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SUMMARY

Determining when lineages originated provides fundamental insights into the timing and pace of their diversi-
fication, improving our understanding of transformative paleoevents such as the Angiosperm Terrestrial Rev-
olution (ATR)' and Mid-Mesozoic Parasitoid Revolution (MMPR).?2 As the MMPR overlaps with the ATR,
improved age estimates help to disentangle the dynamics and temporal succession of these events that
shaped modern ecosystems. Hymenoptera (ants, bees, and wasps) played an important role in the MMPR
and ATR through their parasitoid and pollinating lineages. Parasitoids impact trophic networks, whereas pol-
linators interact with flowering plants.®* However, our understanding of Hymenoptera diversification remains
limited by a lack of fossil-based studies and uncertainties in phylogenetic reconstructions. Combining fossil
occurrences and macroevolutionary models, we estimated the origin and diversification of Hymenoptera
lineages, considering changes in preservation over time and across taxa.”™ Our results indicate that Hyme-
noptera diversification is multifaceted and lineage-specific. Sawflies diversified during the Paleozoic and
Mesozoic in four episodes (middle Permian, Late Triassic to Middle Jurassic, Early Cretaceous, and the begin-
ning of the Cenozoic) and experienced three extinction episodes (Middle Triassic, Late Jurassic, and mid-
Cretaceous). The superfamily Xyeloidea originated during the middle Permian. Apocrita and parasitoid super-
families emerged during the Early to Middle Triassic, diversified during the Late Jurassic and Early Cretaceous,
and declined during the Late Cretaceous. We demonstrate that Hymenoptera experienced successive re-
placements during the MMPR—likely beginning in the Triassic—and synchronously with changes in floral as-
semblages of the ATR. We conclude with future directions to refine dating estimates from the fossil record.

RESULTS

Time frame of origination and extinction of
Hymenoptera

Using the fossil record and the Bayesian Brownian bridge (BBB)
model,° we estimated the ages of 159 families (Figure 1A;
Table S1) and 32 superfamilies (Table 1) of extant and extinct Hy-
menoptera. All analyses were performed on total groups (i.e.,
stem plus crown group). The BBB model is known to provide
robust estimates of origin and extinction ages, even for poorly
sampled clades, although families with only a few fossil species
often have larger 95% credibility intervals (Cls). More precise es-
timates and narrower Cls can be obtained for superfamilies,

2164 Current Biology 35, 2164-2174, May 5, 2025 © 2025 The Author(s). Published by Elsevier Inc.

combining data from different families.” Our analyses, performed
with a max boundary of uniform prior on the root age set to 281
Ma, suggest that Hymenoptera began to diversify before the
Permian, with the oldest lineages being the Xyeloidea, which
arose more than 270 mya (Cl: 263.01-280.23 Ma; Table 1) and
include the extant Xyelidae (median 257.82 Ma, Cl: 242.58-
276.51 Ma; Table S1).

The first major radiation of Hymenoptera occurred during the
Triassic and Jurassic, after the Permo-Triassic mass extinction,
in ecosystems dominated by gymnosperms (Figures 1A, 1B
and S1).2"% It mainly concerned the “Symphyta,” except for
the superfamily Tenthredinoidea (Figures 1A and 1B; median
192.26 Ma, CI: 179.32-237.11 Ma), whose families mostly
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Figure 1. Estimates of clade ages and extinction times for Hymenoptera families and their distribution in key paleoevents

(A) Clade age and extinction time estimates for Hymenoptera families, inferred using the Bayesian Brownian Bridge model (root set to 281 Ma). Each line rep-
resents a family (arranged by clade but without further phylogenetic information), with 95% credible intervals in colors at the root estimates and extinction
estimates (where applicable). Gray lines fill in the lineage.

(B and C) Estimated distribution of family origination (B) and extinction (C) during the different key periods. The bottom line shows the number of families in each
period as follows: Symphyta/Apocrita non-Aculeata/Aculeata. Silhouettes after Goulet and Huber,® except Megachilidae from http://phylopic.org/ (license at
https://creativecommons.org/publicdomain/zero/1.0/). ATR, Angiosperm Terrestrial Revolution; MMPR, Mid-Mesozoic Parasitoid Revolution.

See also Figure S1, Table S1, and Data S2 and S83.
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Table 1. Comparison of clade age and extinction time estimates from fossil-based versus molecular approaches

Blaimer et al.”’s origination

Extinction Origination ages from topology C1

Median 95% HPD Median 95% HPD Median 95% HPD Age
Superfamily (Ma) interval (Ma) (Ma) interval (Ma) (Ma) interval (Ma) difference
Anaxyeloidea N/A N/A 191.55 [174.62-209.85] N/A N/A N/A
Apoidea N/A N/A 148.22 [143.01-162.36] 102.1 [98.5-120.9] 46.12
Bethylonymoidea 97.11 [90.08-101.47] 171.91 [164.01-183.99] N/A N/A N/A
Brachycleistogastroidea 111.9 [103.77-115.93] 170.52 [163.69-182.11] N/A N/A N/A
Cephoidea N/A N/A 215.84 [208.73-233.78] 243.37 [228.4-256.2] —27.53
Ceraphronoidea N/A N/A 118.15 [104.29-147.55] 136.00 [113.8-162.9] -17.85
Chalcidoidea N/A N/A 114.11 [106.97-125.85] 168.6 [154.9-183.3] —54.49
Cynipoidea N/A N/A 145.26 [136.04-163.95] 129.6 [109.3-154.4] 15.66
Diaprioidea N/A N/A 149.24 [142.73-166.68] 141.9 [116.2-173.2] 7.34
Evanioidea N/A N/A 177.27 [166.08-196.57] 155.00 [130.1-185.2] 22.27
Formicoidea N/A N/A 111.69 [104.06-129.07] 108.62 [98.5-120.9] 3.07
Ichneumonoidea N/A N/A 148.62 [142.01-173.98] 206.6 [192.4-221.3] —57.98
Karatavitoidea 157.83 [156.11-158.97] 181.89 [179.02-189.01] N/A N/A N/A
Megalyroidea N/A N/A 187.27 [178.05-206.75] 128.2 [85.1-172.9] 59.07
Mymarommatoidea N/A N/A 131.05 [123.16-149.83] 179.34 [165.3-193.9] —48.29
Orussoidea N/A N/A 189.14 [165.09-229.99] 233.7 [220.2-247.8] —44.56
Pamphilioidea N/A N/A 205.09 [197.44-224.64] 264.5 [249.4-276.6] —59.41
Panguoidea 97.65 [84.84-101.99] 129.05 [123.02-152.78] N/A N/A N/A
Platygastroidea N/A N/A 128.92 [124.03-141.93] 145.9 [131.1-166.5] —16.98
Pompiloidea N/A N/A 126.74 [118.17-145.66] 99.1 [87.0-112.0] 27.64
Proctotrupoidea N/A N/A 177.54 [165.14-195.88] 174.7 [151.5-195.4] 2.84
Scolioidea N/A N/A 143.23 [127.76-167.58] 97.49 [76.9-11.4] 45.74
Serphitoidea 73.46 [68.59-75.99] 127.08 [124.01-135.29] N/A N/A N/A
Siricoidea N/A N/A 190.55 [180.012-222.01] 236.7 [212.7-253.8] —46.15
Stephanoidea N/A N/A 192.25 [180.14-213.69] 190.37 [167.8-210.2] 1.88
Tenthredinoidea N/A N/A 192.26 [179.32-237.11] 169.9 [132.9-208.6] 22.36
Thynnoidea N/A N/A 138.55 [117.12-201.57] 96.6 [81.8-110.8] 41.95
Tiphioidea N/A N/A 156.35 [104.03-250.06] 96.6 [81.8-110.8] 59.75
Trigonalyoidea N/A N/A 136.99 [125.3-158.61] 128.2 [85.1-172.9] 8.79
Vespoidea N/A N/A 127.08 [118.04-139.77] 108.6 [92.7-123.9] 18.48
Xyeloidea N/A N/A 270.3 [263.01-280.23] 275.67 [261.1-285.3] —5.37

Clade age and extinction time estimates for Hymenoptera superfamilies and comparison with a recent study based on ultra-conserved elements

(446 UCE loci) and 12 fossil calibrations.®

originated later, during the Angiosperm Terrestrial Revolution
(ATR, 100-50 Ma). The ATR is characterized by a shift in
ecosystem dominance, with gymnosperms being replaced by
angiosperms,”'" affecting insect diversification.'* ' Most para-
sitoid wasps are estimated to have originated during the
Jurassic-Cretaceous interval (e.g., Evanioidea, median 177.27
Ma, Cl: 166.08-196.57 Ma; Ichneumonidae, median 148.62
Ma, Cl: 142.01-173.98 Ma), which is part of the Mid-Mesozoic
Parasitoid Revolution (MMPR) (Figure 1B).” In addition, 20 of
the 27 families of Chalcidoidea included in our analyses origi-
nated during the ATR (Figure 1).

Stinger wasps (Aculeata) are estimated to have originated dur-
ing the Jurassic (e.g., Bethylonymoidea: median 171.91 Ma, Cl:
164.01-183.99 Ma), but some of their constitutive clades either
survived until the ATR or declined during this event, as their

2166 Current Biology 35, 2164-2174, May 5, 2025

extinction dates fall within the ATR (Figures 1B and 1C). Many
extant lineages of Apoidea, often closely associated with flower-
ing plants,’*° arose during the ATR (Apidae: median 73.33 Ma,
Cl: 70-79.84 Ma). Apparently, many fossil families went extinct
just before or during the ATR (Figures 1 and S1). However, this
pattern might be skewed by the short lifetimes of many extinct
families that are only known from mid-Cretaceous ambers
(e.g., Ohlhoffiidae and Burmasphecidae).

Diversification dynamics of Hymenoptera lineages

We estimated the periods of diversification and extinction of Hy-
menoptera lineages at both genus (Figure 2) and family
(Figures S2-S4) levels, using the birth-death model with con-
strained shifts (BDCSs)."® Because singletons —a common sam-
pling bias—can distort inferred patterns, we excluded them from
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all our analyses'? and cross-validated our results with the revers-
ible-jump Markov chain Monte Carlo model (RUIMCMC)."” The
genus-level analyses revealed four major periods of diversifica-
tion (i.e., positive net diversification rates with origination
exceeding extinction) as well as three significant declines in
the diversity dynamics of hymenopteran genera (negative net
diversification rates with extinction exceeding origination)
(Figures 2B and S3). In contrast, family-level analyses showed
no major declines in the diversification of hymenopteran families
(Figures S2 and S4). At this level, the only minor extinction event
occurred during the early Late Cretaceous (Figures S2-S4),
whereas Hymenoptera diversified during four pulses, roughly
mirroring the periods of diversification observed at the genus
level.

At the genus level, the first extinction event occurred during
the early Late Triassic (Figures 2A and 2B; =1.4-fold general
background extinction rate) and impacted symphytan lineages
(i.e., Xyelidoidea; Figures 2D, 2E, and S3). The second extinction
period took place during the Late Jurassic (=2.2-fold general
background extinction rate) and affected both Symphyta and
early diverging Apocrita (non-Aculeata) lineages (= 2-fold Apoc-
rita background extinction rate; Figures 2E and 2K). The third
extinction period occurred during the mid-Cretaceous, uniformly
affecting the Symphyta, Apocrita (non-Aculeata), and Aculeata
(=2.7-fold general background extinction rate; Figures 2E, 2H,
and 2K). At the family level, an early Late Cretaceous extinction
was also observed (=1.9-fold general background extinction
rate; Figures S2-S4), with a similarly uniform impact (Figures
S3E, S3H, and S3K). Additionally, the Symphyta experienced
another, less pronounced extinction event during the Late
Jurassic (Figures S2 and S4).

At the genus level, the first period of diversification occurred
between the Permian and Early Triassic, primarily involving
Symphyta (Figures 2A, 2B, 2D, and 2E; =1.7-fold general back-
ground origination rate). During the Jurassic, a second diversifi-
cation event witnessed the rise of both Symphyta and early-
diverging Apocrita (non-Aculeata) lineages (Figures 2A, 2B, 2D,
2E, 2J, and 2K; =3.2-fold general background origination
rate). The third diversification period, centered on the Early
Cretaceous, was uniformly recorded in Symphyta, Apocrita
(non-Aculeata), and Aculeata (Figures 2D-2L; =2.15-fold
general background diversification rate). The last episode of
diversification began during the ATR and extended nearly to
the present, with a similarly uniform impact across Symphyta,
Apocrita (non-Aculeata), and Aculeata (Figures 2A-2L; =1.9-
fold general background diversification rate). At the family level,
Hymenoptera diversified from the Permian to the mid-Creta-
ceous, with a drop in net diversification rates during the Early
and Middle Triassic and late Early Jurassic (Figures S3A-S3C).

Current Biology

Additionally, a small increase in the net diversification rate was
observed during the Eocene (Figures S2-S4).

Our global lineage-through-time analysis indicates that the
number of genera increased during the Middle-Late Triassic,
the Middle-Late Jurassic, the Early and mid-Cretaceous, and
sharply after the Cretaceous-Paleogene boundary, rising from
approximately 30 to over 520 genera near the present (Fig-
ure 2C). We also record a peak in the number of genera during
the Eocene and Oligocene transition (EOT), uniformly recorded
across our analyses (Figures 2C, 2F, 21, and 2L). At the family
level, a different pattern emerges, with an exponential increase
in the number of families from the middle Permian to the Late
Cretaceous, peaking at around 120 families during the mid-
and Late Cretaceous (Figure S3C). Following this peak, diversity
declined slightly and stabilized at around 100 families throughout
the Cenozoic (Figure S3C). We also find a peak of Symphyta
families around the EOT (Figure S3F).

BBB model sensitivity: Uncertainties in the root age and
in the number of extant species

Across our analyses with varying maximum boundaries of the
uniform prior on the root age, the estimated ages of each clade
remain strikingly consistent (supplemental information). On
average, across 159 families, the age discrepancy between an-
alyses using a prior set to either 281 or 345 Ma is approximately
4.29 Ma. Differences range from as little as =0.027 Ma (Bur-
masphecidae) to a maximum of 9.95 Ma (Melittidae). At the su-
perfamily level, the age discrepancy decreases to an average of
0.26 Ma. Notably, there is no consistent trend where analyses
with the oldest/youngest root age uniformly would produce
the oldest/youngest estimates (https://doi.org/10.6084/m9.
figshare.28474061.v1).

In our sensitivity analyses performed on three parasitoid su-
perfamilies (Ceraphronoidea, Chalcidoidea, and Ichneumonoi-
dea), a 2-fold increase in the number of extant species had no ef-
fect on the estimated age of origin (maximum difference of 2.2
Ma for Ceraphronoidea). A 5-fold increase resulted in slightly
older age estimates for Ceraphronoidea and Chalcidoidea but
not for Ichneumonoidea (supplemental information). Using
extreme increases in their extant diversity (=33-fold increase
for Ceraphronoidea and =22-fold increase for Chalcidoidea) re-
sulted in older age estimates for the origin of these clades, with
differences of about 26 and 10 Ma, respectively.

DISCUSSION
Origin and main diversification phases of Hymenoptera

When it comes to analyzing the diversification of organisms,
dating estimates are pivotal. The BBB model® proves useful

Figure 2. Diversification and diversity dynamics of major Hymenoptera clades, inferred from genus-level analyses using the BDCSs, without

singleton

(A, D, G, and J) Bayesian estimates of origination (blue) and extinction (red) rates for Hymenoptera.

(B, E, H, and K) Net diversification (origination minus extinction) rates for Hymenoptera.

(C, F, 1, and L) Diversity (number of genera) of Hymenoptera. For each plot, solid lines indicate mean posterior rates; shaded areas show 95% Cl. Reconstructions
of diversity trajectories replicated to incorporate uncertainties around the ages of the fossil occurrences. ATR, Angiosperm Terrestrial Revolution; K-Pg,
Cretaceous-Paleogene boundary. Time is in millions of years. The color of each geological period in the chronostratigraphic scale follows that of the Interna-
tional Chronostratigraphic Chart (v2023/09). Insect silhouettes from http://phylopic.org/; licenses at https://creativecommons.org/publicdomain/zero/1.0/.

See also Figures S2-54 and Data S1.
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because it eliminates a complex step that has major implications
for estimating divergence times: fossil calibration.'®2° To cali-
brate nodes, fossils are chosen based on morphological charac-
ters, distinguishing between plesiomorphic and apomorphic
states, to provide a minimum age for the most recent common
ancestor of a group.”' This step is challenging because only a
subset of these characters is generally preserved in fossils,
whereas extant species are delimited by many morphological
characters. In addition, morphological convergence can hinder
the taxonomic affiliation of fossils. This is why fossils are tradi-
tionally excluded from time-calibrated phylogenies, except for
the temporal information of some of them that is used for calibra-
tions.?° Recent methodological developments, such as the total-
evidence dating approach, have partially alleviated these limita-
tions,?>~2° but they often require extensive morphological data,
hindering their large-scale application.?® The BBB model, how-
ever, can be used to assess which results obtained from molec-
ular-based studies most closely align with the fossil record. It
also allows for estimating the origins and extinctions of clades
while fully leveraging the evidence from the fossil record (Fig-
ures 1 and S1).

Uncertainties in phylogenetic relationships also have a signif-
icant impact on divergence time estimates, often leading to dis-
crepancies of millions of years in the origin of clades.?” Insects
are no exception to this issue. Historical conundrums in the un-
derstanding of Hymenoptera evolution include the origin and
placement of the Xyelidae and Vespina (=Orussidae plus Apoc-
rita), and the composition of Vespina.®'%?® Molecular phyloge-
netic studies have proposed three alternative topologies®®:
either Xyelidae are nested within the first radiation of Symphyta
(i.e., Eusymphyta),'® are closer to the root of Hymenoptera and
represent the second earliest diverging lineage after the Tenthre-
dinoidea,’ or are the earliest diverging Hymenoptera lineage.?*°
These alternatives lead to a 90-Ma age discrepancy for the su-
perfamily, approximately from the Early Jurassic (185 Ma)'® to
the late Permian (275 Ma).>*° Our results favor the hypothesis
of a Permian origin, with the superfamily Xyeloidea originating
more than 270 mya and the Xyelidae shortly after, around 260
mya (Figures 1 and S1; Tables 1 and S1). This ancient origin is
supported by fossil evidence, with extinct and extant xyelid sub-
families documented worldwide from the Triassic (e.g., ~230
Ma; Australia, Ipswich, Norian®'; Japan, Momonoki Formation,
Carnian®?; Kyrgyzstan, Madygen, Ladinian-Carnian®®; South Af-
rica, Molteno, Carnian®*; Argentina, Potrerillos Formation, Car-
nian®®). Consistently, our diversification analyses indicate a
peak in diversification rates during the Permian (Figures 2 and
S2-54).

Impacts of the ATR and the MMPR

The ATR is marked by a shift from gymnosperm- to angiosperm-
dominated ecosystems, an upheaval that has created numerous
opportunities for the evolution of new ecological relationships,
such as pollination.”'"'®* Among insects, the Hymenoptera,
particularly the Apoidea—the clade encompassing the bee
lineages or Antophila (e.g., Apidae, Colletidae, Halictidae, and
Megachilidae)—are thought to have benefited greatly from
this event.'*'®> However, uncertainties surrounding the age of
the Apoidea and its constituent lineages obscure our under-
standing of how they actually benefited from the ATR. Recent
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phylogenetic analyses have estimated that the origin of the clade
could as well be the Late Jurassic (~155 Ma)'° as the mid-Creta-
ceous (~100 Ma).? Our results support a Late Jurassic origin
(median: 148.22 Ma, Cl = 143.01-162.36 Ma), following the
recent discovery of many Apoidea species in mid-Cretaceous
Kachin amber.*®*” Most Apoidea lineages, such as the Mega-
chilidae (median: 66.12 Ma, Cl = 61-75.99 Ma), have diversified
during the Cretaceous and Paleogene, particularly during the
ATR and the third phase of the MMPR (Figure 1; Tables 1 and
S1).%% Our results suggest that the origin of the Antophila line-
ages coincided with the radiation of angiosperms®'415® and
occurred in the middle of the ATR." Their diversification likely
played a significant role in the diversification peak observed dur-
ing the Late Cretaceous, a pattern also identified in molecular-
based analyses.’ Our analyses indicate that the third phase of
the MMPR encompasses major radiations of Chalcidoidea and
other Apocrita lineages (particularly the Aculeata) (Figure 1),
with a peak in net diversification rate recorded for Apocrita
(non-Aculeata) and Aculeata at the genus level (Figure 2) and
for Apocrita (non-Aculeata) at the family level (Figures S2 and
S4). For Chalcidoidea, our results align with a recent molecu-
lar-based study indicating that most extant chalcidoid families
originated during the Cretaceous.®® However, our analyses
appear to underestimate the age of the superfamily, which mo-
lecular studies place in the Middle Jurassic, whereas our findings
suggest an Early Cretaceous origin. We attribute this discrep-
ancy to the exclusion from our analyses of the recently described
chalcidoid fossil family Protoitidae. This family was not included
because its description was published after the cutoff date for
our data compilation.“® Incorporating Protoitidae in future ana-
lyses is likely to push back the estimated origin of the crown-
group Chalcidoidea by several million years.

One of the most critical events in the evolutionary history of
Hymenoptera is the transition to a parasitoid lifestyle, a major
innovation characteristic of the Vespina.®'° This shift is a corner-
stone of the MMPR, which began in the Early Jurassic and
marked the transition from bottom-up regulation of terrestrial
food webs, dominated by less efficient predators, to top-down
regulation by highly efficient parasitoid clades.” The origin of
the Vespina has been dated to the Late Triassic (~200 Ma),*’
the Early to Middle Triassic (234 or 247 Ma),®'° or even the mid-
dle Permian (270 Ma).*° Our analysis of the fossil record indi-
cates that some of these estimates, particularly the Late Triassic
origin of Vespina, are unrealistic when considering the fossil re-
cord and can be disregarded. Among the parasitoid Apocrita
(non-Aculeata), the oldest clades—the Stephanoidea (median:
192.25 Ma, Cl = 180.14-213.69 Ma), the Roproniidae (Proctotru-
poidea; median: 205.27 Ma, Cl = 165.30-257.16 Ma), and the
Megalyridae (Megalyroidea; median: 189.13 Ma, Cl = 178.09-
206.73 Ma)—have their origins dated to the Late Triassic or Early
Jurassic (Figure 1; Table 1). This supports an Early to Middle
Triassic origin for Apocrita and Parasitoida.”'® Our diversifica-
tion analyses further suggest a burst in the net diversification
rate of Apocrita (non-Aculeata) families during the Early Jurassic
(Figures S3 and S4). Therefore, the MMPR likely began as early
as the Triassic, before the earliest fossil records of apocritan
families (mostly Parasitoida). This hypothesis is consistent with
recent analyses of the Evanioidea, an ancestrally parasitoid
apocritan superfamily that originated in the Late Triassic (stem
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age = 203 Ma).*” This superfamily is a key actor of the MMPR,
with an important Jurassic radiation (Praeaulacidae) showing
morphological specialization for parasitoidism (e.g., a two-
segmented petiole facilitating movements of the gaster).”® Inci-
dentally, Evanioidea is a textbook example of a clade whose fa-
milial diversity in the fossil record is higher than it is today, with
five out of eight families extinct, further highlighting the impor-
tance of not overlooking fossils.*

The first stage of the MMPR is characterized by the emer-
gence and diversification of extinct parasitoid families, often
belonging to stem groups of modern superfamilies®>—a pattern
we found in our analyses of the diversity dynamics of Hymenop-
tera (Figures 1, S2, and S4). These families often exhibit a mixture
of plesiomorphic (e.g., complex wing venation and absence of a
wasp waist) and apomorphic traits (e.g., fore wing lacking the
sub-basal loop of vein 2A or high articulation on the propodeum
or not widely sclerotized ventrally at the metasomal attachment).
They went extinct during the Cretaceous (extinction of Ephialtiti-
dae, median: 112.47 Ma, Cl = 106.26-115.99 Ma; Praeaulacidae,
median: 97.12 Ma, Cl = 91.24-101.97 Ma) before the second
phase of the MMPR, marked by the rise of extant families of
parasitoid wasps.” This turnover is confirmed here with a peak
of extinction rate during the Late Jurassic and a subsequent
episode of diversification during the Early Cretaceous (Figure 2).
The characteristic clades of this second phase, which radiated
during the Early Cretaceous, are the Chrysidoidea,® Chalcidoi-
dea,'”*° Pimpliformes (Ichneumonidae),** and Braconidae.*’
Our BBB analyses converge with molecular clock analyses in
estimating their origins in the Jurassic or Early Cretaceous
(Table 1). Additionally, our PyRate results align with the diversifi-
cation patterns derived from phylogenetic analyses, particularly
for the Apocrita and Aculeata.®

Interestingly, our results indicate a peak in hymenopteran di-
versity, uniformly recorded across our analyses, during the Early
Cretaceous. This peak persists when singleton taxa are removed
from the analyses (Figures 2 and S2). A “similar” signal was pre-
viously found, with an Aptian peak in family diversity.“® This peak
can be attributed to taphonomic conditions, such as the mass
production of resin during the Cretaceous Resinous Interval,*”
which facilitated the entombment of many insects. Additionally,
it coincides with the simultaneous presence of the last represen-
tatives of Mesozoic lineages, which went extinct during the Late
Cretaceous, and the early representatives of Cenozoic lineages
(Figure 1). This transitional period saw a proliferation of new fam-
ilies exhibiting a variety of morphologies, many of which are no
longer common today. The coexistence of these diverse faunas
may have generated competitive interactions, eventually result-
ing in the extinction of some clades during the Late Cretaceous
(diversity dependence), which should be explored in future
studies along with other factors.

To conclude, our analyses of the fossil record reveal that the
evolutionary history of Hymenoptera is characterized initially by
the radiation of Symphyta during the Paleozoic and Mesozoic,
followed by the emergence of Apocrita, particularly the Parasi-
toida, during the Mesozoic and Cenozoic (Figures 1 and S2-
S4). During the MMPR, Parasitoida lineages underwent
successive replacements. The first burst of diversification for
Parasitoida included extinct lineages with no modern represen-
tatives or stem lineages of modern groups. Most of these early
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lineages survived until the Cretaceous, after which they were re-
placed by new families and the crown representatives of their
own groups. These replacements occurred synchronously with
changes in floral assemblages, notably the emergence of flower-
ing plants during the ATR (100-50 Ma). Clade competition, but
also angiosperm diversification, likely favored predatory and
parasitoid lineages of wasps by triggering the diversification of
their phytophagous preys and hosts.*®

Applicability and robustness of the BBB model

Estimating ages in the deep past is inherently fraught with uncer-
tainty. Recently developed probabilistic approaches allow us to
investigate how some of these uncertainties might affect these
estimates. But it is still relatively rarely done. The impact of un-
certainty in the “true” number of extant species, for instance,
is often overlooked in macroevolutionary analyses, despite its
direct implication in dating models through parameters that
define the sampling probability of extant lineages.?**° Recent
simulations suggest that increasing taxon sampling density
does not necessarily improve divergence time estimates.*’
However, empirical tests of these results, particularly for insects
for which diversity is much higher, remain limited.

Our sensitivity analyses indicate that age estimates derived
exclusively from the hymenopteran fossil record using the
BBB model are minimally affected by uncertainty in extant spe-
cies diversity (up to 5-fold increase). Significant differences in
age estimates occurred only for drastic increases in diversity.
Likewise, age estimates were marginally affected by changes
in the root age constraints. This shows that the BBB model ap-
pears to be robust for estimating clade ages with incomplete
extant diversity documentation and unclear origin (see https://
doi.org/10.6084/m9.figshare.28271135.v1 and https://doi.org/
10.6084/m9.figshare.28474061.v1).

This robustness suggests that the BBB model is broadly appli-
cable beyond traditionally studied groups with thoroughly docu-
mented extant diversity (e.g., plants® and mammals’), making ita
valuable tool for studying insect macroevolution. The BBB model
is also particularly valuable for studying the evolution of clades
that have limited molecular data but a relatively robust fossil re-
cord. Nonetheless, rather than relying solely on currently docu-
mented diversity, future studies using this or other models would
benefit, in particular, from including estimated species numbers
and conducting sensitivity analyses in general.

Overall, our study demonstrates that age estimates derived
solely from analysis of the fossil record using the BBB model
are often compatible with age estimates obtained from molecu-
lar dating studies that incorporate extensive molecular and
morphological datasets (Table 1). This highlights the BBB model
as a highly valuable complementary or alternative approach for
estimating the origin of lineages.

Perspectives and future directions

The development of new methods, such as PyRate or BBB
models, represents an important step toward a better under-
standing of lineage evolution while accounting for the limitations
of the fossil record. However, these models rely on assumptions
that may not be fully consistent with real evolutionary processes.
For example, PyRate estimates diversification rates under the
assumption that they remain homogeneous within a clade but
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can vary over time, despite evidence suggesting that diversifica-
tion is heterogeneous across the Hymenoptera tree of life and
through different time periods.®

To mitigate this limitation, particularly within a group as diverse
as Hymenoptera, we generated sub-datasets to account for this
heterogeneity. At the same time, refinement of the fossil record
remains essential. Critical steps include clarifying the placement
of key fossil taxa, such as Avioxyela gallica Nel et al.,*® resolving
uncertain attributions in various parasitoid lineages, and filling
existing gaps in the fossil record.

For Hymenoptera, special attention should be given to the
study of Permian and Campanian or Maastrichtian deposits,
which remain notably scarce for fossil insects. In addition, it is
essential to revisit other deposits, such as the Oise amber, which
have been largely overshadowed by the recent influx of fossil
material from the Burmese amber. Furthermore, the diversity of
certain groups remains poorly understood, both in the fossil re-
cord and in modern ecosystems, despite their considerable
extant species richness. In many cases, this is due to ecological
factors, such as habitats unfavorable for fossilization (e.g., Mutil-
lidae), a lack of taxonomic expertise,51 or the Linnean shortfall,
where numerous specimens exist but have yet to be formally
studied and described (e.g., Chalcidoidea and Platygastridae).®?
Improving the fossil record would greatly benefit both fossil-
based evolutionary inferences and phylogeny-based studies,
leading to a more comprehensive understanding of Hymenop-
tera diversification.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Fossil data This study Data S1

BBB data This study Data S2

Modern species data This study Data S3

Output log files This study https://doi.org/10.6084/m9.figshare.28271135.v1
Analytical code This study https://doi.org/10.6084/m9.figshare.27058510.v1
Additional Tables This study https://doi.org/10.6084/m9.figshare.28474061.v1
Additional Figures This study https://doi.org/10.6084/m9.figshare.28474070.v1
Software and algorithms

rootBBB model Carlisle et al.” https://github.com/dsilvestro/rootBBB

PyRate Silvestro et al.>!” https://github.com/dsilvestro/PyRate

Tracer 1.7.2 Rambaut et al.>® https://github.com/beast-dev/tracer/releases/tag/v1.7.2

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The most recent version of the BBB model can be found at https://github.com/dsilvestro/rootBBB; the most recent version of PyRate
can be found at https://github.com/dsilvestro/PyRate. Any additional information required to reanalyze the data reported in this pa-
per is available from the lead contact upon request.

METHOD DETAILS

Fossil record of Hymenoptera

We compiled all species-level fossil occurrences of Hymenoptera from the literature using the Paleobiology Database (PBDB, avail-
able at: https://paleobiodb.org/; downloaded the 12 October 2021) and completed or corrected this dataset with occurrences from
the Palaeoentomology database of the Laboratory of Arthropods, Palaeontological Institute, Russian Academy of Sciences, Moscow
(available at: http://palacoentomolog.ru/english.html; accessed the 26 July 2023). The dataset obtained from PBDB initially con-
tained 5,103 occurrences for 3,607 species placed in 1,691 genera. The dataset was cleaned of trace fossils, synonyms, outdated
combinations, nomina dubia, and other erroneous and doubtful records, based on revisions provided in the literature and/or on the
expertise of the authors. After correction and data augmentation (i.e., the addition of recently described taxa until September 2023),
our first database resulted in an unprecedented dataset (Data S1) composed of 4,330 ‘species’ resulting from an in-depth study and
curation of the bibliography on fossil Hymenoptera, and spanning from the Westphalian (Carboniferous) to the Holocene with Copal
and Defaunation resin. We consider that the species Avioxyela gallica Nel et al. belongs to a clade different from the Hymenop-
tera.®%°* After our correction and data augmentation, our dataset of fossil occurrences (i.e., fossil specimens originating from a given
stratigraphic horizon assigned to a given clade) encompasses 34,569 occurrences.

Although the vast majority of the taxa included in the datasets are nominal taxa (published and named), we included unnamed taxa
(genera or species) that are considered separate from others, although not formally named in the literature yet. These unpublished
taxa are identifiable by the notation ‘nov.’ following their names in the datasets. Some fossil families are known to be poly- or para-
phyletic (e.g., Angarosphecidae)®’ and their systematics are not yet resolved. We refrained from splitting these families until compre-
hensive studies of their limits and constitutive taxa, and we used their classical delineations.

Our approach acknowledges that many occurrences are likely correctly attributed, even though some refinements are necessary.
This includes older specimens that have undergone significant revision in recent decades. However, we are also mindful of work
known to contain significant errors, such as those stemming from the belief that fossils cannot belong to extant clades—a recurring
issue in some palaeontological studies. In our study, we actively avoided such biases. For instance, we excluded most taxa from the
Fushun amber described by Hong®® due to their uncertain placement. This author assigned nearly every fossil insect from Fushun
amber to a new genus and species, often without adequately considering their affinities with extant taxa. Furthermore, these clas-
sifications have not undergone subsequent revision, further justifying their exclusion. By implementing this mixed approach, we aim
to balance the inclusion of valuable data with the exclusion of potentially misleading occurrences.
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Fossil species originate from a given stratigraphic horizon, obtained from PBDB, the latter is sometimes corrected for a more pre-
cise age (generally stage sometimes substage), and the age of each time bin boundaries relies mostly on the stratigraphic framework
proposed in the International Chronostratigraphic Chart v2023/06 (https://stratigraphy.org/chart). Tentative species identifications
originally placed with uncertainty (reported as “aff.” or “?”) were most of the time excluded from our dataset.

Data preparation for estimating clades’ origin and extinction times

The Data S2 was constructed by retaining only one occurrence by species, which allows representing the species diversity without
biasing the analyses with overrepresented fossil species (e.g., Ctenobethylus goepperti (Mayr, 1868)). When a species is found in two
deposits of different ages (i.e., not in the same stratigraphic stage), we kept the species in each stage. We then computed the ‘mean
age of species occurences’ by taking into account both the lower and upper boundaries of the life span of every species. This data
was then employed to compile the number of species into one-million-year time intervals (Data S2). This approach was adopted to
avoid artificially reducing or inflating the age of species when using the lower or upper boundary. This risk is particularly relevant for
species classified within a period spanning two geological stages, such as the Langhian-Burdigalian for the Dominican amber, or the
Albian-Cenomanian for the Kachin amber. The complete datasets used for each analysis are available in Data S2, for family level
analyses (Data S2A), and superfamily level (Data S2B).

Extant species diversity in Hymenoptera families

The Bayesian Brownian Bridge (BBB) model is informed with the present-day diversity of extant groups.® To ensure accuracy, we
compiled the diversity of extant families and superfamilies while incorporating recent taxonomic revisions. Indeed, many subfamilies
of extant apoid, chalcidoid, platygastroid, tenthredinoid lineages have been elevated at a familial rank following recent molecular-
based phylogenies.**°*°° To account for these changes, we have subtracted the diversity of these former subfamilies from the total
diversity of their former family. For example, the Crabronidae s./. (= including Astatidae, Bembicidae, Dinetinae, Eremiaspheciidae,
Mellinidae, Pemphredonidae, and Philanthidae) encompass 9,133 species (https://www.calacademy.org/scientists/projects/
catalog-of-sphecidae). After the subtraction of the diversity of the subfamilies recently elevated at a familial rank the Crabronidae
diversity is now of 4,909 species. For the Chalcidoidea we follow the species count of Noyes®' even if we are aware that the diversity
of this lineage is largely underestimated.® For the diversity of extant symphytan lineages, we mainly followed Nyman et al.®” and
compared it with the previous compilation of Aguiar et al.®® Similarly, we based our Anthophila species number on Ascher and Pick-
ering® and compared it with the previous compilation of Aguiar et al.®® The diversity of Chrysidoidea lineages is based on Agnoli and
Rosa® for the Chrysididae, Olmi et al.®® for the Embolemidae, Azevedo et al.®” for the Bethylidae, and Aguiar et al.®® for other line-
ages. We provide a detailed list of the references used to estimate the diversity of extant Hymenoptera families in Data S3. For the
superfamily level, we mainly based our diversity on Branstetter et al.°® Note that the number of species for most extant Hymenoptera
lineages is likely underestimated as new discoveries are published on a daily basis.

To assess the impact of this uncertainty, we focused on three superfamilies —Ceraphronoidea, Chalcidoidea, and Ichneumonoi-
dea—whose estimated extant diversity significantly exceeds the currently documented species counts. We performed three sets of
analyses: 1) An artificial twofold increase in their extant diversity, using the three variations of the maximum boundary of the uniform
prior on the root age (as detailed in Applying the Bayesian Brownian Bridge to the Hymenoptera Fossil Record); 2) An artificial fivefold
increase in their extant diversity, using the three variations of the maximum boundary of the uniform prior on the root age; 3) Estimates
of their “true’ diversity based on published literature, with values of 20,000 species for Ceraphronoidea,®® 500,000 species for Chal-
cidoidea,”® and 100,000 species for Ichneumonoidea” (results can be found at https://doi.org/10.6084/m9.figshare.28271135.v1).

The Bayesian Brownian Bridge model

When applied to clades with living descendants, the Bayesian Brownian Bridge (BBB) model® operates under the assumption that a
clade’s diversity evolves akin to a random walk. This walk is represented through a Brownian bridge, anchored at both the starting
point (where diversity stands at one) and the extant diversity at present. In essence, the BBB model generates diversity trajectories
that emerge from an unknown underlying process of speciation and extinction. These simulated trajectories align with both the fossil
record and the present diversity of the clade. Unlike striving to pinpoint a single best-fitting trajectory, this framework encompasses a
broad spectrum of plausible diversification histories that stem from random walks. This inclusive approach accommodates various
scenarios including linear or exponential diversity growth, fluctuations in species richness, and patterns of waxing and waning.®

The BBB model relies on two input datasets: a vector depicting the sampled diversity of the clade through time, which draws from
the number of occurrences documented in the fossil record, and the present-day species diversity. The model estimates the clade’s
origination time (root_est) and lower and upper 95% credible intervals (root_lower, root_upper), the trend parameter (a_est, a_lower,
a_upper), the Brownian bridge rate (sig2_est, sig2_lower, sig2_upper) (which describes how rapidly diversity can change through
time), and the sampling over time (g_est, g_lower, g_upper).

The diversity data, presented as a vector, is distributed into predefined time intervals, which, in this study, are fixed at one-million-
year spans. This particular duration is chosen to ensure the necessary precision for scrutinizing subfamilies in proximity to the present
era. Within our datasets, many of these intervals contained zero sampled species due to the incomplete nature of the fossil record. To
manage this, the model employs data augmentation, generating vectors that represent the concealed actual diversity between the
estimated point of origin and the present-day diversity.® This process is further governed by two conditions: (1) the clade cannot go
extinct before the present, even when no fossils are found in the intermediate time intervals, and (2) the assessed true diversity cannot
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fall below the recorded diversity in any given time bin. The model is designed to account for increasing sampling rates within the fossil
record as it approaches the present,”’"* as well as the resulting diminished sampling rates close to a clade’s origin.”® This is
achieved through the inclusion of a parameter that models an exponential growth in the sampling rate over time, with the extent
of this exponential rise being determined by the model itself (-g_var 7). While more intricate models of variability in sampling rates
are feasible, they might not be applicable to clades with limited fossil records.®

Recently, the capacity of the BBB model was broadened to encompass the study of extinct clades.” This expansion involved the
inclusion of a novel parameter that estimates the unknown time of extinction (ext_est) and lower and upper 95% credible intervals
(ext_lower, ext_upper). The estimation of this parameter occurs within the time interval stretching from the latest known fossil occur-
rence to the present day. Consequently, the model undertakes a simultaneous estimation of various factors, including the times of
clade origination and extinction, the variance of the Brownian bridge, and the parameters that gauge the rate of sampling and its
fluctuations over time.

Applying the Bayesian Brownian Bridge to the Hymenoptera fossil record

For each clade, we performed three different analyses using alternatively a maximum boundary of uniform prior on the root age set to
281 Ma (-max_age 281), 309 Ma (-max_age 309), or 345 Ma (-max_age 345). The first setting allows for testing an age commonly
found with molecular clock approaches®'"® or a total-evidence dating approach.*® The second is derived from the species Aviox-
yela gallica Nel et al., which belongs to a group (Apatohymenoptera) that may (or may not) be closely related to the Hymenoptera.®%°*
Although this requires further investigation, if the total-group Hymenoptera and the order Apatohymenoptera are determined to be
closely related (e.g., as sister groups), the fossil of Avioxyela could provide a minimum age for the divergence between these groups.
This would suggest that the total-group Hymenoptera may have existed as far back as the early Pennsylvanian. However, the phylo-
genetic relationships between Apatohymenoptera and other Holometabola must first be rigorously analyzed within a robust
phylogenetic framework before drawing definitive conclusions. The third is based on the upper limit of the median age estimates
for crown-group Hymenoptera as reported in certain analyses by Montagna et al.,”® which suggests that the total group Hymenop-
tera may have been present since the early Mississippian. We set the preservation models with a time-increasing rate (-q_var 1),
which reflects the increase in species number towards present of most extant clades.”*"*

Each total group (i.e., stem plus crown group) of the 159 families and 31 superfamilies (excluding Chrysidoidea because of the non-
monophyly) were analyzed independently using the BBB model run for 1,000,000 Markov chain Monte Carlo (MCMC) iterations and a
sampling frequency every 1,000. We examined the results using Tracer 1.7.2°° to assess the convergence of the runs, quantified
through an effective sampling size (ESS) greater than 200 following the procedure in Silvestro et al.® Output files for each BBB an-
alyses can be found at https://doi.org/10.6084/m9.figshare.28271135.v1.

Dynamics of origination and extinction through time

We analyzed our fossil occurrence datasets using the Bayesian framework implemented in PyRate 3.>'” We analyzed our datasets
under two different models: the birth-death model with constrained shifts (BDCS)'® and the RIMCMC model (-A 4 option).'” This
bimodal approach allows for confronting the results obtained under two different modes, i.e., estimates of the parameters through
time over specific time bins (BDCS) or in a more relaxed framework (RIMCMC), and follows the ‘best practices’ proposed to inves-
tigate diversity dynamics with PyRate.”” Both models allow for a simultaneous estimate of (i) the parameters of the preservation pro-
cess (g and o), (i) the times of origination (Ts) and extinction (Te) of each taxon, (i) the origination (1) and extinction (u) rates and their
variation through time for each stage, and (iv) the number and magnitude of shifts in origination and extinction rates.

To test for parameter sensitivity, we analyzed our datasets with the BDCS model using two different time bins (-fixShift option). We
constrained the A and p rates to be constant within time bins either corresponding to geological epochs (main analysis) or to 20-Myrs-
bins (sensitivity analysis).

For all analyses, we tested for the best-fitting preservation process using the option (-PPmodeltest), which compares the homo-
geneous Poisson process (-mHPP option), the non-homogeneous Poisson process (default option), and the time-variable Poisson
process (-gShift option). Under the time-variable Poisson process, preservation rates are assumed to be constant within a predefined
time bin but may vary over time (here, set for bins corresponding to stages). This model is thus appropriate when rates are hetero-
geneous over time."”

We ran PyRate for either 100 or 200 million MCMC generations depending on the diversity of the clade, and the MCMC was
sampled every 10,000 generations for the BDCS and RUIMCMC models. We set the time bins to correspond either to geological
stages or to 20-Myrs-bins (-fixShift option) for the BDCS model. All analyses were set with the best-fitting preservation process
and a Gamma model (-mG option), through a gamma-distributed rate heterogeneity with four rate categories to account for variable
preservation across taxa.’® We set the minimal time interval (Myrs) between two shifts (-min_dt option) to 2 Myrs to avoid overpar-
ameterization in searching for too many shifts. Similarly, we tuned the model to directly estimate the rates of hyperpriors along with all
other model parameters. As a result, the rate parameter is directly estimated from the data, using 0’ in the (-pP), (-pL), and (-pM)
options.

We monitored chain mixing and ESS by examining the MCMC log files in Tracer 1.7.2°° after excluding the first 10% of the samples
as a burn-in. The parameters are considered as converged when their ESSs are greater than 200. Finally, we computed the posterior
mean and 95% credibility intervals of all parameters (A;, w;, and g; rates, as well as all Ts and Te for the taxa included in each dataset).
Output files for each PyRate analyses can be found at https://doi.org/10.6084/m9.figshare.28271135.v1.
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QUANTIFICATION AND STATISTICAL ANALYSIS

BBB results were examined using Tracer 1.7.2°° to assess the convergence of the runs, quantified through an effective sampling size
(ESS) greater than 200 following the procedure in Silvestro et al.? For PyRate analyses, we monitored chain mixing and ESS by exam-
ining the MCMC log files in Tracer 1.7.2°° after excluding the first 10% of the samples as a burn-in. The parameters are considered as
converged when their ESSs are greater than 200. Finally, we computed the posterior mean and 95% credibility intervals of all param-
eters (A, 1;, and g; rates, as well as all Ts and Te for the taxa included in each dataset) using the -combLogRJ function implemented in
PyRate.

e4 Current Biology 35, 2164-2174.e1-e4, May 5, 2025



	The radiation of Hymenoptera illuminated by Bayesian inferences from the fossil record
	Results
	Time frame of origination and extinction of Hymenoptera
	Diversification dynamics of Hymenoptera lineages
	BBB model sensitivity: Uncertainties in the root age and in the number of extant species

	Discussion
	Origin and main diversification phases of Hymenoptera
	Impacts of the ATR and the MMPR
	Applicability and robustness of the BBB model
	Perspectives and future directions

	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Acknowledgments
	Author contributions
	Declaration of interests
	Supplemental information
	References
	STAR★Methods
	Key resources table
	Experimental model and subject details
	Method details
	Fossil record of Hymenoptera
	Data preparation for estimating clades’ origin and extinction times
	Extant species diversity in Hymenoptera families
	The Bayesian Brownian Bridge model
	Applying the Bayesian Brownian Bridge to the Hymenoptera fossil record
	Dynamics of origination and extinction through time

	Quantification and statistical analysis



