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Abstract: Predaceous (Dytiscidae) are

among the best-known and most extensively studied beetle

diving beetles

clades. Their fossil record, however, remains surprisingly
sparse and uneven, failing to reflect their broad extant diver-
sity. Consequently, the study of their evolutionary history,
leveraging the fossil record, particularly their diversification
dynamics, has often been limited. To overcome this issue,
we used the Bayesian Brownian bridge model, which is parti-
cularly suited for clades with incomplete fossil records.
Although primarily designed to estimate clade origination
time, the model can also be applied to infer origination and
extinction dynamics while accounting for bias due to uneven
sampling. Using this model and a curated dataset of fossil

occurrences covering 41 genera and 155 species of Dytisci-
dae, we estimated the timing of the family’s origination and
of each genus represented in its fossil record. Our results
show an origin of Dytiscidae either during the Late Triassic
(c. 220 Ma) or during the Early Jurassic (c. 190 Ma).
Although these estimates are consistent with most recent
time-calibrated phylogenies, they provide additional clues for
an ancient origin of the family. Following their origin, Dytis-
cidae diversified across the different geological epochs, prob-
ably in response to tectonic shifts and climate oscillations.

Key words: Bayesian Brownian bridge, dating, evolution,
fossil record, origination.

WiTHIN Coleoptera, the family Dytiscidae Leach 1815
(predaceous diving beetles) are the most species-rich
aquatic family in the suborder Adephaga, with 4797
described extant species (Nilsson & Hdjek 2025). They are
found in a wide variety of freshwater habitats, such as
streams, stagnant water (e.g. marshes or ponds), and
more specialized environments (e.g. water collections in
plants, groundwater, thin sheets of water flowing over
rocks) (Bergsten & Miller 2016). Adults can range in size
from less than 2 mm to over 40 mm, depending on the
species (Fig. 1). To breathe, they periodically surface to
replenish their air supply located beneath their elytra
(Bergsten & Miller 2016; Goczat & Beutel 2023). Adults
are capable of flying, which facilitates dispersal between
aquatic habitats. Larvae are strictly aquatic and carnivor-
ous, feeding on a variety of invertebrates and sometimes
small vertebrates, playing an important role as predators
in freshwater ecosystems. Like adults, larvae also rely on
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atmospheric oxygen, obtained through a specialized
respiratory organ. The pupal stage is the only terrestrial
phase in their life cycle, during which they develop out-
side water, usually in moist soil or leaf litter near the
water’s edge (Bergsten & Miller 2016). Given their ecolo-
gical diversity, wide distribution and key role in fresh-
water ecosystems, understanding the origin of Dytiscidae
seems essential to reconstruct the timing and dynamics of
their diversification.

The fossil record of Dytiscidae is relatively limited com-
pared with their extensive modern diversity, with only c.
160 species described (Paleobiology Database; PBDB). It
includes a subset of living genera, comprising both extinct
and extant species. The oldest taxon currently attributed to
Dytiscidae is TAngaragabus jurassicus Ponomarenko 1963, a
larva specimen from the Cheremkhovskaya Formation
(Russia) dated to 184.2-174.7 Ma (Fig. 1F). However, the
attribution of this fossil to the family is uncertain, and it
has been proposed that it may be more closely related to
fLiadytidae or Aspidytidae rather than Dytiscidae (Prokin
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et al. 2013; Ponomarenko & Prokin 2015). As such, the
oldest unambiguous fossil assigned to Dytiscidae is
tPalaeodytes gutta Ponomarenko 1987, an adult specimen
discovered in Karabastau Formation (Kazakhstan) dated to
165.3-154.8 Ma (Middle-Late Jurassic). A handful of
occurrences come from Early Cretaceous lacustrine strata,
most notably the Jehol biota of northeastern China
(c. 125-121 Ma) (Fig. 1B-E), but diving beetles are con-
spicuously scarce in Late Cretaceous assemblages, even in
well-sampled deposits such as the Kachin amber
(c. 99 Ma), with only one species described from this biota
(Yang et al. 2019). From the Palacogene onward, their
record markedly improves. Overall, most fossil dytiscids
derive from lacustrine sediments (e.g. shales, oil shales, tuf-
faceous mudstones) (Fig. 1B-E), whereas amber inclusions
remain rare, limited to a few records from the Kachin
(Yang et al. 2019), Baltic (Koch & Berendt 1854;
Miller 2003; Balke et al. 2010; Gémez & Damgaard 2014;
Balke & Hendrich 2019; Hendrich & Balke 2020), Saxonian
(Balke et al. 2019), Mexican (Hdjek et al. 2025) and
Dominican ambers (Miller 2003). Despite this incomplete
record, Dytiscidae have been central to many molecular
dating efforts aimed at reconstructing their evolutionary
timeline.

In molecular dating, Dytiscidae stand out as one of the
most studied clades, whether they are included in
large-scale phylogenetic analyses (e.g. McKenna et al.
2015, 2019; Toussaint et al. 2017a; Zhang et al. 2018;
Baca et al. 2021; Cai et al. 2022; Cardenas et al. 2025) or
studied independently (e.g. Ribera et al. 2004; Bukontaite
et al. 2015; Désamoré et al. 2018; Balart-Garcia
et al. 2023). Despite differences stemming from fossil
choice and placement, most estimates converge toward a
Middle or Late Jurassic origin. Some studies suggested a
later, Early Cretaceous origin (e.g. c¢. 125-130 Ma;
McKenna et al. 2015; Balart-Garcia et al. 2023; but see
Toussaint et al. 2017a). These last estimations may be
due to low taxon sampling: for instance, only two (Cybis-
trinae and Hydroporinae) out of 11 extant subfamilies are
represented in Balart-Garcia et al. (2023). Other works,
by contrast, consistently support earlier ages, ranging
from c. 160-145 Ma (Désamoré et al. 2018; McKenna
et al. 2019) to c. 175-167 Ma (Toussaint et al. 2017a;
Zhang et al. 2018; Baca et al. 2021), and up to c. 210 Ma
(Cai et al. 2022; Cardenas et al. 2025). This trend

supports the hypothesis of a putative origin for the family
in the Late Triassic to Early Jurassic, despite some uncer-
tainty in precise timing.

All of these previous studies rely on node-dating meth-
ods, which infer divergence times by calibrating specific
nodes in a phylogenetic tree with fossil evidence. How-
ever, node-dating assumes that the phylogenetic place-
ment of the fossils used for calibration is accurate and
well-resolved, an assumption that may not hold, particu-
larly for older or fragmentary fossils (e.g. the genera
tPalaeodytes Ponomarenko 1987, fCretodytes Ponomar-
enko 1977 and ftSinoporus Prokin & Ren 2010 are cur-
rently incertae sedis within Dytiscidae) (Fig. 1D, E). To
date, no tip-dating or total-evidence dating studies (com-
bining both fossil and extant taxa in a single dating analy-
sis) have been conducted for Dytiscidae, preventing a
robust estimate of fossil placements within the topology
while taking into account their age and morphological
transformations (Ronquist et al. 2012; Heath et al. 2014;
Ferreira et al. 2024). These limitations in fossil calibration
and phylogenetic placement highlight the need for alter-
native methods that can leverage fossil data more flexibly.

A recently developed approach, the Bayesian Brownian
bridge (BBB) model, offers a novel framework for esti-
mating clade ages using only fossil occurrence data and
extant species diversity (Silvestro et al. 2021). Unlike
most traditional dating methods, which require a phylo-
genetic tree, the BBB model circumvents the need for a
dated phylogeny by treating the diversification history of
a clade as a stochastic process, specifically, a Brownian
motion. This process begins at an unknown point in the
past (representing the clade’s origin) and is constrained at
its endpoint by the known number of extant species. Fos-
sil occurrences act as temporal anchors along this trajec-
tory, helping to refine estimates of origination time. The
model has already been successfully applied to various
groups such as angiosperms (Silvestro et al. 2021), mam-
mals (Carlisle ef al. 2023), Hymenoptera (Jouault
et al. 2025), Hemiptera (Boderau et al. 2025a) and Scoly-
tinae (Ferreira et al. 2026), where it produced robust esti-
mates assessed through extensive simulations, and with
most of them aligning with recent dated phylogenetic stu-
dies. However, the model can estimate the origination
times only for clades that are actually represented in the
fossil record, and therefore does not permit the

FIG. 1. Examples of extant and Mesozoic fossil Dytiscidae. A, Cybister lateralimarginalis (De Geer 1774) (Cybistrinae).

B, tLiadytiscus latus Prokin & Ren 2010 (fLiadytiscinae), holotype CNU COL LB 2009031. C, tLiadroporus elegans Prokin & Ren 2010
(fLiadytiscinae), holotype CNU COL LB 2009030. D, {Cretodytes incertus Prokin et al. 2013 (incertae sedis), holotype PIN 4626/628.

E, fSinoporus lineatus Prokin & Ren 2010 (incertae sedis), holotype CNU COL LB 2009104. F, tAngaragabus jurassicus, specimen
PIN509/4, for which the family-level taxonomic attribution remains uncertain. Scale bars represent 1 mm. Image credits: A, Jules Fer-
reira; B, C, E, Alexander A. Prokin; from Prokin & Ren (2010) ©Springer Nature, reproduced with permission; D, Alexander A. Prokin
from Prokin et al. (2013) ©Magnolia Press, reproduced with permission; F, Alexander A. Prokin.
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estimation of the origin of the clades that must have
existed throughout history but left no identifiable fossils.
Given its methodological advantages, the BBB model
offers a promising avenue for estimating the origin of
Dytiscidae and the diversification of its lineages.

In this study, we apply the BBB model to the dytiscid
fossil record to estimate the origin of the family and its
constitutive genera represented in the fossil record, but
also to highlight key periods during which dytiscid genera
expanded. We compare our results with those of previous
phylogenetic dating studies, aiming to provide insights
into the macroevolutionary history of diving beetles
through time. Based on our findings, we propose hypoth-
eses to explain why certain periods may have been parti-
cularly beneficial to the origination and diversification of
dytiscid lineages.

MATERIAL & METHOD
Fossil data

We compiled all known genus- and species-level fossil
occurrences  of  Drytiscidae  from  the PBDB
(https://paleobiodb.org/; accessed on 10 June 2025, using
the taxon name ‘Dytiscidae’ with the following para-
meters: taxonomic resolution = genus, and the additional
output blocks = location, references, and enterer names).
The initial dataset from the PBDB consisted of 321 occur-
rences. We enriched this compilation with further records
drawn from the published scientific literature, and supple-
mented this dataset with additional records from the
Palaeoentomology database maintained by the Laboratory
of Arthropods, Palacontological Institute of the Russian
Academy of Sciences in Moscow (http://palaeoentomolog.
ru/english.html; accessed on 10 June 2025). Following
a thorough review (i.e. removing synonyms, nomina
dubia, outdated taxonomic combinations and other
inconsistencies) and integrating extensive additional data
from the literature, the curated fossil dataset comprises
539 genus-level and 249 species-level occurrences for c.
160 species (Table S1).

While most taxa in the dataset correspond to formally
published and named species, we also included one
unnamed but taxonomically distinct genus and species
that, although not yet formally described in the literature,
can be recognized as a separate entity. Therefore, the fos-
sil species fPalaeodytes incompletus Ponomarenko
et al. 2005 (upper Berriasian, 139.1-137.05 Ma) is here
treated as a new undescribed genus, given that it most
probably does not belong to the genus fPalaeodytes
according to Prokin et al. (2013).

We did not include the purported oldest fossil attribu-
ted to Dytiscidae, TAngaragabus jurassicus, in our dataset,

because its assignment to the family is not universally
accepted. A detailed re-examination published by Prokin
et al. (2013) determined that this fossil larva may align
more closely with fLiadytidae or Aspidytidae rather than
Dytiscidae, even though this hypothesis remains difficult
to test. In addition to this species, we also did not include
the reported Miocene occurrence of a dytiscid fossil from
Australia (McCurry ef al. 2022), because there was no
evaluation conducted for its
Finally, we excluded the extinct taxon fSchistomerus cali-
forniense Palmer 1957, because it is described only from
larvae and could potentially belong to other genera
known from the adult form of the same locality.

The ages provided by the PBDB, typically based on stra-
tigraphic stages and following the latest International
Chronostratigraphic Chart (Cohen et al. 2013), were used
as a primary reference. However, when recent studies
offered improved dating, for example, the U-Pb zircon
analysis for the Kachin amber (yielding an age of
98.79 £+ 0.62 Ma) (Shi eral. 2012), we adopted their
revised age estimates for fossils from those localities. For

taxonomic attribution.

Baltic amber, we retained the age range provided by the
PBDB (37.71-33.9 Ma; Aleksandrova & Zaporozhets 2008),
which remains highly consistent with the recent study by
Ross et al. (2025), who established an age of 36-35 Ma for
samples from the Upper Blue Earth Formation.

Institutional abbreviations. CNU, Capital Normal University,
Beijing, China; PIN, Paleontological Institute, Russian Academy
of Sciences, Moscow, Russia; SNHMB, Staatliches Naturhistor-
isches Museum, Braunschweig, Germany; ZSM, Zoologische
Staatssammlung Miinchen, Germany.

Dataset construction for Bayesian Brownian bridge analyses

The BBB model does not use fossils as fixed calibration
points. Instead, fossil occurrences are treated as a sampled
diversity vector through time, which is combined with
present-day genus richness to probabilistically infer line-
age origination (for extant and extinct clades) and extinc-
tion (for extinct clades). The Bayesian framework
approximates preservation rate, and the resulting credible
intervals explicitly capture uncertainty associated with
sparse or unevenly distributed fossil occurrences (Silvestro
et al. 2021). This enables the model to provide new
insights beyond the known temporal placement of known
fossils, including estimates of unsampled species inside a
clade. The model requires only two input files to run: (1)
a specific diversity table over time for each of the studied
clades organized in time bins, with the species represented
in the fossil record distributed according to their attribu-
ted age; and (2) the extant species richness of each stu-
died clade (set to 0 for extinct clades).
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To construct the dataset analysed with the BBB
model, we retained only one occurrence per species per
deposit of different ages to avoid bias caused by multiple
occurrences of commonly found taxa in one deposit
(e.g. TCoptotomus balticus Hendrich & Balke 2020, pre-
sent in two occurrences from the Baltic amber of Kali-
ningrad, Russia). For each occurrence, we conservatively
assigned the latest age of the associated stratigraphic
interval. This helps to reduce the risk of artificially
extending ranges toward earlier ages. We acknowledge
that this convention may instead bias estimates toward
later ages, but we consider this bias more conservative
and easier to address than the opposite. We then con-
structed a specific diversity table over time for each
genus, as well as for the entire family Dytiscidae (all spe-
cies), organized in 1 myr bins with the species repre-
sented in the fossil record distributed according to the
explanation above (Tables S2, S3). An exception was
made for the genus Platambus Thomson 1859, given that
both species are in the first time bin, which caused a
mathematical error in the analyses. Consequently, Pla-
tambus was excluded. Therefore, the dataset used for our
analyses contains 158 occurrences of 155 species distrib-
uted in 41 genera (Table S2).

The BBB model leverages extant species richness as an
endpoint to infer the historical age of a clade (genus level
in the case of this study). To inform this endpoint for
Dytiscidae, we relied on the most recent and complete
checklist: A world catalogue of the Family Dytiscidae
(v1.1.2025), compiled by Nilsson & Hajek (2025) and
available from the Water Beetles website (https://www.
waterbeetles.eu/). Extant species richness per genus repre-
sented in their fossil record ranges from 1 (genus Japano-
laccophilus Satd 1972) to 449 species (genus Copelatus
Erichson 1832). Extinct genera were assigned an extant
species richness of 0. The diversity counts are provided in
Table S4.

Bayesian Brownian Bridge model applied to genera found in
the fossil record of Dytiscidae

We ran the BBB model for 1 000 000 iterations, with
samples collected every 1000 iterations and using an
exponentially time-increasing rate preservation model
(-q_var 1 option) for the whole family and each of the 41
genera. For all analyses, we performed sensitivity analyses
by testing two different settings for the maximum bound-
ary of uniform prior on the root age: (1) 230 Ma, corre-
sponding to the mean divergence time estimates between
Dytiscidae and the clade Hygrobiidae + (Amphizoidae +
Aspidytidae) in Cardenas et al. (2025); and (2) 300 Ma,
corresponding to the oldest unambiguous Coleoptera fos-
sil fColeopsis archaica Kirejtshuk, Poschmann & Nel in

Kirejtshuk er al. 2014. We also assessed the effect of
extant diversity on origination time estimates of Dytisci-
dae by testing three different values for the total number
of extant dytiscid species: 4797 (the current number of
described species according to Nilsson & Hajek 2025), as
well as two other values: 6000 and 8000 species, intended
to account for potential under-sampling and undescribed
species diversity within the family, following a strategy
similar to Jouault et al. (2025) and Ferreira et al. (2026).
Convergence of the MCMC (Markov chain Monte Carlo)
chains was evaluated using Tracer v1.7.2 (Rambaut
et al. 2018), considering good convergence with effective
sample sizes (ESS) exceeding 200 after discarding the
initial 10% of samples as burn-in. Visualization of the
results was performed using custom R scripts (R Core
Team 2021) from Boderau et al. (2025a) as well as from
Silvestro et al. (2021). Files used to run the analyses and
outputs can be found in Ferreira et al. (2025, file S1).

Lineages through time with PyRate

To assess temporal changes in dytiscid genus diversity, we
reconstructed a lineages-through-time (LTT) plot using
PyRate 3 (Silvestro et al. 2014, 2019), based on the esti-
mated origination and extinction times of all genera
documented in the fossil record and assessed with PyRate
(using the -ltt 1 option; files and R scripts provided in
Ferreira et al. 2025, files S2, S3). To obtain the origina-
tion and extinction times of those genera with PyRate, we
performed analyses at the genus level under the birth—
death model with constrained shifts (BDCS) (Silvestro
et al. 2015) and the reversible jump Markov chain Monte
Carlo (RIMCMC) model (-A 4 option) (Silvestro
et al. 2019). We used the time-variable Poisson process as
a preservation model, which assumes that preservation
rates are constant within a predefined time bin, here, geo-
logical epochs (-qShift option). For the BDCS model, we
also used geological epochs as shift constraints (-fixShift
option). We ran PyRate on 10 randomized datasets (con-
sidering age uncertainty in fossil occurrences) for 200
million generations with a sampling every 100 000 gen-
erations. All scripts used to run these analyses, and their
outputs, are available in Ferreira et al. (2025, files S2, S3).
All of the 518 genus-level fossil occurrences used in the
PyRate analysis are available in Tables S1 and S5.

RESULTS
Timing of origination of Dytiscidae

Table 1 lists the estimated mean origination ages of Dytis-
cidae obtained using the BBB model, under varying
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TABLE 1. Age estimates for the family Dytiscidae using the
Bayesian Brownian bridge model.

Extant diversity ~ Dytiscidae
count

230 Ma 300 Ma

Mean  95% Mean  95%

age HPD age HPD
4797 194.8  225-161.5 2183 290.9-158.4
6000 190.7  224.9-160 219.1  293.8-158
8000 188.3  220.2-156 2205  298.9-162

Mean ages and highest posterior densities (HPD) are obtained
for two different maximum boundaries of uniform prior on the
root age and three different extant diversity counts. They are
given in millions of years ago.

assumptions of extant species richness (4797, 6000 and
8000 species) and two different maximum boundaries of
uniform prior on the root age (230 and 300 Ma). When
the root is constrained to 230 Ma, the mean origination
ages are consistent across different diversity values, ran-
ging from 194.8 to 188.3 Ma, with 95% highest posterior
density (HPD) intervals spanning c¢. 225 to 156 Ma
(Table 1). These results support an Early Jurassic origin
of the family. In contrast, when the maximum root age is
extended to 300 Ma, the estimated mean ages shift signif-
icantly earlier, ranging from 220.5 to 218.3 Ma, while the
95% HPD intervals become wider (e.g. up to c¢. 299 Ma),
suggesting greater uncertainty (Table 1). We note that
increasing the extant diversity count does not substan-
tially change the ages inferred.

Timing & origination rates of Dytiscidae genera in the fossil
record

Hereafter, we describe the origins inferred for the genera
of Dytiscidae represented in the fossil record. However,
we acknowledge that many genera were probably present
in the past but are not represented in the fossil record of

the family. Analyses using the BBB model for each dytis-
cid genus represented in the fossil record, with the root
age constrained to a maximum of 230 Ma (Fig. 2), found
that only one genus, fPalaeodytes, originated during the
Early Jurassic (176.2 Ma; 95% HPD = 211.7-155.1 Ma)
(Fig. 2). This was followed by the emergence of nine gen-
era in the Early Cretaceous (especially around the
Barremian—Aptian; Figs 2, 3A), accounting for c. 22% of
those documented in the fossil record (Fig. 2), represent-
ing one of the major pulses in genus origination in dytis-
cid history (Fig. 3). Subsequently, the origination rate
dropped significantly during the Early Cretaceous (Figs 2,
3), with only two genera appearing: Laccophilus
Leach 1815 (72.3 Ma; 95% HPD = 121.9-48 Ma), which
is the first inferred origination of an extant genus in
Dytiscidae, and Rhantus Dejean 1833 (69.8 Ma; 95%
HPD = 110.9-49 Ma) (Fig. 2). After the Cretaceous—
Palacogene (K—Pg) extinction event, 18 genera originated
during the Palacogene, representing c. 44% of the genera
included in this study (Fig. 2). In the Palaeogene, four
genera originated during the Paleocene (c. 10%), 11 dur-
ing the Eocene (c. 27%), and three during the Oligocene
(c. 7%). Notably, it was during the Oligocene that three
genera went extinct: tElectruphilus Balke et al. 2019,
tMiodytiscus  Wickham 1911, and  fProcoelambus
Théobald 1937, after the Eocene—Oligocene transition
(EOT) (Figs 2, 3). Of these, two, TElectruphilus and tMio-
dytiscus, had originated in the Eocene, according to our
analyses (Fig. 2). Finally, the Neogene saw the emergence
of nine genera, corresponding to c. 22% of the total gen-
era represented in the fossil record of Dytiscidae.

When using a -max_age prior of 300 Ma, the resulting
age estimates and origination rates remained very consis-
tent with those obtained using a -max_age prior of
230 Ma (Figs S1, S2). The most notable differences were
observed for the genus fPalaeodytes, which was also
inferred to have originated in the Early Jurassic, but
slightly earlier (181.7 Ma; 95% HPD = 232.2-155 Ma),
and for fCretodytes, for which the estimated age of origi-
nation remained nearly unchanged, although its 95%
HPD upper bound increased, from 181.7 Ma under the

FIG. 2. Estimates of origin and extinction of genera represented in the fossil record of Dytiscidae, inferred from the Bayesian Brow-
nian bridge model with a maximum boundary of uniform prior on the root age of 230 Ma. Abbreviations: AR, angiosperm radiation;
ATR, angiosperm terrestrial revolution; EOT, Eocene—Oligocene transition; K-Pg, Cretaceous—Palaeogene extinction; Ng, Neogene;
PETM, Paleocene—Eocene thermal maximum; SFG, start of fragmentation of Gondwana; SSG/L, start of split Gondwana/Laurasia;
Tr—J, Triassic-Jurassic extinction. Specimen images, counterclockwise from the top: {Palaeodytes baissiensis Prokin et al. 2013, holotype
PIN 4210/380, 1Cretodytes incertus, holotype PIN 4626/628, both by Alexander A. Prokin, from Prokin et al. (2013) ©Magnolia Press,
reproduced with permission; TLiadytiscus longitibialis Prokin & Ren 2010, holotype CNU COL LB 2009026, by Alexander A. Prokin,
from Prokin & Ren (2010) ©Springer Nature, reproduced with the permission; Coptotomus balticus Hendrich & Balke 2020, holotype,
ZSM (no number), by Michael Balke, from Hendrich & Balke (2020) ©Magnolia Press, reproduced with permission; fJapanolaccophi-
lus beatificus Balke & Hendrich 2019, holotype, ZSM (no number), by Michael Balke, from Balke & Hendrich (2019) ©Magnolia Press,
reproduced with permission; TCopelatus chiapas Héjek et al. 2025, holotype SNHMB.G 8199 ©Michael Balke, from Hdjek et al. (2025);

Methles cribratellus (Fairmaire 1880), ©Jules Ferreira.
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230 Ma maximum age to 190.8 Ma with the
maximum age (Fig. S1). More generally, the
using a -max_age prior set to 300 Ma resulted in very

slightly higher upper bounds of the 95% HPD across all
genera, with some exceptions towards most recent genera
(Fig. S1).

analysis
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Origination, extinction & diversification rates as inferred
under the BDCS model

Results from the BDCS analysis are presented in
Figure S3. Due to the scarcity of fossil data for Dytiscidae,
these results are difficult to interpret and should be taken
cautiously, given that the 95% HPD intervals for origina-
tion, extinction and diversification rates per epoch are
wide (Fig. S3). Notably, for the diversification rate
(Fig. S3C), the only epoch in which the 95% HPD does
not overlap zero is the Eocene (56-23.04 Ma). Further
discussion on the limitations of using PyRate in this con-
text can be found under Methodological Limitations &
Future Directions, below.

DISCUSSION
A Late Triassic or an Early Jurassic origin of Dytiscidae?

Most of our results point toward a Jurassic origin of
Dytiscidae, most likely during the Early Jurassic, c.
195-188 Ma (95% HPD range = 224.9-156 Ma) (with a
-max_age prior of 230 Ma; Table 1), which is c. 20 myr
earlier than several recent phylogenetic dating studies
(Toussaint et al. 2017a; Désamoré et al. 2018; Zhang
et al. 2018; Baca et al. 2021). However, this Jurassic esti-
mation may be due to the constraint on the maximum
age in analyses (i.e. 230 Ma), as indicated by 95% HPD
upper bounds that are close to the constraint. When
changing this constraint to a less restrictive one (i.e.
300 Ma) the estimated origin is pushed further back, to
the end of the Late Triassic, ¢. 220-218 Ma (95% HPD
range = 298.9-158 Ma) (Table 1), highlighting the possi-
bility of an earlier diversification of the group. These last
results are closer to the c¢. 210 Ma reported by Cai
et al. (2022) and Cardenas ef al. (2025), with a slight
increase of ¢. 10 myr.

Additionally, our results also show that increasing
the maximum root age (to 300 Ma) pushes the diver-
gence point further back in time, yielding ages of c.
220 Ma (Table 1), reflecting model sensitivity to the
upper age prior, although not visible in genus-level
analyses.

Given the inherent uncertainty in deep-time divergence
dating, we refrain from strongly favouring one scenario
over the other. Both are empirically plausible under cur-
rent data from the fossil record, BBB model frameworks,
and recently dated molecular phylogenies. Future studies
incorporating both fossil and extant taxa in integrated
phylogenetic  approaches, such as tip-dating or
total-evidence approaches, will be decisive to resolve these
remaining ambiguities.

Identifying major temporal periods in the diversification of
Dytiscidae

The Jurassic was undoubtedly a key period for Dytiscidae,
which also corresponds to a broader first pulse of the
aquatic Dytiscoidea radiation (Beutel et al. 2024). The
gradual fragmentation of Pangaea, driven by tectonic rift-
ing starting in the Early Jurassic (c. 200 Ma), reshaped
freshwater habitats by creating extensive epicontinental
seas and isolated lakes across the northern and southern
hemispheres (Scotese 2021). These habitat changes are
likely to have provided new ecological opportunities for
aquatic beetles, as supported by fossil evidence from other
freshwater invertebrates such as gastropods (Neubauer
et al. 2022). By the Middle to Late Jurassic (c.
170-150 Ma), ongoing continental rifting had generated a
patchwork of isolated lacustrine habitats across both
Laurasian and Gondwanan landmasses (Scotese 2021)
(Fig. 4). In addition, global temperatures began to decline
c. 180 Ma (Scotese 2016, 2021), which may have also
influenced freshwater ecosystems (Fig. 4). While these
newly formed freshwater ecosystems probably provided
ecological opportunities (Sinitshenkova 2003), the effect
on early Dytiscidae remains difficult to evaluate with cer-
tainty due to the extremely sparse fossil record of the
group during this period, with only one fossil species dat-
ing to the Middle-Late Jurassic (fPalaeodytes gutta), for
which the genus origination is estimated to be c¢. 176 Ma
(Early Jurassic) from our results (Fig. 2). Nonetheless,
such geographic fragmentation may have promoted epi-
sodes of allopatric divergence among aquatic beetle
lineages, potentially contributing to the early diversifica-
tion of Dytiscidae and their aquatic relatives (such as in
aquatic beetles at different time scales, e.g. Toussaint
et al. 2016, 2017b; Short et al. 2021; or even in Plecop-
tera, e.g. Letsch et al. 2021). Therefore, while the Jurassic
breakup of Pangaea and/or the cooling of temperatures
may not have directly triggered a huge radiation of Dytis-
cidae, evidence from our results at the genus level,
together with those of some dated molecular phylogenies
(Désamoré et al. 2018; Baca et al. 2021; Cardenas
et al. 2025), supports the idea that their diversification
started during this period.

In the Early Cretaceous (143.1-100.5 Ma), the fossil
record of Dytiscidae shows a notable pulse of genus origi-
nation, with nine genera emerging around the
Barremian—Aptian interval (c¢. 126-113 Ma), many of
which belong to the extinct subfamily fLiadytiscinae
(Figs 1B, C, 2—4). The very beginning of the Early Cret-
aceous interval corresponds to a global cooling trend,
which may have favoured the origination of new dytiscid
genera by creating more stable or suitable freshwater ther-
mal regimes (Figs 2—4). It also coincides with major
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ing of male Dytiscus marginalis Linnaeus 1758 ©Jules Ferreira.

ecological changes linked to the onset of the angiosperm
radiation (AR, 125-90 Ma) (Labandeira 2014), although
aquatic habitats were already occupied by horsetails, ferns,

mosses, and other groups before angiosperms appeared,
providing structurally complex and productive freshwater
environments. Some aquatic angiosperms emerged early
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in the radiation, potentially adding to the diversity and
biomass of freshwater habitats, but these changes
occurred within pre-existing plant-rich aquatic ecosystems
(Gomez et al. 2015; Du et al. 2016; Meseguer et al. 2022).
As angiosperms started to proliferate, the biomass inputs
may, however, have altered freshwater environments by
increasing the quantity and diversity of organic matter,
such as leaf litter and woody debris, which can serve as
resources and habitat substrates for aquatic invertebrates
(Sinitshenkova 2003; Mbaka & Schafer 2016).
During the Late Cretaceous (100.5-66 Ma),
occurrences of Dytiscidae are extremely rare, a pattern
consistent with the general scarcity of insect fossils from
this period, with only two species known (fCretodytes
latipes Ponomarenko 1977 and fAmbarticus myanmaricus
Yang et al. 2019). In our analyses, we identified Laccophi-
lus (c. 72.3 Ma) and Rhantus (c. 69.8 Ma) as the only
genera for which a Late Cretaceous origination is inferred
(Figs 2, 4). The apparently low abundance of Dytiscidae
fossils during this period may reflect taphonomic and
sampling biases rather than a real decline in genus origi-
nation (Figs 3A, 4), given that many more genera were

fossil

most probably present in the past but not yet sampled in
the fossil record. That said, the first part of the Late Cret-
aceous (100.5 to ¢. 75 Ma) is also characterized by a sub-
stantial rise in global temperatures, with some of the
highest annual temperatures of the entire Mesozoic
(Fig. 4) (Scotese 2016). Notably, this interval also coin-
cides with the extinction of three genera in our analyses
(fPalaeodytes, tCretodytes and  TAmbarticus Yang
et al. 2019; Figs 2, 4). While climate factors such as
increasing temperatures and environmental instability
(Linnert et al. 2014) may have contributed to their disap-
pearance, biotic processes are likely to have played an
important role. The end of the Late Cretaceous also
marks a period during which the dytiscid fauna was
becoming rich, and the extinction of these genera may
reflect broader faunal turnover, with more ecologically
versatile lineages replacing earlier ones. But this period
also overlaps with the angiosperm terrestrial revolution
(ATR, 100-50 Ma) (Benton et al. 2022), a major ecologi-
cal transformation driven by the diversification and
spread of flowering plants. While the ATR is often asso-
ciated with rapid radiations in other insect groups, such
as pollinators (Peris & Condamine 2024), our results sug-
gest that Dytiscidae did not benefit from these environ-
mental changes. Instead, an increase in genus origination
occurs later, both after the high temperatures (i.e. after c.
75 Ma) and during the Paleocene, following the K-Pg
boundary. We may hypothesize that there may have been
a delayed dytiscid response to angiosperm expansion, in
which ecological benefits of flowering-plant-driven habi-
tats, such as novel oviposition sites offered by aquatic
monocots, emerged only after the K-Pg ecosystem
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restructuration and/or the progressive development of
more complex, angiosperm-rich freshwater systems. Sup-
porting this idea, several modern dytiscid lineages lay
their eggs on or in plant tissues (Bergsten & Miller 2016;
Watanabe 2024). However, testing this hypothesis would
require further analysis. An alternative hypothesis would
be that Dytiscidae did not benefit from the ATR because
freshwater ecosystems were already plant rich before the
diversification of flowering plants. Supporting this, fossil
evidence indicates that structurally rich aquatic habitats
existed well before the example,
tTriamyxa Qvarnstrom et al. 2021 (aquatic genus of
Myxophaga suborder) from the Triassic probably occu-
pied fully aquatic environments resembling modern con-
ditions (Qvarnstrom et al. 2021). Similarly, a study on
swimming behaviour in Amphiops Erichson 1843 (aquatic
genus of Hydrophilidae) (Hu et al. 2025) suggested that
the evolution of the swimming modes in this genus was
already driven by specialization for floating aquatic plants,
long before the appearance of angiosperms. These exam-

Cretaceous: for

ples would then support the idea that freshwater ecosys-
tems already provided suitable ecological opportunities
for diving beetles independently of flowering-plant-driven
changes.

In the Palaeogene (66-23.04 Ma), following the K-Pg
extinction event, there is a noticeable increase in genus
origination among Dytiscidae (Figs 2—4), suggesting that
the post-extinction recovery phase provided ecological
opportunities for diversification or that Dytiscidae may
have started to benefit from the ATR. Our estimates of
genus origination and origination rates in Dytiscidae gen-
era (Figs 2, 3) are consistent with those reported by
Désamoré et al. (2018) and Cardenas et al. (2025), which
are the only phylogenetic dating studies to include multi-
ple representatives per genus within the family. In their
work, Désamoré et al. (2018) and Cardenas et al. (2025)
found that all of the sampled extant dytiscid genera, with
available crown age estimates, diversified after the K-Pg
mass extinction event (Figs 2—4). Furthermore, from our
results, a small rise in origination is observed around the
Paleocene—Eocene thermal maximum (c. 56 Ma), a short
(c. 200 000 years) but intense interval of global warming
(Gingerich 2006; McInerney & Wing 2011) (Figs 2-4).
Then, from c. 50 Ma onward, global temperatures began
a gradual decline throughout the Eocene (Scotese 2016), a
trend that appears to correlate with a sustained increase
in genus number among Dytiscidae (Figs 2—4). However,
this pattern is disrupted at the EOT (c. 33.9 Ma), which
marks a major climate shift to icehouse conditions (Sco-
tese 2016). These changes led to the contraction of tropi-

cal and subtropical ecosystems, including many
freshwater habitats (Coxall & Pearson 2007; Liu
et al. 2009), and correspondingly, genus origination

among Dytiscidae temporarily declined (Fig. 3).
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The Miocene (23.04-5.333 Ma) exhibits a peak in
genus origination rates within Dytiscidae, particularly
during the Middle Miocene, a pattern highlighted by both
our results and those of Désamoré et al. (2018) (Figs 3,
4). This epoch is marked by substantial climate fluctua-
tions and reorganization of terrestrial and freshwater eco-
systems (Scotese 2016). The Middle Miocene climatic
optimum (c. 17-14.5 Ma) represents a warm phase, dur-
ing which global temperatures temporarily rose (after the
icehouse conditions of the Oligocene), leading to the
expansion of subtropical and temperate biomes (Zachos
et al. 2001; Westerhold et al. 2020). These warmer condi-
tions may have enhanced the productivity and extent of
freshwater habitats, such as lakes, rivers and wetlands,
probably providing diverse ecological opportunities for
aquatic beetles. Moreover, the Miocene is characterized
by the expansion of open landscapes, including prairies,
grasslands and steppes (Mannetje 2007). The combination
of climate changes, expanding habitat heterogeneity, and
changing landscapes probably created a dynamic with
more varied and richly structured ecological niches that
favoured increased origination rates among Dytiscidae
(Figs 3, 4). However, in the Late Miocene
(c. 14.5-7.246 Ma), global cooling led to drier conditions
and shrinking freshwater habitats, which probably caused
fewer new genera to appear and some extinctions among
Dytiscidae (Figs 3, 4).

From origination estimates to macroevolutionary inferences

Beyond the finer putative correlations described above,
the obtained origination estimates enabled us to extract
broader evolutionary tendencies for Dytiscidae and to
assess their potential biological significance. One emer-
ging signal is that the major pulses of genus origination
inferred from our analyses tend to align with intervals
of global cooling following a highly warm climate,
rather than with warming phases (Figs 2—4). While this
may be due to preservation bias, this may also represent
a genuine biological signal. This pattern first appears in
the Middle Jurassic, when a drop in global temperatures
coincides with the earliest genus diversification pulse of
the family, and it recurs near the Barremian—Aptian in
the Early Cretaceous (Figs 2—4). It becomes especially
clear in the Cenozoic, during the Palaeogene, that genus
origination rises as global temperatures decline through
the Eocene, and the strongest increase during this per-
iod occurs before the EOT, a pivotal shift toward cooler
icehouse conditions (Figs 2—4). Together, these repeated
associations suggest that cooling phases may have pro-
moted the diversification of Dytiscidae (such as seen in
some marine clades; e.g. Davis et al. 2016; Mathes
et al. 2021). However, the pattern we observe may also

imply that both extremes of temperature may have con-
strained diversification. When global temperatures were
particularly high (e.g. during parts of the Late Cret-
aceous), origination events appear comparatively scarce,
and likewise, immediately after the EOT, during the
Oligocene, origination rates remain low, probably
reflecting conditions that became too cold or too
restrictive for substantial diversification (Figs 2-4).
From the beginning of the Neogene, global temperatures
gradually increased, which appears to disrupt the pre-
vious pattern of diversification peaks during cooling
periods. But this warming follows an icehouse state
rather than a previous warm thermal maximum, sug-
gesting that the effect of temperature on origination
may depend on the previous baseline climate context
(Figs 2—4). Together, these observations suggest that
there may be an intermediate climate window that
would favour diversification in Dytiscidae (e.g.
Vrba 1992). However, because environmental changes
are continuous, these putative correlations alone cannot
demonstrate causality. Diversification in Dytiscidae is
likely to have been driven by a combination of interact-
ing abiotic and biotic factors rather than by single
environmental variables acting in isolation. Testing such
hypotheses will therefore require more thorough and
formal analytical frameworks that integrate phylogenetic
information, diversification rates and explicit palaecoen-
vironmental reconstructions. Environment-dependent
diversification models, combined with simulations,
could be used to evaluate whether the temporal coinci-
dence between global cooling phases and increased ori-
gination exceeds expectations under stochastic or
constant-rate scenarios, and to disentangle the relative
roles of climate, habitat availability and biotic interac-
tions such as competition or faunal turnover (e.g. Con-
damine et al. 2019; Morlon et al. 2024). In this context,
the divergence time estimates produced here may pro-
vide a temporal framework that can serve as a base for
proposing a broader range of hypotheses on how multi-
ple, interacting drivers may have shaped the long-term
evolutionary trajectory of Dytiscidae.

Methodological limitations ¢ future directions

Estimation of diversification rates from fossil occurrence
data using PyRate has become a widely used approach. It
relies on modelling fossil occurrences through a birth—
death process that explicitly accounts for preservation and
sampling biases (Silvestro et al. 2014, 2019). However,
this method requires relatively rich and continuous fossil
occurrence datasets to reliably estimate speciation, extinc-
tion and preservation rates (such as done for other insect
groups, e.g. Condamine et al. 2016; Jouault et al. 2024;
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Peris & Condamine 2024; Boderau et al. 2025b; Jouault
et al. 2025). When fossil records are sparse, uneven, or
contain many singletons (taxa with only one occurrence),
PyRate’s estimates might become unreliable. In the case
of Dytiscidae, the fossil dataset has a limited number of
taxa and uneven temporal coverage (e.g. the Late Cret-
aceous). To circumvent these limitations, we used the
BBB model implemented in rootBBB, which is better sui-
ted to datasets with low sampling density, but is primarily
designed to estimate the origin of a clade. The BBB
model requires only a number of species distributed
across time intervals (identified at the species level), the
age of those fossil species, and the extant species richness
to estimate clade origination times. Even if the BBB
model is not designed to infer diversification patterns, it
may be used as such, with genus-level origination rates
inferred from the estimated diversity trajectories of the
sampled genera of the dataset.

It is also important to note that our analyses are con-
ducted at the genus level, which has both practical and
conceptual implications. Although working at this taxo-
nomic rank helps mitigate some issues related to
species-level incompleteness in the fossil record and het-
erogeneity among lineages, it also obscures potential pro-
blems of clade monophyly. Genera are not always
monophyletic, especially in groups in which taxonomic
revisions are ongoing or limited by morphological con-
vergence. In addition, the assignment of fossil material to
extant or extinct genera is itself influenced by expertise
and taxonomic practice. These biases may distort the
apparent temporal ranges and richness of genera in the
fossil record, and therefore need to be considered when
interpreting our results. Moreover, the definition of gen-
era is inherently subjective and often reflects arbitrary
boundaries drawn to represent major morphological
shifts. As such, some genera included in our dataset may
not correspond to monophyletic lineages, potentially bias-
ing our estimates and the inferred patterns of origination
or diversification.

At the same time, it is precisely because fossils are pri-
marily attributed to genera on the sole basis of morpho-
logical characters that they constitute a tractable
taxonomic unit in palaeontological datasets. Morphologi-
cal characters enable most fossil specimens (frequently
incomplete and lacking molecular data) to be assigned to
a genus (either extant or extinct), making genus-level data
far more reliable and comparable through deep time than
species-level assignments. Although genus boundaries are
to some extent subjective and may not always correspond
to monophyletic clades, they often capture major and
persistent morphological discontinuities that are repeat-
edly recognizable in the fossil record. In this sense, genera
represent a pragmatic compromise between phylogenetic
accuracy and fossil identifiability.
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Moreover, given the constraints of the fossil record
and the lack of detailed phylogenetic placement for many
extinct taxa, the genus level remains one of the most
operationally consistent units for large-scale macroevolu-
tionary analyses such as those conducted in this study.
Furthermore, Dytiscidae represent one of the best-studied
beetle groups, with numerous recent phylogenetic studies
dedicated to resolving inter-clade and intra-clade rela-
tionships (e.g. Baca et al. 2021; Bergsten et al. 2025; Car-
denas et al. 2025). These studies therefore provide a
robust framework that supports the overall reliability of
genus-level analysis in this group, particularly regarding
monophyly.

Finally, this study focuses primarily on the timing of
dytiscid origination and the diversification patterns of its
genera, based mainly on genus origination events
observed from the fossil record through our analyses
under the BBB model. Extinction dynamics were not
explored in detail and are addressed only in brief
through the estimated extinction ages of extinct genera
studied here (Fig. 2). A more comprehensive understand-
ing of dytiscid evolutionary history, covering turnover
rates and extinction patterns, will require dedicated ana-
lyses leveraging richer and more continuous fossil records
alongside alternative models. In this context, a recent
approach demonstrated that phylogeny-based inference
of lineage occurrences can significantly enrich occurrence
datasets beyond the fossil record. For instance, Brée
et al. (2022) and Jouault et al. (2024) applied birth—
death models implemented in PyRate to jointly analyse
palacontological data and neontological data derived
from time-calibrated phylogenies. This approach enabled
them to infer rates while alleviating the respective limita-
tions of each data type. Adapting such a framework to
Dytiscidae could help fill temporal (such as during the
Late Cretaceous) as well as taxonomic gaps and yield a
more complete picture of their macroevolutionary
dynamics. However, it would require phylogenies con-
taining many more terminals and diversity than the ones
currently available.

CONCLUSION

Our study provides new evidence supporting an origin of
Dytiscidae either during the Late Triassic (c. 220 Ma) or
during the Early Jurassic (c. 190 Ma), as inferred from
fossil occurrence data analysed using the BBB framework.
Both interpretations are consistent with the available
empirical data from fossils, BBB model analyses and dif-
ferent recent molecular dating studies. By combining
fossil-based age estimates with genus-level diversity pat-
terns, we identified several key periods of increased genus
origination in the history of the group, notably during
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the first part of the Early Cretaceous, the Palaeogene
(mostly Paleocene and Eocene), and the Early-Middle
Miocene. These pulses seem to coincide with major envir-
onmental shifts such as global temperature changes or
tectonic reorganizations, although they are most probably
a combination of biotic and abiotic factors. Despite lim-
itations due to the incomplete nature of the fossil record
and the lack of detailed extinction analyses, our approach
highlights the value of integrating fossil data with prob-
abilistic models to infer the deep-time macroevolutionary
dynamics of insect lineages, enabling us to propose
hypotheses relative to their diversification. Future work
combining fossil and molecular data will be invaluable to
refine the evolutionary timeline of Dytiscidae and assess
the full extent of their diversification and extinction
history.
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