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The biological traits associated with the origin of social behaviour remain
a fundamental question in evolutionary biology. Among bees, the family
Halictidae provides a particularly valuable system for addressing this
question, as it represents the only bee family outside Apidae in which
eusociality has evolved. Yet, the ecological and morphological factors
underlying these transitions remain poorly understood. To investigate
the evolutionary relationships among scopa type, floral breadth and
eusociality, we conducted a comparative analysis using a multilocus
phylogeny reconstructed from 207 species. Ancestral state reconstructions
indicate that the posteriorly caged scopa evolved multiple times from an
ancestral straight form, most prominently within Halictini and closely
related tribes. Comparative analyses indicate a consistently positive but
transformation- and clade-sensitive association between posteriorly caged
scopa and recorded floral breadth, whereas eusocial taxa show a more
robust association with broader recorded floral breadth. Together, these
findings suggest non-random phylogenetic associations among pollen-
transport morphology, floral breadth and sociality in Halictidae, while
indicating that these relationships do not follow a single causal pathway.

1. Introduction
Morphological traits and ecological or behavioural roles frequently undergo
correlated evolution across animal lineages [1,2], and bees (Anthophila)
provide some of the most compelling examples of such integration [3]. Classic
instances of morphology/ecology coevolution in bees include the correspond-
ence between proboscis morphology and floral morphology [4,5], and the
association of mandibular form with nesting materials [6]. Key behaviours of
bees such as pollen foraging, host plant specialization and diverse life history
strategies are closely associated with pollen-transport morphology, which can
influence the efficiency of floral resource exploitation [7,8].

A notable example is the Apidae, in which the corbicula has been
interpreted as a key functional innovation that dramatically increased the
efficiency and stability of pollen transport [9], establishing a morphological
foundation closely associated with the subsequent evolution of complex
eusociality in corbiculate bees [10,11]. Whether morphological and ecological
factors are associated with social evolution in other bee families, however,
remains poorly understood. This gap is especially pronounced in Halictidae,
which represents the only bee family outside Apidae with inferred origins
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of eusociality and exhibits wide variation in social organization across the family [12]. Halictid bees exhibit striking diver-
sity both in pollen-collecting structures and in pollen host use, ranging from extreme oligolecty to broad polylecty [3,13].
Importantly, it remains unclear whether morphological transitions in pollen-collecting structures are associated with ecological
expansions in floral breadth, or whether broader floral use itself covaries with the evolution of eusociality.

A key morphological feature in Halictidae is the hind femoral scopa, which exhibits considerable diversity yet has
received limited macroevolutionary analysis. Across bees, scopal structures show clear phylogenetic patterns [3,14,15] and
documented morphology–function correlations within clades [7,16], but their evolutionary consequences at macroevolution-
ary scales are seldom tested. In Halictidae, the femoral scopa exhibits several distinct morphological forms, ranging from
complete loss or reduction to straight, uncurved hairs, and to posteriorly caged or (more rarely) anteriorly sheathed scopa
types (figure 1). These forms are characterized by the development and orientation of the anterior and posterior scopal
fringes that border the ventral femoral surface. Such structural differences may influence how pollen grains of different
sizes and shapes are collected and retained, potentially affecting the range of floral hosts from which pollen can be
effectively carried [16].

Although pollen loads collected directly from bee specimens provide the most direct evidence of individual foraging choices,
pollen composition varies dramatically across time and space within the same species, limiting comprehensive data collection
across diverse taxa at macroevolutionary scales [17–19]. To address this limitation, we supplemented pollen-load records with
direct floral visitation observations, which capture broader ecological contact patterns, including males, non-foraging visits and
nectar collection. We therefore use compiled floral association records to infer broad, macroevolutionary patterns of resource

Figure 1. Femoral scopa types of Halictidae. Five femoral scopa types recognized in Halictidae: illustrated by schematic diagrams (a), photographs of preserved
specimens (b), photographs of pollen-laden femora (c), and ecological photographs of foraging bees (d). (a) Schematic diagrams showing scopal hair orientation
on the femur for each type. Colours indicate hair region: red, anterior hairs; green, posterior hairs; blue, ventral hairs. Three views are shown per type: posterior
(left), cross-section (middle) and anterior (right). (b) Photographs of preserved specimens illustrating each scopa type: (i) Gnathonomia thoracica (straight), (ii)
Lasioglossum (Sphecodogastra) vulsum (posteriorly caged), (iii) Maculonomia apicalis (anteriorly sheathed), (iv) Lipotriches (Rhopalomelissa) yasumatsui (reduced),
(v) Sphecodes scabricollis (lost). Three views are shown per type: posterior (left), ventral (middle), and anterior (right). (c) Photographs of pollen-laden femora: (i)
Nomiapis mandschurica (straight, anterior view), (ii) Lasioglossum (Sphecodogastra) affine (posteriorly caged, anterior view), (iii) Lasioglossum (Leuchalictus) upinense
(posteriorly caged, posterior view), (iv) Curvinomia iridescens (anteriorly sheathed, anterior view). (d) Ecological photographs of bees during natural foraging: (i)
Augochlorella aurata (posteriorly caged), (ii) Curvinomia strigata (anteriorly sheathed), (iii) Lasioglossum (Homalictus) urbanum (reduced), (iv) Sphecodes albilabris
(lost). Photo credits for figure 1d: (i) Thilina Hettiarachchi, (ii) Tim Wing Yam, (iii) Laurence Sanders and (iv) votinceva-elena.
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use. While these records represent less direct measures of resource breadth than specimen pollen loads, they provide substan-
tially improved geographical and temporal coverage, enabling macroevolutionary comparative analysis across Halictidae [20].

Floral breadth itself is an ecologically consequential trait [21]. Although many bees show phylogenetically conserved
oligolectic foraging, repeated evolutionary shifts towards more generalized resource use have been reported across multiple
lineages [22,23], with such expansions implicated in enhancing population stability and behavioural flexibility [24–26]. For
social insects, access to diverse, temporally reliable resources can buffer colonies against fluctuations in pollen availability,
relaxing energetic constraints of overlapping generations and cooperative brood care [27–29]. Despite this conceptual plausibil-
ity, the relationship between floral breadth and the evolution of sociality has rarely been tested in a phylogenetic comparative
framework, especially in groups such as Halictidae where social organization varies from solitary to facultatively or primitively
eusocial.

Testing these questions requires a phylogeny that supports repeated comparisons across scopa morphology, recorded floral
breadth, and sociality. Although phylogenomic datasets based on ultraconserved elements (UCEs) can provide deep resolution,
available sampling remains limited for many halictid genera and subgenera, constraining species-rich comparative analyses. We
therefore assembled a multilocus Sanger framework with broad taxon coverage across Halictidae [30–33].

Using this phylogeny together with compiled floral association records and comparative data on scopa morphology and
social behaviour, we address two questions: (i) whether transitions among femoral scopa types (straight, posteriorly caged,
anteriorly sheathed, reduced and lost) are associated with differences in floral breadth, and (ii) whether floral breadth is
associated with eusociality across taxa. By examining these dimensions jointly, we evaluate whether femoral scopa architecture
is associated with ecological breadth, and whether ecological breadth covaries with eusociality within Halictidae.

2. Methods
(a) Taxon sampling, sequencing and phylogenetic analyses
We sampled 215 taxa for phylogenetic inference: 207 Halictidae species as ingroup taxa, representing all subfamilies and tribes,
and 8 non-halictid outgroup taxa from other bee families (e.g. Apidae, Colletidae). Sequences were obtained from GenBank
and from newly generated sequences. Background classification follows Ascher & Pickering, with Seladonia treated following
Pesenko and Nomiinae following Pauly where these better matched our phylogenetic results [34–36]. Total genomic DNA
was extracted using DNeasy Blood & Tissue kit (Qiagen). Five genes were selected: cytochrome c oxidase subunit I (COI,
barcode region), 28S, elongation factor-1 alpha (EF-1α), long-wavelength rhodopsin (LwRh) and Wingless (wg). Polymerase
chain reaction (PCR) products were purified and sequenced (Bionics). Sequence alignment was performed in MAFFT v. 7 [37];
ambiguously aligned intron regions were identified by visual inspection and excluded. The aligned sequences were combined
in SequenceMatrix v. 1.8 [38], yielding a 3669 bp alignment, including introns.

Phylogenetic analyses were performed using Bayesian inference (BI; MrBayes v. 3.2.7) [39] and maximum likelihood (ML;
IQ-TREE v. 2.2.2.6) [40]. The dataset was partitioned by gene and codon position. For MrBayes, best-fit substitution models were
selected using PartitionFinder v. 2.1.1 [41], Markov chain Monte Carlo (MCMC) chains were run until convergence (average s.d.
of split frequencies, ASDSF <0.01), totalling 34 870 000 generations (25% burn-in, sampling every 1000 generations). Runs were
combined after confirming convergence. For ML, model selection used ModelFinder [42] with partition merging and branch
support was assessed via 1000 ultrafast bootstrap [43] replicates and 1000 Shimodaira–Hasegawa approximate likelihood ratio
test (SH-aLRT) replicates [44].

(b) Operational taxon definition and dataset assembly
For comparative analyses, species-level records were aggregated into genus/subgenus-level operational taxa to reflect rec-
ognized taxonomy, phylogenetic non-monophyly and scopa-type heterogeneity within genera. Details of operational-taxon
delimitation are provided in electronic supplementary material, S1. After excluding operational taxa lacking either femoral
scopa data or floral records, the comparative dataset comprised 83 operational taxa. Ancestral state reconstruction used the
207-species ingroup tree obtained by removing the 8 non-halictid outgroups from the 215-taxon topology. For visualization of
floral breadth patterns, this tree was pruned to 88 operational taxa with floral records; phylogenetic comparative analyses were
performed on the 83-taxon subset. The species-level and operational-taxon trait datasets used in these analyses are provided in
electronic supplementary material, S4.

(c) Morphological and ecological data collection

(i) Femoral scopa types

Pollen scopa morphology was collected from specimens, coded at the species level based on direct observations (pinned
specimens or quality photographs) and, where available, corroborated using additional congeneric or consubgeneric specimens
within the same lineage. Among the 207 halictid species included in the phylogenetic analysis, scopa morphology was scored
for 166 species (80.2%) based on direct observations. For 30 species (14.5%) lacking direct scopa observations, scopa types were
inferred based on concordance with scopa types observed in other directly scored species from the same lineage that were also
represented in the phylogeny. Although scopa type can vary within some subgenera (e.g. Sphecodogastra), inferred taxa in our
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dataset were supported by matching scopa types among directly examined close relatives within the same genus/subgenus. The
remaining 11 species (5.3%) lacked sufficient information for fixed scopa assignment; these species were not used in summaries
requiring fixed scopa states but were retained as unresolved tips in ancestral state reconstruction. In the comparative dataset (n
= 83 operational taxa), 9 taxa (10.8%) were inferred based on this approach. The femoral scopa was selected for analysis because
it exhibits clear morphological differentiation and represents the primary scopal structure in most halictid taxa. The femoral
scopa was classified into five distinct types (figure 1a,b).

— Straight type: femoral scopal hairs are not fully enclosing the ventral femoral surface (not caged). Anterior hairs are dense
and long (≥femoral height) and directed downward (straight, not distinctly curled); posterior hairs are dense but vary in
length across taxa and are directed downward.

— Posteriorly caged type: the posterior scopal hairs are sparse but very long (>femoral height) and arranged in a longitudinal
row, curling down to meet the anterior fringe and ventral scopal hairs ventrally, forming a closed cage around the ventral
femoral surface (‘caged’).

— Anteriorly sheathed type: the anterior scopal hairs are very long (>femoral height) and curled down (partly covering the
femoral ventral surface), whereas posterior hairs remain dense but short (≤femoral height) and directed downward,
resulting in an open (partly closed) cage.

— Reduced type: characterized by sparse and/or short scopal hairs (often patchy) on both anterior and posterior surfaces, i.e.
reduced compared with close relatives (lower density and/or patchy distribution). The specific features of reduction vary
among lineages: hair length is shortened in Systropha, density is decreased in Lipotriches, and both length and density are
reduced in Homalictus, reflecting independent evolutionary modifications rather than a single derived morphology.

— Lost type: scopal hairs are absent or vestigial and thus no longer function as a pollen-transport structure.

The straight type category as defined here is operationally broad and encompasses inter-lineage variation in scopal hair
distribution and density. For example, some Augochlorini taxa (e.g. Augochloropsis tupacamaru) exhibit well developed ventral
femoral setae with reduced posterior fringes, whereas some Rophitinae taxa (e.g. Dufourea novaeangliae) show more prominent
tibial scopae than femoral scopae; however, because hair density and relative length are continuous traits that vary with
specimen condition and photographic angle, we did not attempt quantitative scoring of these features and instead applied a
conservative definition based on the presence and orientation of curved hair fringes.

(ii) Floral associations and eusociality

Floral breadth (FB) of the 88 operational taxa was quantified as the number of plant families compiled from floral association
records (literature and institutional datasets), which include pollen-load studies and direct visitation observations. Records were
compiled from primary literature, institutional datasets and online biodiversity platforms (including citizen-science reposito-
ries), and standardized to plant-family counts for each operational taxon. Because this metric is derived from heterogeneous
literature and online datasets with uneven coverage, it inherently reflects both true ecological breadth and taxonomic research
effort. Sampling-effort corrections (e.g. rarefaction or publication-count offsets) were considered but not implemented, because
available proxies for research effort are themselves highly heterogeneous across regions and taxa and could introduce artefac-
tual structure into the data. We therefore treat floral breadth as a coarse proxy for ecological niche breadth rather than a precise
measure of pollen diet. Species-level floral data were aggregated to match operational taxa definitions. Plant taxa were verified
against Plants of the world online [45]. Eusociality traits for the 83 operational taxa were classified into three categories: eusocial
(taxa containing polymorphic, facultative and seasonally eusocial species); non-eusocial (taxa for which eusociality has not been
documented); parasitic (cleptoparasitic).

(d) Phylogenetic comparative analyses

(i) Ancestral state reconstructions, phylogenetic signal and clustering of traits

Ancestral state reconstruction was conducted using stochastic character mapping (make.simmap) with an all-rates-different
(ARD) model fitted via fitMk [46,47]. Analyses were performed in R using ape (v. 5.8.1), phytools (v. 2.5.2) and geiger (v.
2.0.11) [47–49]. The dataset included all 207 ingroup taxa. Species with observed or inferred scopa assignments were coded to
one of five states, and the 11 uncertain species were treated as tips with equal prior probabilities across the five scopa states.
Stochastic mapping (make.simmap, 1000 simulations) was used to sample the posterior distribution of ancestral states; posterior
probabilities were summarized across simulations and visualized using phytools, based on the MrBayes topology.

Phylogenetic clustering of scopa types was evaluated using Fritz & Purvis's D-statistic, implemented in the caper package
[50,51]. Because D is defined for binary traits, each scopa type was coded separately as presence/absence across operational
taxa, and D was estimated for each type in turn. The D-statistic tests whether a binary trait is randomly distributed (D =
1), follows Brownian motion expectations (D = 0), or shows stronger clustering (D < 0). Phylogenetic signal in floral breadth
was evaluated using Blomberg’s K and Pagel’s λ, implemented in the phytools and ape packages in R [52,53]. Statistical
support was assessed via randomization tests (for K) and likelihood-ratio tests against λ = 0 (for Pagel’s λ). Pagel’s λ for floral
breadth was estimated by maximum likelihood and tested against λ = 0; in phylogenetic generalized least squares (PGLS),
λ was re-estimated by maximum likelihood within each fitted model to parameterize residual phylogenetic covariance [54].
Phylogenetic tree visualization was performed in R using ggtree (v. 3.2.1) and ggplot2 (v. 4.0) [55,56].
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(ii) Testing trait associations and evolutionary regime shifts

PGLS regression was performed to test associations between scopa type and floral breadth, and floral breadth and eusociality
using the caper package. Pagel’s λ was estimated by maximum likelihood within each PGLS model to account for phylogenetic
non-independence in the residual error structure [53,54]. As a sensitivity analysis, we also refitted each model with Pagel’s
λ fixed at 1.0 (Brownian-motion error structure) and compared parameter estimates with those from the ML-λ models. The
dataset included 83 genus/subgenus-level operational taxa. For scopa type, we used five-state coding (F5: straight, posteriorly
caged, anteriorly sheathed, reduced, lost) with treatment contrasts and the straight type as the reference baseline, allowing each
scopa type’s independent association with floral breadth to be tested. Alternative aggregated coding schemes (F2–F4; electronic
supplementary material, table S1) were evaluated for robustness. Floral breadth was analysed under three transformations (raw,
log, square-root); log-transformation (natural-log; ln(FB + 1)) was primary as it minimizes skewness for count data spanning
1–142 families and prevents high-breadth outliers from dominating.

Floral breadth evolution across scopa types was analysed using the OUwie package (v. 2.16) in R, fitting Ornstein–Uhlenbeck
(OU) models that allow floral breadth to evolve towards estimated trait optima (θ) that may differ among scopa types [57,58].
This approach tests whether floral breadth is better described by models allowing different evolutionary optima among scopa
regimes than by models with a single shared optimum. The dataset included 83 genus/subgenus-level operational taxa, with
taxa categorized into five scopa types (straight, posteriorly caged, anteriorly sheathed, reduced, lost). Multiple OU models were
compared, including: OU1 (single evolutionary optimum), OUM (different optima by regime) and OUMV (different optima
and variance by regime). Model selection was performed using the corrected Akaike information criterion (AICc). Analysis was
repeated under alternative coding schemes (F2–F5) to assess robustness. Because OUwie regime-specific parameter estimation
requires adequate sample sizes per regime, and three scopa types had very small samples (anteriorly sheathed n = 2, reduced
n = 5, lost n = 2), we treated the binary coding scheme F2A (posteriorly caged versus non-posteriorly caged) as primary
for regime-shift models. Five-state coding (F5) and intermediate schemes (F3, F4) were evaluated as robustness checks, but
these fine-grained schemes yielded single-optimum models or unstable parameter estimates for rare regimes owing to limited
statistical power.

We tested correlated evolution between posteriorly caged scopa and eusociality using Pagel’s test, comparing dependent
versus independent models by likelihood-ratio tests [59].

All primary analyses were repeated across multiple data transformations (raw, log and square-root) and alternative model
codings; full details are provided in the electronic supplementary material. Primary PGLS and OUwie analyses were conducted
on the maximum clade credibility (MCC) tree from the BI. Sensitivity to phylogenetic uncertainty was assessed by repeating
PGLS across 1000 posterior trees (500 per run, 25% burn-in) and OUwie across 100 posterior trees under the F2A coding scheme.
Clade-exclusion analyses were performed by removing Augochlorini or Halictini from each posterior tree before re-running
PGLS.

3. Results
(a) Ecological and morphological data acquisition

(i) Floral breadth of Halictidae

Across all compiled records, Halictidae taxa were recorded visiting plants spanning 49 orders and 236 families overall. At
the subfamily level, most Rophitinae taxa were recorded from fewer than 15 plant families, whereas generally Nomiinae and
Nomioidinae taxa were recorded from approximately 20–50 families. Within Halictinae, several taxa exceeded 100 recorded
plant families (e.g. Augochlora, Agapostemon, Halictus, Lasioglossum). Electronic supplementary material, S5 summarizes the floral
breadth data of Halictidae (88 operational taxa), quantified as the number of recorded plant families per bee taxon (with
counts of plant genera and orders also provided). Figure 2 shows the bee taxon × plant-family visitation matrix, with each cell
indicating the number of recorded plant genera within that plant family for each bee taxon. Across Halictidae, Asteraceae and
Fabaceae were the most broadly recorded plant families, each recording 70 of 88 operational taxa, followed by Lamiaceae (63
taxa); all three families are species-rich and geographically widespread [45], consistent with patterns reported for other bee
groups [19].

(ii) Femoral scopa morphology of Halictidae

The posteriorly caged type occurred primarily within the Halictini sensu lato clade (i.e. Thrinchostomini, Caenohalictini,
Sphecodini, Halictini sensu stricto) and several Augochlorini lineages. The anteriorly sheathed type was restricted to Nomiinae
(Curvinomia and Maculonomia). The reduced type occurred in lineages such as Systropha, some subgenera of Lipotriches and
Lasioglossum, and the lost type was recorded only in parasitic taxa (e.g. Sphecodes, Parathrincostoma, and Megalopta formerly
placed in Noctoraptor).
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(b) Phylogenetic analyses
The ML and BI tree topologies were mostly congruent, with a few incongruent shallow nodes (figure 3, red branches).
Halictidae, its four subfamilies, and all 12 tribes were strongly supported as monophyletic groups, with relationships among
subfamilies consistent with previous studies and generally well supported across inference methods. Most of the weakly
supported nodes were inter- or intrageneric relationships (figure 3, reddish circles at nodes). Most of the genera were recovered
as monophyletic, with a few exceptions: Austronomia, Rhinocorynura, Ruizantheda and Thrinchostoma.

(c) Phylogenetic comparative analyses

(i) Ancestral state reconstructions, phylogenetic signal and clustering of traits

The straight (S) type was inferred as the ancestral state at the root node (posterior probability = 0.994). This type was distributed
throughout basal nodes in Rophitinae, Nomioidinae, and basal Nomiinae and basal Augochlorini (Halictinae). The posteriorly
caged (P) type was inferred with high support at multiple internal nodes across the tree. Stochastic character mapping under
an ARD model recovered a mean of 3.27 independent S→P transitions (electronic supplementary material, table S11). These
transitions included two within Augochlorini, at the most recent common ancestor (MRCA) of Augochlora and Augochlorella
(node A in figure 4) and at the MRCA of Rhinocorynura, Rhectomia and Corynurella (node B in figure 4), and one in the
sister clade to Augochlorini. No reversals from the posteriorly caged type back to the straight type were observed (electronic
supplementary material, table S11). The anteriorly sheathed type evolved in the lineage leading to Maculonomia (node C in
figure 4) and Curvinomia (node D in figure 4). The reduced and lost types were inferred on multiple branches of the phylogeny.
The reconstructed character states at internal nodes are shown in figure 4, with pie charts indicating the relative probabilities of
alternative states.

For the log-transformed dataset, floral breadth showed non-zero phylogenetic signal (Blomberg’s K = 0.402, p = 0.001; Pagel’sλ  = 0.401, p = 0.001; n = 83 taxa) and phylogenetic clustering analysis indicated that scopa types are non-randomly distributed
across the Halictidae phylogeny (electronic supplementary material, table S2). At the genus/subgenus (operational-taxon) level
(n = 83), the straight type showed strong clustering (D = −0.673, p < 0.001), as did the posteriorly caged type (D = −0.857, p <
0.001) and the lost type (D = −2.903, p = 0.003). By contrast, the anteriorly sheathed (D = −0.643, p = 0.067) and reduced type (D
= 0.355, p = 0.074) showed weaker evidence of clustering. Species-level analyses (n = 196/207) showed stronger clustering across
states, including the anteriorly sheathed and reduced types.

(ii) Phylogenetic generalized least squares and OUwie results

In PGLS with log-transformed floral breadth, the coefficient for the posteriorly caged type relative to the straight type was
positive but not significant (β = 0.565, p = 0.130; Pagel’s λ  = 0.257; table 1). Under raw and square-root transformations, the
posteriorly caged coefficient was positive and significant (raw: β = 32.847, p < 0.001, λ  < 0.001; square-root: β = 2.484, p < 0.001,λ  < 0.001; electronic supplementary material, table S3), whereas the corresponding posteriorly caged type contrasts became

Figure 2. Plant-family visitation matrix across Halictidae. Heatmap of plant-family visitation records for Halictidae operational taxa. Columns are plant families
ordered by major plant clades; rows are bee taxa ordered by phylogeny. Cell shading indicates the number of recorded plant genera per taxon–family combination,
scaled in five bins: light grey (1–3 genera), medium grey (4–10 genera), dark grey (11–30 genera), darker grey (31–100 genera) and black (>100 genera). White cells
indicate no recorded visits. The phylogeny on the left is coloured by floral breadth (scale 1–142 plant families).
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non-significant when λ was fixed at 1.0 (p > 0.05), indicating sensitivity to assumptions about residual phylogenetic covariance.
Other scopa types (anteriorly sheathed, reduced and lost) showed no significant associations under any transformation (p
> 0.05). Posterior-tree analyses confirmed a consistently positive posteriorly caged type coefficient across all 1000 trees, but
significance was transformation-dependent: all trees yielded p < 0.05 under raw and square-root transformations, whereas
none did under log-transformation. The signal for the posteriorly caged type is primarily concentrated in Halictini: removing
Halictini eliminated significance entirely under log and square-root transformations (0/1000 trees) and substantially reduced
it under raw transformation (650/1000). By contrast, removing Augochlorini increased the frequency of significant log-scale
posteriorly caged type contrasts (168/1000 trees); raw and square-root significance was unchanged (1000/1000 trees).

PGLS indicated a significant difference in floral breadth between lifestyle categories. Eusocial taxa showed significantly
higher log-transformed floral breadth than non-eusocial taxa (β = 1.203, p < 0.001; Pagel’s λ  = 0.457, n = 12 eusocial, 69
non-eusocial, 2 parasitic; table 1). In terms of raw plant-family counts, eusocial taxa averaged 78.7 families (range = 1–142),
whereas non-eusocial taxa averaged 27.6 (range = 1–110). Unlike the scopa–floral breadth association, this lifestyle effect was
robust across transformations, posterior-tree analyses and clade-exclusion datasets, with all successfully fitted posterior-tree
models yielding significant positive eusociality coefficients. In our dataset, 75% of eusocial taxa (9/12) possessed the posteriorly
caged type scopa (electronic supplementary material, table S10). Results for all coding schemes (F2–F5) and PGLS analyses
under the three data transformations (raw, log and square-root) are provided in electronic supplementary material, tables S3–S6.

Under the primary log-transformed F2A coding scheme, the two-regime OUM model was best supported (Akaike weight,
AICw = 0.754; table 2). The estimated optimum floral breadth was higher in the posteriorly caged-type (P) regime than in
the non-P regime (θ_P = 3.63 versus θ_non-P = 2.73). Posterior-tree analyses supported higher optima for the posteriorly
caged type-containing regime in 100% of trees under both log and square-root transformations, with OUM or OUMV models
best-supported in the majority of posterior trees (100/100 under log; 100/100 under square-root). Raw-scale analyses were
excluded from biological inference owing to boundary optima far exceeding observed values, a pattern consistent across both

Figure 3. Main phylogeny of Halictidae with support. Concatenated five-gene phylogeny of Halictidae (207 taxa, ingroup) inferred using Bayesian inference (BI)
and maximum likelihood (ML) (COI, EF-1α, wg, LwRh, 28S; 3669 bp). Node support is shown by split symbols (left: Bayesian posterior probability; right: ML ultrafast
bootstrap), coloured by support category (light pink: 85–94; red: <85). Branches highlighted in red indicate topological disagreement between BI and ML; nodes with
high support in both analyses are left unmarked.
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MCC and posterior trees. Robustness results across alternative transformations and coding schemes (F2–F5) are summarized in
electronic supplementary material, tables S8 and S9; full model sets are in electronic supplementary material, S3.

(iii) Pagel’s test results

Pagel’s test supported non-independence between the posteriorly caged type and eusociality (likelihood ratio (LR) = 9.968, p =
0.041), with similar results when parasitic taxa were excluded (LR = 9.677, p = 0.046). Results for all PGLS and Pagel’s tests are
provided in electronic supplementary material, table S7.

4. Discussion
Our study identifies non-random phylogenetic associations among femoral scopa type, floral breadth and sociality across

Halictidae. Using a densely sampled phylogenetic framework that recovers the expected higher-level structure of the family,
we evaluated associations among femoral scopa type, floral breadth and social behaviour within a shared evolutionary history.
These associations suggest that pollen-transport morphology and floral breadth are linked to the evolutionary distribution of
eusociality in this family without resolving causal direction.

Figure 4. Femoral scopa evolution and floral breadth. Femoral scopa types and floral breadth mapped onto the pruned comparative tree. Left, ancestral state
reconstruction of femoral scopa type (node pies are shown only for nodes with maximum marginal probability <0.95). Right, the corresponding tree with tips coloured
by floral breadth (number of recorded plant families; scale 1–142). Labels A–I denote focal internal nodes referenced in the text. The central band indicates the
subfamily- and tribe-level affiliation of taxa.

Table 1. Primary phylogenetic generalized least squares (PGLS) results for associations of log-transformed floral breadth with (A) femoral scopa type and (B) lifestyle.
PGLS models were fitted on the genus-/subgenus-level phylogeny (n = 83) with Pagel’s λ estimated by maximum likelihood, ML (λ = ML). (A) Results for femoral scopa
morphology (F5 coding) using treatment contrasts with the straight type (n = 44) as the reference. (B) Results for lifestyle using treatment contrasts with non-eusocial
(n = 69) as the reference. FB, floral breadth; s.e., standard error; λ  = Pagel’s λ. Full PGLS results for raw and square-root transformations, alternative coding schemes
and sensitivity analyses are provided in electronic supplementary material, tables S3–S6.

predictor type predictor no. taxa estimate s.e. t-value p‐value λ
(A) femoral scopa posteriorly caged 30 0.565 0.369 1.530 0.130 0.257

anteriorly sheathed 2 −0.308 0.801 −0.385 0.702

reduced 5 0.368 0.514 0.716 0.476

lost 2 0.404 0.832 0.486 0.628

(B) lifestyle eusocial 12 1.203 0.333 3.617 <0.001 0.457

parasitic 2 0.187 0.759 0.246 0.806
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(a) Evolutionary associations among eusociality, floral breadth and pollen scopa morphology
PGLS and OUwie analyses were directionally consistent in associating posteriorly caged scopa with higher floral breadth
(tables 1 and 2), but the PGLS signal varied in significance among transformations and was concentrated largely in Halictini,
suggesting that the detected pattern reflects a limited number of evolutionary transitions rather than a broadly distributed
association. We interpret this pattern as consistent with functional differences among scopal architectures that may influence
how effectively pollen from diverse floral hosts can be collected and retained. Although our floral breadth measure is derived
from visitation records rather than pollen-load analyses, recent work suggests that visitation data can provide an informative,
though imperfect, proxy for dietary breadth in bees [20].

Transformation-dependent significance may reflect both uneven sampling of floral records and compression of high
floral-breadth values on the log scale. Nevertheless, the posteriorly caged coefficient remained positive across posterior trees
and transformations, supporting a consistent directional tendency rather than a uniformly significant effect. Based on specimen
observations, the cage-like enclosure formed by relatively sparse, elongate posterior hairs and flexible anterior hairs appears
to create an internal cavity capable of accommodating pollen grains of varying sizes and shapes (figure 1c(ii,iii)), suggesting
that this architecture may provide structural features that facilitate handling and retention of diverse pollen types. Compared
with denser scopal arrays which may impose tighter packing constraints [7] (figure 1c(i,iv)), this loosely caged structure could
plausibly stabilize pollen loads across a wider range of grain morphologies, potentially reducing handling constraints when
foraging across diverse floral hosts [16].

By contrast, other scopa types showed no detectable association with recorded floral breadth in our dataset. Limited sample
sizes likely reduce power for some rare types, but these morphologies may also reflect alternative ecological strategies rather
than generalized foraging. For example, the anteriorly sheathed type, occurring in taxa that also possess additional propodeal
scopae (figure 1d(ii)), may represent a strategy focused on increasing pollen load capacity rather than expanding floral breadth.
The reduced type often coincides with shifts in pollen-transport strategy (figure 1d(iii)) or specialization, and the lost type is
tightly associated with cleptoparasitism (figure 1d(iv)). Together, these patterns suggest that null associations for these states
could reflect a combination of ecological divergence and limited statistical power.

Eusocial taxa showed broader floral breadth in our dataset, paralleling broader patterns in social bee lineages, where eusocial
taxa exhibit elevated rates of dietary generalization relative to non-eusocial relatives [19]. In Halictidae, this eusociality–floral
breadth relationship co-occurs with scopa type: discrete-trait analyses supported non-independence between the posteriorly
caged type and eusociality (electronic supplementary material, table S7). These phylogenetic associations, however, do not by
themselves establish a causal pathway: several non-eusocial taxa within the posteriorly caged-rich lineages, such as Agapostemon
and non-eusocial subgenera of Lasioglossum, show floral breadths comparable to or greater than eusocial congeners. This
suggests that broader floral use may be permissive rather than sufficient for social transitions, and that additional ecological or
genetic factors were likely required. Notably, unlike the scopa–floral breadth association, this eusociality effect was unaffected
by clade composition or data transformation, suggesting it reflects a broadly distributed pattern across Halictidae rather than a
lineage-specific signal.

The association between eusociality and floral breadth should therefore be interpreted as phylogenetic covariance rather
than evidence for a single causal pathway: both broad host-plant use and posteriorly caged scopa tend to occur in lineages
where pollen-transport morphology may have reduced constraints on exploiting diverse pollen sources. A broadly analogous,
though non-homologous, pattern is seen in eusocial corbiculate bees (Apini, Bombini and Meliponini), where specialized
pollen-carrying structures evolved before the major eusocial lineages and are associated with diverse floral foraging [10,11].
Similarly, in our dataset, 75% of eusocial halictid taxa possess the posteriorly caged scopa, which evolved repeatedly from the
ancestral straight type. While causal direction remains unresolved, this interpretation is consistent with the idea that broader
floral use could help meet colony-level resource demands in Halictidae.

Eusocial colonies require reliable acquisition of pollen and nectar to sustain multiple nestmates and overlapping generations
[29]. Because floral resources are spatially and temporally heterogeneous, and bees forage within restricted distances from
their nests, the ability to exploit a wide range of flowering plants may allow colonies to maintain more stable resource intake,
buffering against seasonal and spatial fluctuations in availability. In Halictidae, the repeated occurrence of posteriorly caged
scopa in lineages with higher recorded floral breadth is consistent with this generalist-capacity hypothesis and may, together

Table 2. Primary OUwie model comparison for log-transformed floral breadth under the binary F2A scopa coding scheme shown for the all-rates-different (ARD)
transition model (primary analysis). Models are ranked by AICc. logLik, log-likelihood; AICc, Akaike information criterion corrected for small sample size; ΔAICc,
difference in AICc relative to the best-ranked model; AICw, Akaike weight; α, strength of attraction towards the optimum; σ², evolutionary-rate parameter; θ, trait
optimum; n.a., not applicable; FB, floral breadth; P, posteriorly caged; non-P, non-posteriorly caged (i.e. straight, anteriorly sheathed, reduced or lost). Parameters are
on the ln(FB + 1) scale. For BM1 and OU1, a single optimum is assumed (θ_non-P = θ_P). Full results across transition models, transformations and coding schemes
are provided in electronic supplementary material, tables S8 and S9.

model rank logLik AICc ΔAICc AICw α σ²_non-P σ²_P θ_non-P θ_P

OUM 1 −148.764 310.63 0.000 0.754 3.958 9.296 9.296 2.729 3.627

OUMV 2 −149.296 314.086 3.452 0.134 2.683 6.384 6.470 2.722 3.752

OU1 3 −151.860 314.499 3.866 0.109 2.028 5.889 5.889 2.976 2.976

BM1 4 −158.384 325.281 14.647 0.000 n.a. 3.207 3.207 2.530 2.530
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with broader floral use, have made it easier for some lineages to meet the resource demands associated with colony-level
provisioning.

However, this pattern is not deterministic. Some eusocial taxa, such as Augochloropsis and Megalopta, retain the straight
type, while many posteriorly caged taxa remain non-eusocial. These exceptions indicate that while the posteriorly caged type
and broad floral breadth may have provided permissive conditions for the evolution of eusociality, additional factors, such as
behavioural flexibility, environmental opportunities or genetic architecture, are likely required for eusocial evolution to proceed.

Several lineages with reduced or lost femoral scopae retain floral breadth records comparable to posteriorly caged-type
relatives, suggesting breadth may be maintained independently of scopa elaboration once established. Cleptoparasitic lineages
with the lost type, such as Sphecodes, are nested within Halictini sensu lato and often exploit phylogenetically close halictine
hosts, including Halictus and Lasioglossum [32]. Their broad floral association records may therefore partly reflect host-associated
ecological contexts used by closely related host lineages, rather than a direct association between lost femoral scopa and broad
resource use. Overall, these results suggest that variation in floral breadth and the diversity of social systems in Halictidae
reflect multiple interacting factors rather than a simple linear pathway.

(b) Patterns of floral breadth and evolutionary conservatism of scopa
The subfamily Rophitinae has often been described as a clade in which most species are oligolectic, exhibiting narrow host
ranges [30]. Subfamily-level contrasts in floral breadth (figure 2; electronic supplementary material, S5) broadly match these
natural history expectations, with Rophitinae tending towards narrower breadth than other subfamilies. Consistent with
phylogenetic signal in floral breadth, closely related halictid lineages often resemble one another in breadth. Although uneven
research effort can influence absolute breadth estimates, the alignment of these broad subfamily-level contrasts with well
established natural history suggests that sampling alone may not fully account for the observed patterns. Within Rophitinae,
breadth is generally narrow, yet some derived genera show broader floral breadth than basal taxa; for example, Dufourea was
recorded visiting many plant families and includes the only known polylectic species within this subfamily (Dufourea paradoxa)
[60]. Similar within-subfamily variation is also observed in Nomiinae and Halictinae.

The inferred transitions between scopa types are directionally asymmetric (figure 4). Together with the clade-level retention
of posteriorly caged and lost types, these results suggest limited reversals once derived scopa states arise. Consistent with the
clustering results, scopa type is largely conserved within clades. This structural conservatism appears to reflect phylogenetic
history more strongly than body size or other ecological correlates: Lasioglossum dybowskii and Lasioglossum politum pekingense,
which differ by fourfold in body length, share identical scopa types [61,62], suggesting that scopa type is transmitted within
lineages largely independently of size-related constraints. However, this conservatism is occasionally modified in specific
ecological contexts: (i) shifts to abdominal pollen transport (Systropha, node E and Homalictus, node F in figure 4), where pollen
is carried primarily on abdominal scopa rather than the hind femur; (ii) shifts towards narrow host specialization (oligolecty)
(e.g. Lasioglossum (Sphecodogastra) sensu stricto; Onagraceae specialist; node G in figure 4) and Lipotriches (Rhopalomelissa);
Poaceae specialist; node H in figure 4), which may favour more efficient foraging on a narrow set of floral hosts over broad
generalism [63,64]; and (iii) parasitism (e.g. the cleptoparasitic genus Sphecodes (node I in figure 4), whose females lay eggs in
the nests of other bee species and rely on host-provisioned pollen), in which females do not collect and transport pollen.

The contrast between species-level and genus/subgenus-level clustering patterns further reflects this conservatism: scopa
type is broadly shared within genera and subgenera, such that the stronger clustering signal at species level likely reflects
within-lineage retention rather than independent acquisition at fine scales. Transitions among derived states are rare, and when
they do occur, they tend to coincide with major ecological reorganizations, as with the lost type in cleptoparasites and the
reduced type in lineages shifted to abdominal pollen transport, suggesting that ecological context reinforces state stability once
a derived morphology is established. Against this background of general conservatism, the repeated origins of posteriorly caged
scopa from the ancestral straight state, including in Halictini sensu lato and Augochlorini, are particularly notable. Although the
statistical signal is concentrated largely in Halictini, this repeated association with broader recorded floral breadth suggests a
candidate morphology–ecology link that warrants functional testing.

Among these secondary modifications, reduction of the femoral scopa is particularly heterogeneous. The reduced type
encompasses multiple lineage-specific forms of hair reduction (see Methods) and is therefore best interpreted as a composite
state rather than a single derived morphology. Our reconstructions suggest that reductions arose repeatedly from different
ancestral scopa types, indicating convergent outcomes reached via multiple evolutionary pathways. Even so, reductions
primarily involve the reduction of hair elaboration (length and/or density), whereas the spatial placement and overall orienta-
tion of the hair fields tend to track the inferred ancestral condition (e.g. straight versus posteriorly caged). This pattern may
indicate that the spatial placement of scopal hair fields is more conserved than hair length or density.
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