following the most commonly observed sce-
nario of rate shifts (f = 0.084, Figure S4), the eight most frequently
recovered configurations are similar but differ as follows: the exact
positions of the shift within Andrena, a slight increase in the branch
leading to the common ancestor of Panurginae and Oxaeinae, the
presence of rate decreases along the branches of Neffapini,
Nolanomelissini, and Andrena bytinskii, or a combination thereof
(Figure S4). Strikingly, every shift configuration recovered diversifica-
tion/speciation increases for Andrena and Perdita, clearly reflecting
their extraordinary contemporary species richness. However, while a
rate increase with the origin of Perdita was unequivocally recovered in
every regime, its exact timing should be interpreted with caution. We
used a diversified taxon sampling to include the greatest phylogenetic
breadth of Perditini by including 19 out of the 21 recognized subge-
nera (Michener, 2007). However, several subgenera, such as the very
species-rich Perdita s. str. (>400 spp.), are almost -certainly
paraphyletic (Danforth, 1996) and the phylogenetic relationships
among the many species groups remain inadequately resolved. This
precluded us from precise designations of missing species for individ-
ual clades and required an even distribution of missing species across
all branches of Perdita. This means that, while a rate increase within
Perdita can be expected with certainty, it may in fact have taken place
at a node or branch that was not phylogenetically characterized in our
study.

While the sharp increases of speciation for Perdita and Andrena
temporally coincide with declining global air surface temperature
(Westerhold et al., 2020), we did not find a direct correlation with this
environmental variable in our analyses: correlation probability
between global temperature and speciation rates is only 0.38
(Andreninae) and 0.28 (Panurginae). A model without environmentally
correlated speciation is favoured but BFs are low (0.61 and 0.40,
respectively). We found a slightly greater probability of correlation
with paleoclimatic CO, with 0.52 for both Andreninae and Panurginae
(Figure S5), but negligible BFs (1.07 and 1.1, respectively). This con-
firms that neither of the environmental factors we examined fully
explain the present-day species richness of Andrenidae. While corre-
lations with individual paleoclimatic factors have been shown in the
past for groups of plants (Lagomarsino et al., 2016; Sun et al., 2020;
Thompson et al., 2021), other insects (Sahoo et al., 2017; Toussaint
et al, 2012), vertebrates (Botero et al., 2014; Claramunt &
Cracraft, 2015), or a combination thereof (Kergoat et al., 2018), diver-
sification dynamics are best understood by considering both abiotic
and biotic factors (Condamine et al., 2018; Ezard et al., 2011). Accord-
ingly, the term ‘confluence’ was introduced (Donoghue & San-
derson, 2015) to better capture scenarios in which biotic factors
(e.g., innovations) and environmental change (e.g., climate and geo-
graphic range) sequentially assemble, moving away from the simplified

concept of single key innovations. For the evolution of Andrenidae,
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FIGURE 4 Diversification dynamics of Andrenidae and other major lineages of bees. (a) Dated phylogeny of Andrenidae with branches
coloured according to their net diversification rates from the BAMM analysis. The most frequently recovered configuration (f = 0.084) has three
rate shifts (grey circles), all of which are rate increases. This involves an early branching within Andrena (Andrena excluding the early branching
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this process-oriented view suggests that a cooling, changing climate
with stronger seasonality elicited biotic factors to contribute to an
environment well suited to lineages of primarily solitary, univoltine,
host-plant specialists, such as many species of Andrena and Perdita.

One obvious biotic factor is the marked evolutionary success of
the most important lineage of host plants of Andrena and Perdita over
the past 30 million years. Asteraceae, the single most important host
plant lineage for Andrenidae (TJW, unpublished data), underwent
increased diversification in the Oligocene and Miocene (Panero &
Crozier, 2016). Specifically, Panero and Crozier (2016) identified a
diversification rate increase involving the Helianthodae around
24 Ma, which is largely coincident with our crown age estimates of
Andrena and Perditini. This Asteraceae lineage of over 3000 North
American species includes the sunflowers (Helianthus L.) and several
other genera (e.g., Bidens L., Ericameria Nutt., Rudbeckia L.) that are
host to numerous andrenid pollen specialists (Krombein et al., 1979).
Similarly, several other major host-plant lineages experienced
increased diversification in the Neogene, such as Rosaceae (Zhang
et al., 2017), Brassicaceae (Huang et al., 2020) and the large rosid cla-
des Fabales, Geraniales, and, to a lesser extent, Malvales (Sun
et al., 2020). Strikingly, the disproportionate diversification of rosids
overlaps both temporally and geographically with the diversification
of Andrena and Perdita in the Northern Hemisphere, including arid
southwestern North America (Sun et al., 2020). Given the tight, pre-
sent-day host plant associations of Andrenidae with the above-men-
tioned lineages, it is reasonable to assume that these biotic factors
contributed to the diversification process of Andrenidae, but its
extent and the possibility of codiversification remain to be tested sta-
tistically in a more extensive phylogenetic framework.

Finally, despite the temporal overlap of speciation increases in
Andrena and Perdita, the underlying factors that contributed to their
diversification are not necessarily the same. Perdita is geographically
restricted to North America with unmatched species-richness in the
xeric regions of the American Southwest. Nearly all species are nar-
rowly oligolectic and highly seasonal. Andrena, in contrast, comprises a
mix of generalist and specialist species, some of which are highly sea-
sonal, whereas other species are multivoltine. The genus is most spe-
cies-rich in the Holarctic, but are also found in Central America, Africa
and southern Asia, and its rapid speciation involves lineages in both
North America and Eurasia (see Historical Biogeography section).
Interestingly, the pollen-collecting behaviour of Andrena and Perdita is
different as well. All species of Andrena transport collected pollen dry,
without applying nectar or floral oils to moisten the pollen load. With
the exception of a few derived lineages, Perdita females transport

moistened pollen (Portman & Tepedino, 2017).

Corroboration of estimates and comparison to
other bees

We corroborated our estimates of diversification and speciation with
MoM estimators (Magallon & Sanderson, 2001). MoM is a phylogeny-
independent approach to calculate rates using clade-specific ages and
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species richness. Our estimates of andrenid diversification rates from
this approach corroborate very high rates for Andrena and Perdita
(Figures 4b and S6). MoM rate estimates for other andrenid groups
are similar to those from BAMM (Table S4) and are, as expected,
strongly correlated to these (Figure S7).

We also used MoM to calculate diversification rates across all
bee tribes and large genera using previously published age estimates
and data on species richness. Using crown ages under four scenarios
of relative extinction, including a pure-birth process (¢ = 0), we found
Andrena and Perdita among the three lineages with the highest diversi-
fication rates across all ~20,500 species of bees (Figures 4b and Sé6):
Andrena, Perdita and Nomada. The two other very species-rich bee
genera Lasioglossum (>1850 spp.; crown age of ~30 Ma according to
Gibbs et al., 2012) and Megachile (>1450 spp.; sensu Ascher & Picker-
ing, 2021; crown age of ~27 Ma according to Trunz et al., 2016) are
both slightly older than Andrena and hence have slightly lower crown
age-based clade diversification. Interestingly, we consistently recov-
ered Nomada (the sole genus of Nomadini, Apidae) as a third lineage
with a very high diversification rate. Nomada is a genus of brood para-
sitic bees comprised of more than 700 described species in the family
Apidae that primarily attack Andrena, although a few species also attack
bees from other families. For example, in Central Europe, the majority
of Andrena species are parasitized by at least one species of Nomada,
except for a few species for which no parasite is known (Amiet &
Krebs, 2012; Gusenleitner et al., 2012; Westrich, 2018). Strikingly, most
Nomada, for which host information is available, have been associated
with one species of Andrena, even to the extent that they are bivoltine
if their hosts have two generations a year as well (Scheuchl, 1995;
Westrich, 2006; Westrich, 2018). They even mirror the spatial richness
patterns of Andrena: Nomada is species-poor where Andrena is rare,
such as in tropical Africa (Eardley & Schwarz, 1991), and only a single
species of Nomada is known from Australia (Alexander, 1994), where
Andrena is absent (the Australian species parasitizes Lasioglossum
(Homalictus), Halictidae (Walker et al., 2020).

Our findings strongly indicate that the parasitic Nomada has codi-
versified along with their principal host lineage Andrena: Nomada
seemingly diversified at similar rates to their principal host lineage.
However, the stem age-based rates of Nomada diversification are
comparatively small and the estimates significantly deviate from the
95% confidence interval of the linear regression (Figure 4b). This indi-
cates that even though Nomada diversification is certainly very high,
its crown age-based diversification rate estimates may be over-
estimated, which would be expected if the crown age has been under-

estimated due to incomplete sampling.

Historical biogeography

Our time frame of andrenid evolution provides an unprecedented
opportunity to study the biogeography of Andrenidae. Andrenid bio-
geography has been studied previously: in his major 1979 study on
the biogeography of bees, Michener (1979) discussed a probable
Laurasian origin for the family and emphasized the Western
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Hemisphere because of its diversity of genera. At the time, he consid-
ered Oxaeinae as a separate family and assumed its origin was Neo-
tropical. Ascher's (2004) thesis provides an in-depth discussion on
andrenid biogeography, including several potential dispersal routes that
were also recovered in our analysis. Finally, Hedtke et al. (2013) esti-
mated ancestral ranges for all subfamilies of bees, including those of
Andrenidae. As such, their work does not capture dispersal or vicari-
ance events at lower taxonomic levels (Hedtke et al., 2013). Although
all these studies are geographically comprehensive, they lack the tem-
poral context of divergence time estimates, which are critical to under-
stand the timing and direction of geographic range changes and hence
to trace back the historical biogeography of Andrenidae as a whole.

By testing the model fit of the three biogeographic models with
AlCc scores, we found the DEC model (Ree & Smith, 2008) as the best
fit for our data. Using this model, our results indicate a South Ameri-
can origin of Andrenidae and all three subfamilies, with the exception
that Andreninae also includes North America in its ancestral range
(Figures 1, 2 and S8). We recovered similar dispersal routes explaining
the present-day distributions of the two subfamilies Andreninae and
Panurginae, but the timing of their respective range expansions is dif-

ferent and detailed below.

Andreninae

The MRCA of Andreninae most likely originated in South America,
from where it would have traversed over the Central American Sea-
way to North America between ~90 and ~60 Ma (Figure 1). Aside
from a slightly older time frame, this finding matches Pisanty
et al's (2021) biogeographic assessment of the subfamily. While it
seems unlikely that one species simultaneously occupied two regions
over a significant water barrier at the time, dispersal from the Neo-
tropics to the Nearctic region must have occurred in some form (Fig-
ure 1, upper inset). As previously suggested (Pisanty et al., 2021),
dispersal may have occurred in a stepwise manner over islands in the
Central American Seaway, which at times only required the crossing
of relatively short stretches of water. Our results indicate that a series
of cladogenetic events in the mid-Paleogene split this trans-American
lineage into (1) the present-day Euherbstiini, which is endemic to
Chile; (2) the clade comprising Megandrena and Ancylandrena, which is
restricted to xeric southwestern North America; (3) the Peruvian-
endemic Alocandrena; and (4) the lineage that led to the present-day
Andrena. The last lineage likely first traversed from the Nearctic to the
Palearctic between ~42 and ~33 Ma, forming a Holarctic distribution
(Figure 1, lower inset). This clearly shows that even though Andrena is
among the most species-rich bee genera in the Palearctic today, all
early branching, relictual lineages of Andreninae originated in the
Western Hemisphere. However, the direction of this first Nearctic-
Palearctic dispersal is difficult to reconcile with today’s understanding
of geological history, as it coincides with the disappearance of the
North Atlantic Land Bridges (NALBs) in the Eocene (Milne, 2006;
Tiffney, 1985). The range expansion towards the Palearctic could have

taken this transatlantic route or alternatively gone over the Bering
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Land Bridge (BLB), which formed an alternative land bridge at the
time. The Bering route appears more obvious given the xeric habitats
found in western North America and the current presence of early-
branching lineage of Andreninae. Our analysis shows that the MRCA
of Andrena + Cubiandrena and the descending lineage that gave rise
to present-day Andrena likely held Holarctic distributions for extensive
periods of time (Figure 1). This likely led to numerous subsequent
cladogenetic events in Eurasia and North America. While we also
found evidence for geodispersal between the Palearctic and the
Nearctic, they are less numerous than predicted based on previous
treatment of andrenine biogeography (Pisanty et al., 2021). This can
be explained by a smaller set of Andrena species included in the pre-
sent study. Finally, our results indicate that the Afrotropical region
was populated recently with a geodispersal from the Palearctic to
Africa around 4 Ma. Today there are five subgenera of Andrena
reported from Africa (Eardley et al., 2010), none of which are African
endemics, suggesting that additional dispersal events occurred which
our analysis was not able to capture because of limited taxon sampling
of Afrotropical Andrena.

Panurginae

The historical biogeography of Panurginae is characterized by a South
American origin, three separate range expansions to the Nearctic and
one exchange between North America and Eurasia (Panurginus, Fig-
ure 2). The earliest range expansion from the Neotropics to the Nearctic
likely occurred ~50 Ma, when both the BLB and the NALBs were avail-
able, and was followed by fast vicariant cladogenesis (Figure 2, upper
inset). One descendant lineage is monotypic today and only represented
by Neffapis longilingua from the southern Atacama Desert. The other
descendant lineage expanded its range from the Nearctic to the Pale-
arctic in the mid-Paleogene, forming a Holarctic distribution. Subse-
quent cladogenetic events split this widespread MRCA into the
present-day Melitturgini, Perditini, and Panurgini as defined herein (Fig-
ure 2, upper inset). At present, Melitturgini and Perditini occur primarily
in xeric habitats of the Palearctic and Nearctic, respectively, in contrast
to Panurgini which underwent additional range expansion in a wider
range of habitats. We found evidence for at least two separate geo-
dispersals of panurgine lineages from the Palearctic to the Afrotropics,
around 35 and 25 Ma (Figure 2, lower inset). Presumably, these events
gave rise to the genus Mermiglossa with at least three species (with one
undescribed species included here), Borgatomelissa (3 spp.) and Mel-
iturgula (13 spp.). Panurginus represents the only recovered panurgine
lineage for which we found a return to North America around 12 Ma,
when the BLB would have been available.

For the New World Panurginae, we recovered the MRCA of
Protandrenini to be of South American origin. Within Protandrenini,
we found a monophyletic group comprising the North American spe-
cies, which indicates a single geodispersal event from the Neotropics
to the Nearctic in the Oligocene. This clade’s extended, trans-Ameri-
can range in Figure 2 is explained by the lenient coding of Protandrena

bakeri as being present in the Neotropics, because this taxon extends
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south into montane habitats of Mexico (Timberlake, 1975). However,
it is primarily a North American species. Similarly, we found a clade of
North American Calliopsis, which indicates a single dispersal from the

Neotropics to the Nearctic in this group.

Oxaeinae

This small subfamily of 22 species was estimated to have originated in
the Neotropical region and dispersed to North America between
29 and 20 Ma. This view differs from a previous assessment because
of the position of the monotypic Notoxaea. Ascher (2004) inferred
Protoxaea, which occurs in the southwestern Nearctic, to be the earli-
est branching oxaeine lineage, thereby suggesting the possibility of a
North American origin for the subfamily. In contrast, we found strong
support for Notoxaea being the sister group to all other Oxaeinae.
Aside from Notoxaea, this subfamily is principally divided into a Nearc-
tic clade comprising Protoxaea and Mesoxaea, and a Neotropical clade
with Oxaea and most likely Alloxaea. However, both clades have indi-
vidual species that extend into Central America, blurring this distinct

pattern in the present day.

Global patterns

From a South American origin, Andrenidae likely expanded to inhabit
diverse habitats across the globe, with the greatest species diversity
in the northern temperate zone, particularly in xeric regions (Danforth
et al., 2019; Michener, 2007; Orr et al., 2021; Ruz, 1986). Our results
show that all but one dispersal route that led to the present-day dis-
tribution of Andrenidae temporally coincide with the existence of land
bridges. Presumably, only the initial expansion from South America to
North America must have occurred over relatively short stretches of
water. Since modern-day Andrenidae are absent from many major
islands like Sri Lanka, New Guinea, and most of the Caribbean Islands,
it appears that they rarely traverse over water. This provides an expla-
nation for the absence of Andrenidae in Australia: at no time since
their origin was Australia connected to a continent inhabited by
Andrenidae. The only major landmass that remained connected to
both Australia and South America through most of the Paleogene was
Antarctica, but we speculate that Antarctica likely did not harbour an
andrenid bee fauna, even during times when its climate was warmer.
Trans-Antarctic interchanges between Australia and South America
have been shown for other groups of bees and are most evident for
the bee family Colletidae (Almeida et al., 2012, 2019). According to
our results, Andrenidae was present on the South American landmass
since the late Cretaceous or early Palaeocene. However, this does not
mean that andrenids occupied Antarctica or even the southern por-
tion of South America—areas assumed to have hosted cool temperate
rainforests during much of the Cenozoic (Cantrill & Poole, 2012;
Klages et al., 2020), similar to Valdivian rainforests of southern South
America today. In-line with this, the few bee surveys conducted in

southern South America record little or no Andrenidae diversity in
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comparison to surveys from northern areas (e.g., Smith-Ramirez
et al., 2005; Spagarino et al., 2001; Vazquez & Simberloff, 2002).

CONCLUSIONS

Our study comprises the first comprehensive phylogenomic treatment
of Andrenidae including all major lineages and provides significant,
basic knowledge on a near-globally distributed lineage of pollinating
insects. We establish the family’s spatiotemporal origin and character-
ize their rapid diversification, which includes two of the fastest radia-
tions across all bees. Nonetheless, significant questions on the
mechanisms of their diversification, as well as on phylogenetic rela-
tionships at the genus level remain to be answered. Our results have
broad implications for understanding the tempo and mode of bee

diversification and, more broadly, bee-angiosperm coevolution.
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