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ABSTRACT

The Afrotropical region is home to many endemic bee groups, yet almost none have been studied from an integrated, holistic perspective. Among them, the halictid
subfamily Nomiinae contains exceptional African diversity with variable distributions and life histories. Here, we combine phylogenomics, molecular dating, and
distributional modelling to explore the evolutionary ecology of the genus Trinomia. We analyzed a matrix of 59 species of Nomiinae using ultraconserved element
(UCE) and whole genome data, including all six species of Trinomia, and estimated divergence times for the subfamily. We then generated distribution models for all
six species of Trinomia using Maximum Entropy models (MaxEnt) and 671 spatial data points. From these methods, we discovered a monophyletic Trinomia with an
unexpected sister group relationship to the Asian-endemic genus Gnathonomia, as well as a recent origin of Trinomia in the late Miocene (~5.8 million years ago).
From our results, we found hints of phylogenetic conservatism in distribution among sister-groups of Trinomia, however, our results also highlight the need for
additional efforts inventorying, identifying, and sharing data on African bees. This study represents an exemplary first step into studying bee spatial phylogenomics of

African endemic bees.

1. Introduction

We are moving toward a cohesive picture of global bee biodiversity
through space and time (Almeida et al., 2023), but much work remains
in some regions of the globe (Warrit et al., 2023). Africa is home to
several hotspots of bee biodiversity (Orr et al., 2021), but its fauna is
understudied compared to other parts of the world (Eardley et al., 2010;
Kuhlmann, 2005; Kuhlmann, 2009; Kuhlmann et al., 2012). Given hy-
potheses of Gondwanan bee origins (Almeida et al., 2023), investigating
the contemporary and historical dynamics of the bee fauna there is
paramount for understanding the drivers governing bee ecology and
evolution. However, given taxonomic challenges and the various diffi-
culties of acquiring verified specimens for many species, intensive ef-
forts at comprehensive views of bee biodiversity in the region are only
now possible on a case-by-case basis for specific bee groups.

The sweat bee subfamily Nomiinae has its center of diversity in
tropical realms of the Old World and half of the 620 recognized species
occur in sub-Saharan Africa (Michener, 2007; Pauly, 2009). Several
lineages are endemic to the Afrotropics and 9 of the 32 genera

recognized by Pauly (2009) are restricted to the Afrotropics. Recent
work established phylogenetic relationships of the genera comprising
Pseudapis s. 1. and the distinct phylogenetic position of Clavinomia
Warncke, 1980 (Bossert et al., 2024). However, higher-level relation-
ships of the Nomiinae remain poorly understood, and none of the
African-endemic groups, including Trinomia Pauly, 1980, have been
phylogenetically revised using molecular data. This limits our under-
standing of the natural history of African endemics, the evolutionary
relationships among lineages, and their antiquity.

To better assess the natural history of these groups, we developed a
fully-sampled, species-level phylogeny of the genus Trinomia using
whole genome sequencing. This phylogenetic framework enabled us to
achieve three objectives. First, we addressed prior taxonomic un-
certainties as Michener (2007) treated Trinomia as a subgenus of Lip-
otriches Gerstacker, 1858, but cautioned Lipotriches “may turn out to be a
paraphyletic unit”. In contrast to Pauly (e.g., Pauly (1990, 2014a,
2014b), Michener (2007) urged further study and used Lipotriches in a
wider sense. This included several lineages that Pauly (1990) and the
DiscoverLife.org global checklist (Ascher and Pickering, 2024)
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recognize as genera, including Trinomia and Afronomia Pauly, 1990.
However, neither classification was developed when genome-scale
phylogenetic inference could address taxonomic problems, and clarifi-
cation could be achieved by establishing a sound molecular-
phylogenetic framework. Such a phylogenetic framework could
further help to understand the phylogenetic pattern of the morpholog-
ical similarities between Trinomia and the genus Austronomia Michener,
1965, like the entirely carinate basitibial plate of the females or the lack
of integumental bands that are characteristic for certain Nomiinae
(Pauly, 1999).

Second, a well-sampled molecular phylogeny will enable the esti-
mation of the temporal origin of Trinomia. Recent work indicated an
origin in the late Neogene (Bossert et al., 2024), but with the limited
sampling of just one representative individual, only stem age estimates
could be inferred. Furthermore, Bossert et al. (2024) found a surprising
Miocene-split of the most recent common ancestor (MRCA) of present-
day Trinomia with Gnathonomia Pauly, 2009, an Asian-endemic line-
age, and a sister-group relationship of this clade to Afronomia: ((Trino-
mia + Gnathonomia) + Afronomia). Revisiting this pattern with
additional data and denser sampling would help test this unexpected
finding, given the disjunct present-day distribution of the genera.

Lastly, a modern phylogeny would aid in understanding the spatial
distribution of Trinomia from an evolutionary perspective. Trinomia are
Afrotropical bees, and all six species occur in continental Africa with the
range of one species, Trinomia triodonta (Kohl, 1906), expanding into the
southern Arabian Peninsula. The Global Biodiversity Information Fa-
cility (GBIF) hosts about 800 records for the genus, yet most of this in-
formation comprises records of two commonly collected species,
Trinomia tridentata (Smith, 1875) (~170 records) and Trinomia orientalis
(Friese, 1909) (~450 records). Georeferenced records for other species
are sparse (e.g., 12 entries for Trinomia digitata (Friese, 1909)) or un-
available (Trinomia triodonta). Also, Trinomia tridentata and Trinomia
natalensis (Cockerell, 1916) can only be separated by examining male
genitalia, and records identified as ‘Trinomia tridentata’ prior to 1999
most likely correspond to Trinomia natalensis because of problematic
synonymies clarified by Pauly (1999). This limits the basis for our un-
derstanding on the spatial distribution of Trinomia and warrants a
modern reassessment using newly georeferenced records and distribu-
tional modeling. Our study addresses these knowledge gaps by using
both phylogenetic analysis of a genome-wide dataset and species dis-
tribution models. In doing so, we provide an important starting point
into future investigations on not just Nomiinae, but also the wealth of
other African endemic bee groups.

2. Material and methods
2.1. Taxon sampling

We obtained recently collected, pinned specimens for all six
described species of Trinomia and from two closely related genera,
Afronomia and Gnathonomia (Bossert et al., 2024), for sequencing.
Voucher specimens were deposited in the Washington State University
Insect Collection (WSUC) and the Cornell University Insect Collection
(CUIC). A total of seven new samples were processed, sequenced, and
embedded in the molecular-phylogenetic framework of Nomiinae
(Bossert et al., 2024), resulting in 59 studied taxa. This dataset com-
prises 22 out of the 32 genera sensu Pauly (2009), including all major
genera (> 25 species), and provides a framework for assessing the re-
lationships within Trinomia and the relationships of Trinomia to other
Nomiinae. We included all nomiine taxa from Bossert et al. (2024)
except duplicate species of Dieunomia Cockerell, 1899, and two samples
of Dieunomia with relatively low sequencing success, D. boharti (Cross,
1958) and D. bolliana (Cockerell, 1910). As outgroups, we chose the two
samples with greatest UCE capture success for the subfamilies Nomioi-
dinae and Halictinae from Bossert et al. (2024). Eleven of the 26
included genera are represented by their respective type species. The
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taxon sampling is detailed in Table S1, including information on voucher
repositories and their respective NCBI BioProject IDs.

2.2. Molecular methods

For the five samples used for whole-genome sequencing, DNA was
extracted from three legs of one side of each specimen using a Zymo
Quick-DNA Miniprep Plus Kit. Voucher specimens were given a unique
DNA extraction label and were deposited according to Table S1. After
quantifying DNA concentration using a Qubit 3.0 fluorometer (Thermo
Fisher Scientific, Inc.), we assessed fragmentation of each sample by
running screen tapes on a 4150 TapeStation (Agilent Technologies, Inc.).
We sheared up to 50 ng of total DNA to a target size range of 300-600 bp
using a BioRuptor 300 (Diagenode, Inc.). After sonication, we purified
DNA using magnetic beads (manufactured by Sergi Lab Supplies) ata 3:1
(3.0 x SPRI) beads to product ratio. We prepared Illumina sequencing
libraries using KAPA HyperPrep Kits (F. Hoffmann-La Roche, Ltd.)
following Branstetter et al. (2021). We prepared dual-indexed libraries
(Glenn et al., 2019) and replaced the KAPA PCR mastermix with 2 x
TaKaRa Ex Premier DNA Polymerase mastermix (Takara Bio USA, Inc.).
We ran between 14 and 18 PCR cycles, purified each product with
magnetic beads at a 1:1 ratio (1.0 x SPRI), and measured DNA con-
centration using Qubit assays. We pooled samples at equal concentra-
tions and size selected the pool using a BluePippin device (Sage Science,
Inc.) for a size distribution of 250-650 bp. Sequencing was carried out
by Novogene Co, Ltd. using an Illumina NovaSeq X Plus sequencer and a
10B flow cell, targeting a coverage of 10 x. The two samples sequenced
for UCEs (Table S1), were processed according to Bossert et al. (2024), as
they were generated with data contained in this paper.

2.3. Bioinformatic processing

A detailed account of the bioinformatic approach is in the supple-
mentary material. After raw multiplexed Illumina reads were generated
by the sequencing facilities, the read data were demultiplexed using the
program demuxbyname of the BBtools package (https://sourceforge.
net/projects/bbmap/). We allowed for one mismatch in index se-
quences (hdist = 1). The reads in each sample were then reordered and
duplicated reads were removed (= dedupe) using the BBtools function
Clumpfy. Adapters were trimmed using fastp (Chen et al., 2018), again
dropping duplicated reads. BBnorm, also part of BBtools, was used to
normalize the reads targeting a coverage of 20x and a minimum
coverage of 2x. The normalized reads were assembled using SPAdes
(Bankevich et al., 2012) using a coverage cutoff of 5 with the parameters
‘~careful” and ‘-sc’.

After assembling read data into contigs, we used the Phyluce pipeline
(Faircloth, 2016) to identify and extract UCE loci from the genomes. To
this end, we first converted the fasta assembly files into 2bit files using
faToTwoBit, a tool provided through the UCSC genome browser (Kuhn
etal., 2013). We required 80 % overlap and 80 % identity for extracting
UCE:s corresponding to the UCE probes of the ‘bee-ant-specific hym-v2
bait set’ (Grab et al., 2019). Ultraconserved elements were extracted
with 1,000 bp of flanking regions. The extracted sequences were treated
as UCE contigs and combined with published UCE contigs (see Bossert
et al., 2024) and the new UCE sequences for T. cirrita and A. sjostedti
(Friese, 1909). Using the Phyluce pipeline, we identified, extracted, and
processed UCE data using an 80 % sequence overlap and 80 % identity
for UCE identification. After aligning the sequences with MAFFT and the
L-INS-i method (Katoh and Standley, 2013), we trimmed alignments
with Gblocks (Castresana, 2000) and the ‘relaxed’ settings (Talavera and
Castresana, 2007). Our final concatenated sequence matrix comprised
all UCE loci with 80 % or more of the analyzed samples present (= 80 %
completeness matrix).


https://sourceforge.net/projects/bbmap/
https://sourceforge.net/projects/bbmap/

S. Bossert et al.
2.4. Molecular phylogeny

Phylogenetic analyses were conducted using Bayesian inference and
maximum likelihood approaches on the concatenated sequence matrix.
We partitioned the matrix using CURE (Freitas et al., 2023) and the
UCERegion strategy, which is based on a sliding-window site charac-
teristics (SWSC) partitioning workflow (Tagliacollo and Lanfear, 2018).
This strategy divides individual UCEs into three partitions, representing
the left and right flanking regions as well as the core region. Imple-
menting this strategy led to a total of 4,320 separate partitions. Using
ModelFinder as implemented in IQ-Tree2 (Minh et al., 2020), we selected
the best fitting partition scheme by testing model fit for merged parti-
tioning schemes (‘MFP + MERGE’). To lower computational effort, we
used the clustering algorithm (Lanfear et al., 2014) ‘—rcluster’ at 20 %,
meaning we examined only the top 20 % of schemes. This resulted in
203 total partitions.

We used IQ-Tree2 to calculate a maximum likelihood tree and
assessed node support with 1,000 bootstrap replicates for Shimodaira-
Hasegawa-like approximate likelihood ratio tests (SH-aLRT; Guindon
et al., 2010) and 1,000 ultrafast bootstrap approximations (UFBoot2;
Hoang et al., 2018). We designated the 203 partitions and used the best
fitting substitution models from ModelFinder. To corroborate the
maximum likelihood phylogeny with another method, we inferred
Bayesian trees using ExaBayes (Aberer et al., 2014) by performing three
runs, each with four Metropolis-coupled Markov chain Monte Carlo
simulations. We executed the runs for 500,000 generations, sampled
every 100th generation and used a relative burn-in of 0.2, leading to
4,000 examined trees. We linked branch lengths among the 203 parti-
tions and used a generalised time reversible model of nucleotide sub-
stitution (GTR). We used the consense and postProcParam programs of
the ExaBayes package for post-processing. After 500,000 generations,
we confirmed sufficient sampling by ensuring effective sample size
values of >100 for all parameters and potential scale reduction factors
ranging very close to 1. To this end, effective sample size values for the
vast majority of parameters, including the likelihood, exceeded 1,000.
Topological convergence was deemed adequate once average standard
deviations of split frequencies fell to 0.0 %.

2.5. Divergence times estimation

To assess the evolution of Trinomia from a temporal perspective, we
estimated divergence times using the RelTime approach (Tamura et al.,
2012), as implemented in MEGA 11 (Tamura et al., 2021). We chose our
IQ-Tree2 phylogeny as input tree for RelTime analysis. Because of the
lack of known nomiine fossil specimens, we used a single secondary
calibration to inform the analysis by calibrating the crown age of all
Nomiinae based on a recent comprehensive dating analysis of all bees,
which included 25 Nomiinae species (Almeida et al., 2023; their 20 most
clock-like analysis). The present study includes all but one nomiine
species of Almeida et al. (2023). Specifically, we secondarily calibrated
the crown of Nomiinae in the present study with the crown age estimate
of Nomiinae from Almeida et al. (2023). Given their median crown age
estimate of all Nomiinae of 38.66 mya (29.60-50.724; 95 % highest
posterior density), we applied a normal distribution with a mean of 38.7
and a standard deviation of 5.0, which covers ~90 % of their 95 %
highest posterior density age interval. We applied GTR (generalized time
reversible) as substitution model and designated the Halictinae and
Nomioidinae as outgroups.

2.6. Distributional modeling

For modeling habitat suitability of Trinomia species and comparing
distributions across species, we gathered distributional records from
three sources. First, we obtained records from the BeeBDC dataset
(Dorey et al., 2023a; Dorey et al., 2023b). Records in BeeBDC are stan-
dardized for synonyms, duplicate records, and questionable data points.
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Using the ‘cleaned’ version of the BeeBDC dataset, we obtained 148
records (47 for T. cirrita, 12 for T. digitata, 8 for T. natalensis, 35 for
T. orientalis, 46 for T. tridentata, O for T. triodonta). Given the problematic
synonymy of T. tridentata and T. natalensis before 1999 (Pauly, 1999),
we discarded 38 records prior to this year. Second, we georeferenced the
material that was identified by Pauly (1999) using the GEOLocate Web
Application (https://geo-locate.org/web/WebGeoref.aspx). Using this
source, we were able to georeference 378 additional occurrences,
including records of T. triodonta. Lastly, we digitized 180 newly iden-
tified records of Trinomia that we identified from the collections of the
South African National Collection of Insects (SANC, South Africa), the
Oberosterreichisches Landesmuseum (OLM, Austria), and the California
Academy of Sciences (CAS, USA), leading to a total of 671 records (142
for T. cirrita, 28 for T. digitata, 137 for T. natalensis, 221 for T. orientalis,
96 for T. tridentata, 40 for T. triodonta). We did not exclude records other
than T. tridentata and T. natalensis identified prior to 1999 (see above).
The digitized information can be found in the FigShare article associated
with this article (https://doi.org/10.6084/m9.figshare.26863411).

Habitat suitability models were built for each species separately
(Aratjo et al. 2019, Soley-Guardia et al. 2024). Before modeling,
assembled occurrence records were thinned to reduce sample bias using
the spThin package in R (Aiello-Lammens et al., 2015; R Core Team,
2024). The trimmed occurrence records were used to fit Maximum En-
tropy (MaxEnt) models for each species; MaxEnt is a common approach
to build habitat suitability models based on occurrence data (Warren
and Siefert, 2011; Vignali et al., 2020). We considered a variety of
bioclimate variables as inputs for habitat suitability models based on a
priori expectations of what variables might be important and prior
research on distributional drivers for bees (Orr et al., 2021): (i) annual
mean temperature, (ii) maximum temperature of the warmest month,
(iii) minimum temperature of the coldest month, (iv) annual precipita-
tion, and (v, vi) precipitation of wettest and driest months. The source of
this climatic data is the Worldclim version 2 database (Fick and Hijmans,
2017). Rather than using default settings, the fine-tuned MaxEnt model
was used to minimize model complexity and overfitting (Warren and
Seifert, 2011) using the AIC criteria in the SDMtune package in R
(Vignali et al., 2020). Individual MaxEnt models for each species were
calibrated on the accessible areas, which were delimited by buffering
minimum convex polygons of observed points and using a “random”
method to select 10,000 pseudo-absence records from the “accessible”
areas (Barve et al., 2011). Seventy percent of the trimmed records were
used for model training and 30 % were used for evaluation. Final models
for displaying model predictions were fitted with all trimmed occur-
rence records. Details of model parameters and performances are pro-
vided in the supporting materials.

3. Results
3.1. Phylogeny and antiquity of Trinomia

We analyzed 1,536 concatenated UCE loci from 59 species, corre-
sponding to a 1,021,016 bp long DNA matrix, using maximum likelihood
and Bayesian inference. Results of both ML and BI methods showed
topologically congruent, well-supported phylogenies for the examined
species, including for the genus Trinomia (Fig. 1A). Both species phy-
logenies recovered the three halictid subfamilies Halictinae, Nomioidi-
nae, and Nomiinae as monophyletic and further recovered a
monophyletic genus Trinomia (Supplementary Fig. S1). While the
Bayesian consensus tree is perfectly supported with posterior probabil-
ities of 1.0 for every node, the maximum likelihood phylogeny recov-
ered four nodes with less than perfect support. Three of these nodes are
still well-supported (> 94.9 UFBoot2 and > 95 SH-aLRT) but the posi-
tion of Dieunomia micheneri (Cross, 1958) within the genus Dieunomia is
rather uncertain (60.7; 80; Fig. 1A).

Our phylogenies recovered the genus Trinomia as sister group to the
Southeast Asian-endemic genus Gnathonomia, represented by two
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species in our tree. The clade comprising Trinomia and Gnathonomia, in
turn, is sister group to another African-endemic lineage, the genus
Afronomia. The phylogeny within Trinomia reveals three pairs of species
with different node heights, with the divergence of T. natalensis and
T. tridentata being most recent. For the genus Trinomia, we show a crown
age of 5.76 mya (3.51-9.42 mya, 95 % CI) and a split from Gnathonomia
of ~11.63 mya (7.73-17.5 mya, 95 % CI). Lineages within Trinomia split
much more recently, with T. digitata and T. orientalis at ~5.09 mya
(2.99-8.67 mya, 95 % CI), T. triodonta and T. cirrita at ~3.36 mya
(1.83-6.16 mya, 95 % CI) and most recently, T. tridentata and
T. natalensis at ~2.56 mya (1.32-4.97 mya, 95 % CI). The subfamily
Nomiinae as a whole was recovered with a crown age of 38.56 mya
(31.65-45.47 mya, 95 % CI).

3.2. Spatial distribution of Trinomia

MaxEnt models calibrated with 70 % of observed records for each
Trinomia species had strong performance in predicting the remaining 30
% of records during model validation (see supplementary material). The
most important variables identified in the fine-tuned MaxEnt models
were annual precipitation for T. cirrita, T. natalensis, T. tridentata, and
T. triodonta, maximum temperature of the hottest month for T. orientalis,
and precipitation of the driest month for T. digitata. The habitat suit-
ability models identified considerable variability in the potential dis-
tributions of the six known Trinomia species (Fig. 1B). Models indicate
T. triodonta may be able to persist across most of the continent, although
the scant distributional records make these predictions the most unre-
liable. Our models suggest broad overlap in the ecological niches for
T. cirrita, T. orientalis, and T. natalensis, with all three having suitable
habitat throughout most of central, eastern, and southern Africa
(Fig. 1B). Trinomia tridentata had a predicted niche that comprised only a
small region of south-central Africa, while the predicted region of suit-
able habitat for T. digitata was limited to southern Africa and parts of the
coasts (Fig. 1B).

4. Discussion
4.1. Improving our understanding of nomiine phylogeny and taxonomy

Our study represents the first molecular-informed attempt to char-
acterize the phylogeny and antiquity of Trinomia. Our phylogenetic
framework enabled us to (1) reevaluate the taxonomy of Trinomia and its
status as a genus, (2) discuss the phylogenetic relationships to other
Nomiinae and its sister group, and (3) understand the species-level re-
lationships within the genus. Bees of the subfamily Nomiinae are
morphologically diverse. In contrast to their halictine relatives, which
are often referred to as “morphologically monotonous” (Michener,
1974; Michener, 2007; with respect to Lasioglossum Curtis, 1833),
Nomiinae frequently possess distinct structural characters, such as
enlarged tegulae; various kinds of spines on their legs, scutellum or
head; and a diversity of shapes and sizes of femur, tibia, and tarsus
morphology. While these morphological features are easy to recognize,
it has been difficult to establish a sound genus-level classification for the
subfamily. This is because these morphological features are frequently
not unique for particular groups, but a result of convergent evolutionary
processes. For example, the conspicuously enlarged tegulae of Pseudapis
Kirby, 1900 appear near identical to those of the distantly related bees in
the genus Lipotriches, subgenus Tegumelissa Pauly, 2014. Similarly,
males in numerous distinct lineages of Nomiinae have strongly projec-
ting apical structures on the hind tibia, indicating that such morpho-
logical characteristics have great evolutionary lability and limited
phylogenetic utility. In fact, they exemplify the particular challenge of
separating homologous modifications from convergently evolved,
analogous structures.

This conflicting situation is present in the morphology of Trinomia.
For example, all males of Trinomia possess a pronounced apical process
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on the hind tibia, a character shared with other genera of Nomiinae,
including, but not limited to Acunomia Cockerell, 1930, Afronomia
Pauly, 1990, Austronomia Michener, 1965, certain Lipotriches s. str.,
Crocisaspidia Ashmead, 1899, Curvinomia Michener, 1944, Dieunomia
Cockerell, 1899, Macronomia Cockerell, 1917, Nomia Latreille, 1804,
Nomiapis Cockerell, 1919, and Pseudapis. Characteristic for Trinomia
males is also the enlarged hind femur, which bears the three (“Tri”)
name-giving, ventrally oriented spines. However, swollen femora are
not uncommon across Nomiinae and similarly produced spines can be
found in certain species of Afronomia (A. picardii species group) and
some species of Macronomia, itself almost certainly a paraphyletic group
(Almeida et al., 2023) (Fig. 2A-D). Unique for Trinomia is the tesselate,
dull, hexagonal honeycomb-shaped surface punctation on the terga,
especially on the first tergum, in both sexes. However, this feature is not
present in every species because it is lacking in T. digitata (Fig. 2E-G).

By assessing the morphology of Trinomia, Pauly (1980, 1990, 1999)
hypothesized a close relationship to the genus Austronomia, specifically
because of the entirely carinate basitibial plate in females, the absence of
integumental bands, and the unmodified tegula. He further noted sim-
ilarities to the genus Afronomia, which also possess femoral spines in the
males, but lack the tesselate surface sculpturing on T1 (Fig. 2G). Mich-
ener (2007) also indicated a close relationship to Austronomia. Besides
these similar assessments, they treated the taxonomic rank of Trinomia
differently: Pauly (1980, 1990, 1999) recognized it as a genus, while
Michener (2007) used it as a subgenus of a much more broadly defined
genus Lipotriches.

The phylogeny presented here (Fig. 1) enabled us to reevaluate these
hypotheses. The inferred tree is strongly supported and all but four
nodes received the highest possible bootstrap and approximate likeli-
hood ratio test values. The phylogeny is congruent with Bossert et al.
(2024; their Fig. 4) except for one weakly supported node in the out-
groups, specifically Dieunomia micheneri (Cross, 1958). This is to be ex-
pected as 52 out 59 samples are shared between the two studies; the
present study expands on this existing dataset by providing a species-
level phylogeny of the genus Trinomia. Examining the placements of
Austronomia, and Lipotriches, we found that these genera are not very
closely related to Trinomia, as their most recent common ancestor dates
back ~28.22 mya (95 % CI 21.99-35.97 mya) and several other lineages
(Gnathonomia, Afronomia, Macronomia, and potentially more) are more
closely related to Trinomia. This renders a close relationship of Trinomia
to Austronomia sensu Michener (1965) as highly unlikely, as the
included species Austronomia australica (Smith, 1875) is the type species
of the genus Austronomia. Similarly, a close relationship of Trinomia to
Lipotriches sensu Pauly (1990, 2014a) was not supported, and the
included representative Lipotriches cribrosa (Spinola, 1843) is the type
species. Given that neither initial hypothesis pertaining the sister group
of Trinomia is supported by our phylogeny, but that Trinomia is most
closely related to the genus Gnathonomia, we retained Trinomia as a
separate genus. This phylogenetic pattern further underlines that certain
morphological similarities are inadequate characters to infer close
phylogenetic relationships, at least not exclusively. For example, the
entirely carinate basitibal plate in females is present in the fairly
distantly related lineages Austronomia (Fig. 3B), the North American
Acunomia (Fig. 3C), Pseudapis, Nomiapis, Steganomus Ritsema, 1873, and
several other lineages of Nomiinae. These lineages likely separated up to
30 million years ago (Fig. 1), indicating long separate evolutionary
histories between some lineages with this trait.

The close phylogenetic relationship between Trinomia and Gnatho-
nomia is unexpected but well supported. While geographically disjunct,
morphological support for this close relationship comes from the sternal
hair patches that males of both Gnathonomia and Trinomia possess on the
fifth and six sternum (Fig. 3D-E). While these patches may not be strictly
identical, they are undoubtedly highly similar and present a potential
shared, derived morphological feature (= synapomorphy). However, it
remains to be established if this holds up for every species Trinomia and
Gnathonomia.
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Fig. 2. Hind femur and first tergum morphology of select species of Nomiinae. (A) Femur of male Trinomia triodonta (Kohl, 1906), (B) male Macronomia sp. from the
‘trochanterica-group’, (C) a different male Macronomia sp. from the same group, and (D) male Nomia (Nomia) crassipes (Fabricius, 1798). First tergum of (E) Trinomia
triodonta, (F) Trinomia digitata (Friese, 1909), and (G) Afronomia sjostedti (Friese, 1909). Scale bars correspond to 2 mm length.
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Fig. 3. Hind tibia and sternum morphology of select species of Nomiinae. (A) Basitibial plate of female Trinomia orientalis (Friese, 1909), (B) female Austronomia
australica (Smith, 1875), and (C) female Acunomia melanderi (Cockerell, 1906). Characteristic hairbrush on male sterna of (D) male Trinomia digitata, and (E)
Gnathonomia radiata Pauly, 2009. Scale bars, when available, correspond to 500 pym length.

4.2. Divergence times and natural history of Trinomia

Divergence time estimations in the present study were carried out
using the non-Bayesian approach RelTime (Tamura et al., 2012; Tamura
et al.,, 2018), which is less computationally demanding than more
commonly used Bayesian methods. To this end, we informed the
RelTime analysis using a secondary calibration derived from a recently
published, comprehensive dating analysis of all bees (Almeida et al.,
2023), which employed a Bayesian tip-dating approach. Comparing the
results of the two studies, we found highly similar crown age estimates
for the subfamily Nomiinae as a whole, as well as for individual clades.

The crown age of Nomiinae in the present study was inferred to be
~38.56 mya (31.65-45.47 mya, 95 % CI) and ~39.1 mya (29.60-50.72
mya; 95 % HPD) in Almeida et al. (2023). Similarly, crown age estimates
for the clade comprising Pseudapis s. 1. (~22.2 mya in Almeida et al.
(2023) vs. ~19.58 mya herein), Dieunomia (~10.38 mya in Almeida
et al. (2023) vs. ~10.93 mya herein) and any major clade are highly
similar, despite the much greater taxon sampling in the present study.
This supports previous research that found RelTime and Bayesian esti-
mates and confidence intervals to be comparable (Tao et al., 2020),
despite much lower computational effort of RelTime estimates over their
Bayesian counterparts.

Our divergence times recovered Trinomia as a comparatively young
lineage, with a crown age of just 5.76 mya (3.5-9.4 mya; 95 % CI).

Further, the fairly recent divergence of Trinomia with its closest relatives
in the genus Gnathonomia around 11.6 mya provides an interesting
spatiotemporal pattern. Trinomia is restricted to the Afrotropics and
southern Arabian Peninsula, whereas Gnathonomia is a Southeast Asian
endemic lineage, occurring from India eastwards to Indonesia. Their
distributions are geographically disjunct without spatial overlap. How-
ever, considering that the distribution of Trinomia triodonta extends
eastwards into Oman, the southeasternmost country of the Arabian
Peninsula, and the presence of Gnathonomia in Western India (Pannure
and Belavadi, 2017), the distributional gap is not very extensive and
provides a potential dispersal route. That the potential distribution of
several species extends into the Arabian Peninsula also narrows the
disjunction between these groups.

As far as is known, all species of Trinomia are polylectic (females
collect pollen from many flowering plant species; Pauly, 1999). Albeit
not explicitly specified for pollen gathering, documented flower visits
include plants from over 40 genera and 30 families. To the best of our
knowledge, there is no account describing Trinomia nesting behavior,
underlining the knowledge gaps that persist when studying Afrotropical-
endemic bee genera. However, given that all previous accounts of
nomiine nesting biology described ground-dwelling species (e.g., Hira-
shima, 1961; Pauly, 2014a; Udayakumar and Shivalingaswamy, 2018;
Weislo and Engel, 1996; Westrich, 2018), species of Trinomia are likely
ground-nesting bees.
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4.3. Distribution of Trinomia species

Our study links a molecular-phylogeny of the genus Trinomia with
habitat suitability models that provide insight into the ecological re-
quirements of each species and whether niches are conserved over time.
For example, the sister group with the most recent estimated divergence
time had two species with broadly similarly niches (T. tridentata and
T. natalensis), although both the observed and predicted distributions of
T. tridentata were concentrated in a smaller area of south-western Africa
(Fig. 1B). Another sister group, T. cirrita and T. triodonta, also had similar
predicted distributions, suggesting that ecological niches are conserved
over evolutionary time (Fig. 1B). While the potential range for
T. triodonta was predicted to be slightly larger than T. cirrita, this may be
an artifact of building a model with scant data for the species (Fig. 1B).

While the ecological niche models developed here identify
climatically-suitable niches for each species across space, they do not
necessarily correspond to the realized distribution of each species. This
is because species may not establish in all potentially suitable habitats
due to geographic barriers, biotic interactions, or other barriers to gene
flow (Peterson et al., 2011). For example, while ecological niche models
suggested that Madagascar may be suitable for all six species, none are
known to occur there. Similarly, none of the species have been observed
along the northern African coast despite the appearance of climatically
suitable habitat there and some substantial recent faunistic work there
(e.g., Lhomme et al., 2020), and only one species has been observed in
the Middle-East countries of Yemen and Oman (T. triodonta). These re-
sults suggest that large geographic barriers, such as the Mozambique
channel and the Sahara Desert, may have limited further geographic
expansion of several of the species.

5. Conclusion

The present study presents the first account to systematically assess
the distribution of an entire bee genus using distributional modeling in a
phylogenomic framework. We confirm the status of this genus and better
account for the unusual disjunction of Trinomia with its sister-group
Gnathonomia. From our results, we also see hints of phylogenetic
conservatism in distribution among sister-groups. However, the
apparent absence of some species within areas of predicted high suit-
ability suggests that the full dynamics shaping their distributions cannot
be entirely accounted for in our present models. This highlights the need
for further efforts inventorying, identifying, and sharing data on African
bees. We here present and make accessible new sequence data on Afri-
can bees as well as hundreds of new spatial records, but our results also
build on pre-existing information. To better understand the evolution,
biology and natural history of the African bee fauna, we highlight the
value of publicly sharing information and collaboration, and show great
potential for future advances in our knowledge on African bees.
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